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Factor E2F1-dependent Mechanism, Functions as a
Prosurvival Molecule in Cancer”

Received for publication, May 28, 2012, and in revised form, November 13,2012 Published, JBC Papers in Press, November 14,2012, DOI 10.1074/jbc.M112.386102

Raghu Gogada®', Neelu Yadav*', Junwei Liu®', Shaohua Tang®, Dianmu Zhang*, Andrea Schneider,

Athul Seshadri*, Leimin Sun*, C. Marcelo Aldaz’®, Dean G. Tang®, and Dhyan Chandra*’

From the *Department of Pharmacology and Therapeutics, Roswell Park Cancer Institute, Buffalo, New York 14263 and the
SDepartment of Molecular Carcinogenesis, University of Texas M. D. Anderson Cancer Center, Smithville, Texas 78957

oligomerization on mitochondria.
cell apoptosis.

function of Bim.

\_

(Bacl(ground: The BH3-only protein Bim is conventionally considered a proapoptotic protein because it induces Bax/Bak
Results: Bim is constitutively up-regulated in cancer cells via an E2F1-dependent mechanism. Silencing of Bim induces cancer
Conclusion: Bim phosphorylation and its sequestration by prosurvival proteins Bcl-xL/Mcl-1 may suppress proapoptotic

Significance: Bim may possess prosurvival functions in epithelial cancer cells.

J

Proapoptotic Bcl-2 homology 3-only protein Bim plays an
important role in Bax/Bak-mediated cytochrome c release and
apoptosis. Here, we provide evidence for a novel prosurvival
function of Bim in cancer cells. Bim was constitutively overex-
pressed in multiple prostate and breast cancer cells as well as in
primary tumor cells. Quantitative real time PCR analysis
showed that Bim was transcriptionally up-regulated. We have
identified eight endogenous E2F1-binding sites on the Bim pro-
moter using in silico analysis. Luciferase assay demonstrated
that Bim expression was E2F1-dependent as mutation of the
E2F1-binding sites on the Bim promoter inhibited luciferase
activities. In support, E2F1 silencing led to the loss of Bim
expression in cancer cells. Bim primarily localized to mitochon-
drial and cytoskeleton-associated fractions. Bim silencing or
microinjection of anti-Bim antibodies into the cell cytoplasm
resulted in cell rounding, detachment, and subsequent apopto-
sis. We observed up-regulation of prosurvival proteins Bcl-xL
and Mcl-1, which sequester Bim in cancer cells. In addition, a
phosphorylated form of Bim was also elevated in cancer cells.
These findings suggest that the constitutively overexpressed
Bim may function as a prosurvival molecule in epithelial cancer
cells, and phosphorylation and association with Bcl-xL/Mcl-1
block its proapoptotic functions.

Bcl-2 family proteins play a critical role in apoptosis by reg-
ulating permeabilization of the mitochondrial membrane (1).
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Proapoptotic BH3?-only proteins such as Bim bind to antiapo-
ptotic proteins and thus allow the proapoptotic multidomain
proteins, Bax and Bak, to form channels on the mitochondrial
membrane leading to cytochrome c release and apoptosis (2).
Bim interacts with Bax and Bak, suggesting that Bim can
directly activate Bax/Bak to form pores on the mitochondrial
membrane (3-5). Two groups independently identified Bim (6,
7), and since then multiple isoforms of Bim have been reported
(8-10). All Bim isoforms that possess a BH3 domain are pro-
apoptotic (6, 8—11). It has a canonical BH3 domain (LEDIGD)
and also retains the dynein-binding domain, DKSTQT (10).
Normally, Bim is sequestered to the microtubule-associated
dynein motor complex by binding to 8-kDa dynein light chain 8
(LC8 or DLC1), also called PIN (12, 13). BimEL has also been
shown to bind directly to the microtubule in addition to LC8
binding (14). These findings raise the possibility that proapop-
totic Bcl-2 family proteins, including Bim, may possess nonapo-
ptotic or prosurvival function.

Indeed, multiple proapoptotic proteins such as Bax/Bak (15—
17), Bid (18), Bad (19), Noxa (20), and Puma (18) have been
reported to possess nonapoptotic/prosurvival functions. Bim is
expressed in multiple lineages of cells, including hematopoietic,
epithelial, and neuronal cells (21). A significant number of Bim-
null mice, and even some of the Bim™’~ animals, die in utero
prior to E9.5, suggesting that Bim plays a critical role in devel-
opment (11). Among the BH3 domain-containing proteins
whose genes have been knocked out, including Bad, Bid, Bim,
Blk, Bmf, Puma, and Noxa, Bim is the only BH3 protein whose
deletion leads to embryonic lethality. It remains unknown,

3 The abbreviations used are: BH3, Bcl-2 homology domain 3; Bcl-2, B-cell
lymphoma 2; Mcl-1, myeloid cell leukemia sequence 1; XIAP, X-linked
inhibitor of apoptosis; NHP, normal human prostate; BPH, benign prostate
hyperplasia; E2F1, E2F transcription factor 1; FOXO3a, forkhead box O3a;
LDH, lactate dehydrogenase; COX Il, cytochrome c oxidase subunit II; ER,
endoplasmic reticulum; LM, light mitochondria; HM, heavy mitochondria;
CAP, cytoskeleton-associated protein; TSS, translation start site; IP,
immunoprecipitation.
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however, what is the physiological role of Bim during develop-
ment and how do Bim-deficient animals die? Interestingly, Bim
deficiency can rescue defective kidney development caused by
Bcl-2 deficiency (22). Bim plays an essential role in leukocyte
homeostasis as well as in preventing autoimmunity by eliminat-
ing autoreactive lymphocytes (11, 23-26). These findings sug-
gest that Bim plays a physiological role in promoting cell sur-
vival in addition to its well known function in apoptosis
induction.

Here, we show that Bim is highly up-regulated in prostate
and breast cancer cells, and its up-regulation is mediated by
E2F1 transcription factor. Bim was mostly associated with
membranous structures such as mitochondrial membrane and
performed prosurvival functions. Silencing of Bim induced
cancer cell detachment and caused subsequent cell apoptosis.
Bim was sequestered by prosurvival proteins Bcl-xL and Mcl-1,
and phosphorylated forms of Bim protein were also detected/
elevated in cancer cells, potentially explaining why constitu-
tively overexpressed Bim did not kill cancer cells. Together, our
findings identify a novel prosurvival function for Bim in addi-
tion to its well known apoptosis-inducing function.

EXPERIMENTAL PROCEDURES

Cells and Reagents—NHP1-NHP4 represent four NHP epi-
thelial strains. PPC1, LNCaP, C4-2, C5, PC3, DU145, and
MDAZ2b are prostate cancer cell lines (10). HME87 (human
mammary epithelial) are primary strains, and B26, B27, B28,
and B42 are primary organoid isolates. MB231, MB435, and
MB453 refer to MDA-MB-231, MDA-MB-435, and MDA -MB-
453 cells, respectively. Human mammary epithelial cells,
NHP8, NHP9, and MCE-7 cells were obtained commercially or
from collaborators.

Rat monoclonal anti-Bim antibody was bought from Alexis
Biochemicals (San Diego). Rabbit polyclonal anti-Bim antibody
was purchased from Calbiochem. Rabbit polyclonal anti-Bax
was from Pharmingen. Rabbit polyclonal anti-Bcl-X; and Bak
and mixed goat polyclonal anti-lamin A and -lamin B antibod-
ies were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA). Mouse monoclonal anti-Bcl-2 was bought from Dako
(Carpinteria, CA). Rabbit polyclonal anti-LC8 was kindly pro-
vided by Dr. S. King. The mouse monoclonal anti-IC-74 and
goat polyclonal anti-LDH antibodies were purchased form
Chemicon (Temecula, CA). Mouse monoclonal anti-XIAP
antibody was bought from BD Transduction Laboratories. Rab-
bit polyclonal anti-Bap31 and mouse monoclonal anti-Cox II
antibodies were obtained from Molecular Probes. Anti-Bim,
phosphorylated-Bim (Ser-69), Mcl-1, and E2F1 rabbit poly-
clonal antibodies were purchased from Cell Signaling. Anti-
phosphorylated Bim (Ser-87) polyclonal antibody was obtained
from Bioss Inc. (Woburn, MA). Anti-dynein (DLC2-1G7) anti-
body was procured from Novus Biologicals. Monoclonal anti-
body to DLC1 (10D6)-LC8 was obtained from A. G. Scientific,
Inc. (San Diego). Goat anti-rat IgM-HRP conjugate was
obtained from Enzo Life Sciences. Anti-Bcl-xL rabbit antibody
was purchased from BD Biosciences. Anti-calnexin rabbit anti-
body was bought from Abcam Inc. Mouse monoclonal anti-g-
tubulin antibody was bought from Sigma. The secondary anti-
bodies, goat anti-mouse or -rabbit and sheep anti-rat IgG
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conjugated to horseradish peroxidase, were purchased from GE
Healthcare. Liposome FuGENE 6 was bought from Roche
Applied Science.

Semiquantitative RT-PCR Analysis—Total RNA was isolated
using TRIzol (Invitrogen). RT was performed using 2 ug of total
RNA at 42 °C for 2 h in a volume of 20 ul containing random
hexamers and Superscript II reverse transcriptase (Invitrogen).
One pl of cDNA was used for PCR. The details were described
previously (27).

Analysis of Bim mRNA Expression by Real Time RT-PCR—
Cancer and normal cells were harvested in TRI Reagent (Molec-
ular Research Center, Inc.). Total RNA was isolated according
to the manufacturer’s instructions. cDNA was prepared from 3
g of total RNA using a SuperScriptlll first-strand synthesis
system (Invitrogen) following the manufacturer’s instructions.
Real time reverse transcription-PCR (RT-PCR) was done using
SYBR Green Supermix (Bio-Rad) on a Prism 7300 sequence
detection system (Applied Biosystems) following the manufac-
turers’ instructions. The fold-change in expression levels (using
GAPDH and actin as control) was determined by comparative
C,method. The primers for Bim, GAPDH, and actin were used
as described previously (28, 29). The primers Bim forward,
GGCCCCTACCTCCCTACA, and Bim reverse, GGGGTTT-
GTGTTGATTTGTCA; GAPDH forward, AGCCACATCGC-
TCAGACAC, and GAPDH reverse, GCCCAATACGACCAA-
ATCC; and actin forward, CTTCGTCGCACATTGTGTCT,
and actin reverse, GACAGCGCCAAGTGAAGC were used to
amplify the mRNA expression levels. Both forward and reverse
primers were used at a final concentration of 400 nmol/liter.
PCR products were electrophoresed in 1.2% agarose gels.

Whole Cell Lysate Preparation and Western Blotting—Pro-
tein extraction and Western blotting were carried out as
described previously (10, 30). The blots were stripped and rep-
robed for the indicated proteins in the respective figures.

Quantification of Apoptosis and Caspase Activity Mea-
surement—Apoptotic cells were counted based on live cell
staining with DAPI to label apoptotic nuclei (31). In addition,
both live and dead cells were counted using trypan blue dye
(30). DEVDase and LEHDase activities were measured as
described previously (31).

Immunohistochemistry—For tissue section staining, fol-
lowing de-paraffinization and dehydration, slides were incu-
bated in 3% hydrogen peroxide to block endogenous perox-
idase activity. For antigen retrieval, slides were incubated in
10 mwm citrate buffer, pH 6.0, for 15 min in a microwave oven.
Then slides were sequentially incubated in blocking solution
(10% goat serum in PBS, 30 min), primary antibody (rabbit
polyclonal anti-Bim; 1:1,000 for 1 h), secondary antibody
(goat anti-rabbit IgG conjugated to HRP; 1:4,000), and sub-
strate (3,3’'-diaminobenzidine).

Subcellular Fractionation—Heavy mitochondria (HM), light
mitochondria (LM), cytosol, and microsome preparation were
described previously (31). Briefly, cells were harvested, washed,
and homogenized in buffer A as described previously (32) with
protease inhibitors (Sigma) in a glass Pyrex homogenizer fol-
lowed by clearing unbroken cells and nuclear fractions. HM,
LM, cytosol, and microsome fractions were obtained through
differential centrifugation at 1,500 X g, 10,000 X g, and
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100,000 X g, respectively. In some experiments, mitochondria,
cytosol, and ER were purified as described previously (33). HM,
LM, and microsome pellets were then solubilized in TNC
buffer (10 mMm Tris acetate, pH 8.0, 0.5% Nonidet P-40, and 5
mM CaCl,) containing protease inhibitor. For cytoskeleton and
cytoskeleton-associated protein (CAP) preparation, the cells
were harvested in TNC buffer and centrifuged at 12,000 rpm for
10 min. The pellet was dissolved in 200 ul of cytoskeleton
extraction buffer (CEB: 600 mm KCl, 150 mm MgCl,, 50 mm
MES, 10 ug/ml DNase, 10 ug/ml RNase, 20 mm PMSF, and 1%
Triton X-100) containing protease inhibitors, followed by the
centrifugation at 12,000 rpm for 10 min. Pellets obtained after
three rounds of CEB extraction were saved as cytoskeleton,
whereas pellets obtained after addition of 1 volume of acetone
in the supernatant of CEB extraction was considered as CAP.
Both of these pellets were dissolved in SDS loading buffer for
SDS-PAGE and Western blotting.

Nuclei were isolated as described in Sigma technical bulletin
nuclei isolation kit. Briefly, the cells were harvested in Nuclei
EZ lysis buffer. After vortexing, cells were centrifuged at 500 X
g for 5 min. The pellet was then resuspended in Nuclei EZ lysis
buffer by vortexing. After centrifugation, the resulting pellet
was dissolved in 200 ul of Nuclei EZ storage buffer for Western
blot analysis.

Immunostaining and Double Immunostaining Microscopy—
PPC1 cells (5,000) were plated on circle glass coverslips. An
indirect immunofluorescence protocol using tyramide amplifi-
cation for Bim was applied. Briefly, cells cultured on glass cov-
erslips were fixed (4% paraformaldehyde), permeabilized (1%
Triton), and then blocked in 10% goat whole serum. Cells were
then incubated with polyclonal anti-Bim antibody (1:4,000) fol-
lowed by biotinylated goat anti-rabbit IgG (1:1,000). Then cells
were reacted with streptavidin-conjugated horseradish peroxi-
dase (1:1,000) followed by incubation with tyramide/fluores-
cein (1:1,000).

For double immunofluorescence, cells on the coverslips were
fixed, permeabilized, and blocked with 10% goat whole serum.
Then cells were incubated with the first primary antibodies
(1:1,000) and secondary antibody (goat anti-rabbit or goat anti-
mouse IgG-Alexa Fluor 594) (34). Cells were re-blocked with
10% of goat serum, followed by the indirect immunofluores-
cence to Bim described above. Finally, cells were incubated with
1 ng/ml DAPI for nuclei labeling. MitoTracker was incubated
with cells on coverslips for 1 h at 37°C before Bim
immunostaining.

RNAi Down-regulation of Bim—Bim siRNA were purchased
from Dharmacon (catalog no. MU-004383-00) or chemically
synthesized by Ambion (Invitrogen). The siRNAs at final con-
centration of 40 nMm were transfected with FuGENE 6 (Roche
Applied Science). The cells were counted for detachment and
were harvested at different time points (0, 24, 48, and 72 h) for
whole cell lysate preparation.

Microinjection of Bim Antibody and Bim siRNA—Cells were
microinjected in a 6-cm tissue culture dish using an Eppendorf
pressure injector (model 5246) and micromanipulator model
(model 5171). Microinjection needles (inner diameter, ~0.1
um) were purchased from Eppendorf and loaded using Eppen-
dorf microloaders. Dextran-Texas Red (M, 10,000 lysine-fix-
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able, Molecular Probes; 0.2% final concentration) was mixed
with anti-Bim antibody or Bim siRNAs and injected into the
cytoplasm of PC3 cells (pressure, 40— 80 hectopascals; time,
0.3 s). Cells were replenished with fresh medium immediately
after microinjection. A total of 100-150 cells were microin-
jected for each condition and were counted for detachment.
Apoptosis was determined based on morphology and DAPI
staining (35).

Generation of Bim or E2F1 or Bcl-xL-silenced Stable Cells
Using shRNA Lentiviral Vectors—Bim (shRNA sequence, 5'-
CAGGCTGAACCTGCAGATA-3’), E2F1 (shRNA sequence,
5-GTGATTTATTTATTGGGAA-3’), and Bcl-xL (shRNA
sequence, 5'-CTCACTCTTCAGTCGGAAA-3' or 5" AAAT-
TCTAGAAAACTAGCT-3')-specific shRNA and control
shRNAs expressing lentiviral particles were obtained from the
Roswell Park Cancer Institute sShARNA core resources and were
directly utilized to infect cells at a multiplicity of infection of 3.
After 48 h, puromycin (1 ng/ml) was added to the medium to
select Bim or E2F1 or Bcl-xL-silenced cells (30).

Chromatin Immunoprecipitation (ChIP) Assays—ChIP
assays were performed as described previously (36) according
to the manufacturer’s instructions (Upstate, Charlottesville,
VA). PC3 or PPC1 cells were fixed, washed, and harvested fol-
lowed by shearing of genomic DNA using sonication. 20 ul of
sonicated DNA was purified and used as input DNA control.
Sheared DNA was cleared, and chromatin-bound DNAs were
immunoprecipitated using E2F1 or FOXO3a or Sp1 or RbIgG
and protein A beads. The eluted DNA from the beads was pre-
cipitated and analyzed by PCR using multiple primer sets as
described in Fig. 3A and Table 1.

Analysis of Bim Promoter Activity by Luciferase Assays—Bim
promoter fragments of 1.6, 2.6, and 5.1 kb upstream of the
translation start site (TSS) were cloned in pGL3 vector. To
determine the E2F1-dependent Bim expression, dual-luciferase
assays were performed with Renilla as internal control. In brief,
cells in triplicate were transfected with firefly luciferase plas-
mids (control and indicated Bim promoter constructs) and 10
ng of Renilla luciferase (internal control) using Lipofectamine
2000 (Invitrogen) per the manufacturer’s instructions. After
24 h, luciferase assay was performed using the Dual-Glo lucif-
erase assay system (Promega) on a Veritas Luminometer
(Molecular Devices) as recommended by the manufacturer.
Promoter activity was further validated by mutation of two
E2F1-binding sites on the promoter at —4965/—4963 or
—4782/—4780 by replacing CGC with TTT or CCC with TTT,
respectively.

Immunoprecipitation (IP)—Whole cell lysates were pre-
cleared with mouse or rabbit (depending on the primary anti-
bodies used) IgG-conjugated agarose beads, followed by immu-
noprecipitation using primary antibodies against Bim or Bcl-xL
or Mcl-1 or B-tubulin or Ms-IgG (MOPC) or Rb-IgG. Finally,
the beads were washed and analyzed by Western blotting sys-
tem (30, 37).

Clonogenic Survival Assays—Cells (0.5 X 10%/well) were
plated in 6-well tissue culture dishes, and medium was changed
every 72 h. When colonies became visible (~2 weeks), cells
were fixed and stained with Giemsa (1:10 in distilled water at
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FIGURE 1. Bim is constitutively up-regulated in cancer cells. A, equal amounts of protein using whole cell lysates prepared from NHPs and prostate cancer
cells were subjected to Western blotting for the indicated proteins. B, NHPs or PC3 cells plated on coverslips were subjected to immunolabeling using tyramide
amplification as described under “Experimental Procedures.” Thin sections of BPH or primary prostate tumor (PCa) specimens were subjected to immunohis-
tochemistry using rabbit polyclonal antibody (pAb). C, whole cell lysates prepared from normal breast epithelial and breast cancer cells were subjected to
Western blotting for the indicated proteins. HME87 (human mammary epithelial) is a primary strain, whereas B26, B27, B28, and B42 are primary organoid
isolates. MB231, MB435, and MB453 refer to MDA-MB-231, MDA-MB-435, and MDA-MB-453 cells, respectively. D, semiquantitative RT-PCR for BimEL (upper
panel) and GAPDH (lower panel) was performed in several NHP and prostate cancer cell lines.

room temperature) and counted. The stained plates were pic-
tured using the GS800 densitometer (Bio-Rad).

Statistical Analysis—Data represent means = S.D. of at least
three independent experiments. Statistical analysis was per-
formed by analysis of variance using Sigma Stat. Significant
changes (p < 0.05 or 0.01) are represented by an asterisk.

RESULTS

Bim Is Constitutively Overexpressed in Multiple Cancer Cells—
We previously observed that multiple prostate cancer cells
express higher levels of Bim (10, 34), indicating the possibility
that overexpression of Bim may be required for the survival of
prostate cancer cells. Therefore, to further explore this inter-
esting phenomenon, we utilized a panel of NHP epithelial cells
and prostate cancer cells to examine the expression levels of
Bim. As shown in Fig. 14, Western blot analysis using either a
monoclonal or a polyclonal Bim antibody revealed an increased
level of Bim protein in prostate cancer cells, whereas Bim was
undetectable in NHP cells. All three major Bim isoforms (i.e.
BimEL, BimL, and BimS) were up-regulated in prostate cancer
cells, although the up-regulation of BImEL was the most prom-
inent (Fig. 14A). NHP1-NHP4 cells were derived from normal
donors and all prostate cancer cells from metastases (10, 34, 38,
39). Comparison with several other NHP (including NHP5 and
NHP6) and prostate cancer cell lines (including MDA 2a,
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JCA-1, and Tsu-Pr) similarly revealed increased expression of
Bim proteins in prostate cancer cells (data not shown) (10, 34).

To further demonstrate increased Bim expression in prostate
cancer cells, we carried out immunofluorescence and immuno-
histochemical staining. As shown in Fig. 1B, increased Bim
expression was detected in PC3 cells compared with NHP2
cells. Similar staining revealed increased Bim expression in
other prostate cancer cells (i.e. PPC-1 and Dul45) compared
with NHP (i.e. NHP4 and NHP6) cells (data not shown).
Increased Bim staining was also observed in clusters of high
grade (Gleason score 8) primary prostate tumor cells in tissue
sections compared with either BPH or normal prostatic glands
(Fig. 1B, lower panels; and data not shown). To quantify the
global Bim protein expression level in normal, benign, and
cancerous prostate tissues, we employed ChromaVision
(Advanced Cellular Imaging System, San Juan Capistrano, CA)
to quantify Bim expression. Briefly, we collected 7 normal pros-
tate, 15 BPH samples, and 20 prostate cancer tissues (Gleason
scores 7-9). Five serial sections from each sample were stained
for Bim using the polyclonal antibody and then lightly counter-
stained for nuclei using hematoxylin. The stained slides were
loaded onto the imaging station, and all glandular structures on
the whole section were digitally captured. The total brown-
colored chromogen (i.e. 3,3"-diaminobenzidine) level was first
obtained by scanning the whole slide, which generally con-

JOURNAL OF BIOLOGICAL CHEMISTRY 371



Prosurvival Function of Bim

tained 15-36 glandular structures. The expression levels were
assigned a number between 0 and 250 by the Advanced Cellular
Imaging System Quantification software. The relative Bim
expression levels from these experiments were 254 * 87
(means = S.D.) for the normal prostate group (n = 35), 295 *
61 for the BPH group (n = 75), and 16,774 * 419 for the pros-
tate cancer group (n = 100) (p < 0.001; F test). These observa-
tions together suggest that Bim protein is constitutively over-
expressed in prostate cancer cells and tumor samples.

To determine whether up-regulation of Bim is unique to
prostate cancer cells, we carried out Western blotting on a
panel of normal breast epithelial cells (i.e. HME87, B26, B27,
B28, and B42) and breast cancer cells (i.e. ZR75-30, BT474,
SKBr3, T47D, BT483, MDA-MB-453, BT549, MDA-MB-231,
and MDA-MB-435) (Fig. 1C). Similar to prostate cancer cells,
breast cancer cells expressed much higher levels of BimEL than
normal mammary epithelial cells (Fig. 1C). In addition, some
breast cancer cells also up-regulated another faster migrating
protein (just beneath the BImEL band) that most likely repre-
sents a Bim isoform. Three breast cancer cell lines, i.e. ZR75—
30, BT474, and MDA-MB-453, also expressed a band above the
BimEL (Fig. 1C), which most likely represents the phosphory-
lated BimEL (40, 41). Several prostate cancer cell lines also
expressed the phosphorylated Bim (Fig. 14). Collectively, these
results suggest that Bim, especially BIimEL (referred to throughout
as “Bim”), is up-regulated in both prostate and breast cancer cells.

Transcriptional Up-regulation of Bim in Cancer Cells—To
determine whether constitutively up-regulated Bim is due to
transcriptional activation of the Bim gene, we first performed
semi-quantitative RT-PCR and observed that Bim mRNA was
up-regulated in prostate cancer cells compared with NHP cells
(Fig. 1D). These findings suggest transcriptional up-regulation
of Bim in prostate cancer cells. To conclusively demonstrate
that Bim is transcriptionally up-regulated, we performed real
time RT-PCR analysis, and the results confirmed the up-regu-
lation of Bim mRNA levels in both prostate cancer (Fig. 24) and
breast cancer (Fig. 2B) cells compared with the respective nor-
mal cells.

Cancer Cells Also Show Abnormal Expression of Other Apo-
ptotic Proteins—How do cancer cells avoid apoptotic cell death
in the presence of significantly up-regulated levels of Bim pro-
teins? One possibility is that cancer cells may also possess
abnormal expression and/or function of other apoptosis-re-
lated molecules such as multidomain Bcl-2 proteins or inhibi-
tors of apoptosis. To explore this possibility, we reprobed the
membrane blots for some of the key apoptosis-related proteins.
Asshownin Fig. 14, prostate cancer cells expressed lower levels
of Bak and Bax as compared with normal counterparts. In fact,
Dul45 and MDA 2b cells lacked Bax expression due to muta-
tions in the Bax gene (10, 42). Furthermore, prostate cancer
cells overexpressed Bcl-xL, which was detected as two major
bands and one minor band migrating at 29-32 kDa (Fig. 1A).
These results suggest that prostate cancer cells not only up-reg-
ulate Bim but also up-regulate Bcl-xL and down-regulate Bax
and Bak, thus nullifying the prodeath effects of Bim up-regula-
tion in cancer cells.

Similarly, Western blot analysis revealed a significant
increase in the levels of Bcl-xL isoforms in breast cancer cells
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FIGURE 2. Bim is transcriptionally up-regulated in cancer cells. A, equal
amounts RNA from normal NHP9 cells and BPH1, PC3, Du145, PPC1, and
LNCaP cells were converted to cDNA and subjected to real time PCR analysis
to measure the expression of Bim using actin or GAPDH as internal controls.
B, equal amounts of RNA from normal human mammary epithelial cells
(HMEC) and MDA-MB231 (MDA231), MDA-MB435 (MDA-435), and MCF-7 cells
were converted to cDNA and subjected to real time PCR analysis to measure
the expression of Bim using actin or GAPDH as internal controls. Data are
average of triplicates = S.D.

(Fig. 1C). In contrast to prostate cancer cells, some breast can-
cer cells also expressed higher levels of Bax and/or Bak than the
normal mammary epithelial cells (Fig. 1C). However, all breast
cancer cells expressed much higher levels of XIAP (Fig. 1C), a
potent inhibitor of activated caspase-9 and caspase-3 (43—46),
suggesting that breast cancer cells have evolved antiapoptotic
mechanisms by increasing not only Bcl-xL levels but also XIAP
to inhibit the activated caspases. Taken together, the results
from both prostate and breast cancer cells suggest that abnor-
mal expression of other antiapoptotic proteins may represent
one of the mechanisms for cancer cell survival in the presence
of increased expression of Bim.

E2F1I Binds at Multiple Sites on the Bim Promoter—How do
cancer cells constitutively activate the Bim gene? It is well
established that cancer cells, in association with their rapid pro-
liferation, possess increased activity of E2F1 transcription fac-
tor (47, 48), which is known to promote expression of proapo-
ptotic BH3-only proteins, including Bim during stress or
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FIGURE 3. E2F1 binds to the Bim promoter at multiple sites. A and B, putative E2F1-binding sites on the Bim promoter were determined by in silico
analysis using KTSSCGC consensus sequence. C-F, ChIP analysis determines multiple E2F1-binding sites on the Bim promoter. Briefly, cancer cells were
subjected to chromatin cross-linking followed by immunoprecipitation with anti-E2F1, anti-Sp1, anti-FOXO3a, and RblgG. Bim promoter fragments
were amplified by using PCR primers as described in Table 1. Positive controls (input DNA) or negative controls (H,0) were used in the amplification of
the Bim promoter. Crossed sites in A (i.e. 1-5 and 9 predicted sites) indicate that these sites do not show binding with E2F1 based on ChlIP analysis.

apoptotic stimulation (49, 50). To determine whether cancer
cells adopt E2F1-mediated overexpression of Bim, we first per-
formed in silico analysis of the Bim promoter region for poten-
tial E2F1-binding site(s). Sequence analysis of genomic
sequences spanning 8 kb upstream of the TSS of the human Bim
promoter identified a total of 14 “E2F1 hot spots” as mentioned in
Fig. 3A. For these E2F1 hot spots, we used KTSSCGC as a consen-
sus sequence of E2F1 binding, where K represents G or T and S
represents C or G (Fig. 3B). In contrast to E2F1, we observed only
one potential binding site for Spl at —4379 with a consensus
sequence GGGCGGGGG for Sp1 binding (Fig. 3B).

To demonstrate directly whether E2F1 binds to the Bim pro-
moter in cells, we performed ChIP assays using E2F1, RbIgG, and
Sp1 antibodies. Multiple PCR primers representing different bind-
ing sites as described in Table 1 were used to amplify the bound
DNA sequence. We observed multiple E2F1-specific binding sites
on the Bim promoter as presented in Table 1 and Fig. 3, E and F.
Out of 14 E2F1 hot spots identified by ix silico analysis, hot spots
1-5 and 9 were not confirmed in vivo (Fig. 3, A and C-F; and data
not shown; Table 1), suggesting that these putative E2F1 sites were
not occupied by the endogenous E2F1. In contrast, ChIP assays
indicated that the putative E2F1 sites 6 — 8 and 1014 were bound
by endogenous E2F1 (Fig. 3, E and F; Table 1). Spl binding at
—4379 on the Bim promoter was not detected by ChIP analysis
(Fig. 3, C-F).

It has been reported that FOXO3a also binds to the Bim
promoter (51) and regulates Bim expression. However, our
ChIP analysis in prostate cancer cells (Fig. 3, C—F) failed to
demonstrate FOXO3a binding to the Bim promoter, suggesting
that the FOXO3a regulation of Bim expression may likely be
cell type-specific. Taken together, our findings suggest that
E2F1 may represent a primary transcription factor responsible
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TABLE 1
ChIP assay primer summary

Primer Position PCR size (bp) Region Comments
I -940/-769 172 exon 1 No TF binding
111 -1763/-1479 267 E2F1#1 No E2F1 binding
VII  -3550/-3064 486 E2F1#3,4,5 No E2F1 binding
XI -4530/-4174 356 E2F1#10, 11 E2F1 -specific binding

Spl Spl negative
X1 -4637/-4173 464 E2F1#10, 11 E2F1 -specific binding
Spl Spl negative
XIII  -5400/-5101 300 E2F1#6 E2F1 -specific binding
XIV  -5400/-5188 213 E2F1#6 E2F1 -specific binding
XV -4654/-4391 263 E2F1#11 E2F1 -specific binding
XVII  -4269/-4068 184 E2F1#10 E2F1 -specific binding
XVIII  -4438/-4137 265 E2F1#8, 14 E2F1 -specific binding
XX -6062/-5895 167 E2F1#7 E2F1 -specific binding
XXI  -6060/-5568 492 E2F1#7, 8, 14 E2F1 -specific binding
XXII -5591/-5374 217 E2F1#13 E2F1 -specific binding
XXV -5049/-4807 242 E2F1#12 E2F1 -specific binding
XXX -2728/-2487 242 E2F1#2 No E2F1 binding
Forward primer Reverse primer

I CTCCTGCGCTGCTTTCGTGGTGA CCGCCTTCATCCCACAGACCCTC
11 GCCGTGCCCTCTGGGACCTGTTG CCAGTCCTCGCCACTTGTCCTTGTTTT
VIII GCGAAGACGCCCACTGGGACCGCG TCTGCCTGCTGGCGGCCATGTGC
X1 TGCTTTTCCCCGGGTGCGACGCGGG GCCGTAGAGGAGCAAGTGAGGAGG
XII CGTGGTTCTTTTCCGGTCCCTGTCTG TGCCGTAGAGGAGCAAGTGAGGAG
XIII CAAGGAAACGCACGGACTGGGAGA CCTTGTTCGGGACCACAGGCTTTG
X1V CAAGGAAACGCACGGACTGGGAGA GGAACGACTTCCACATCGCTTAATTTC
XV AATAGGGCTTTCTTCTGCGTGGTTC GCAAGAGGGAAAAGGCACGAGC
XVII GTGTCCCACTGACGTTACAGAAGCG CCTTAATCCATCTAGCCTGACCTCACC
XV CTCCGAGTCTACTTAGCCGTGTCCA TGCCGTAGAGGAGCAAGTGAGGAGG
XX ACACCTACCTCCACGCACCAATCG TGCTGGCGGGCCACCACA
XXI ACCTACCTCCACGCACCAATCG TCACCGCTAACAGCAGGAGACCTT
XXIII AAGGTCTCCTGCTGTTAGCGGTGA CCTTCTCCCAGTCCGTGCGTTT
XXV TCTTTCAGCACAAGCCATCCTCCC GGCGGGTTCATGCGTCCC
XXX CCGCCACTACCACCACTTGATTC TGCCGTTCGGGCTCCAGC

for increased Bim expression in unstimulated prostate (and
probably breast) cancer cells.
Genomic Sequence within —5.1 to —2.6 kb Confers Bim Pro-

moter Activity—To characterize whether all or only some
E2F1-binding sites were necessary for activation of the Bim, we
cloned three genomic DNA fragments (ie. —5.1, —2.6, and
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—1.6 kb) spanning the Bim promoter region into pGL3-lucifer-
ase reporter vector for the analysis of Bim promoter activity
(Fig. 4A). After transfection into LNCaP cells, a strong pro-
moter activity was observed with the —5.1-kb fragment (Fig.
4B), which encompassed potential E2F1 sites 1-5 and 9-12
(Fig. 3A). In contrast, very little or no promoter activity was
observed with the —2.6 and —1.6-kb fragments (Fig. 4B). Sim-
ilar results were obtained in PPC1 and MDA-MB231 cells (data
not shown). Because the —2.6-kb promoter fragment contained
the putative E2F1-binding site 1 (Fig. 3A), lack of promoter
activity in the —2.6-kb fragment (Fig. 4B) thus confirmed our
ChIP data showing lack of E2F1 binding to site 1. Combining
the ChIP and luciferase data, the strong promoter activity asso-
ciated with the —5.1-kb fragment most likely results from E2F1
sites 10—12. To further demonstrate that E2F1-binding sites on
the Bim promoter are indeed required for Bim expression, we
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mutated CGC to TTT at hot spot 12 (—4965/—4963). Because
of the GC-rich regions, we could not design primers for other
hot spots. In addition, we also mutated CCC to TTT between
hot spots 11 and 12 at —4782/—4780, which was part of
sequence (GCCCCAAA) similar to E2F1 consensus (Fig. 4A).
We observed that mutation of either E2F1-binding site signifi-
cantly inhibited Bim promoter activity in LNCaP and other
cancer cells (Fig. 4C and data not shown).

Finally, to demonstrate that Bim expression is regulated by E2F1
at protein levels, we silenced E2F1 and observed reduced levels of
Bim protein in E2F1-silenced cells (Fig. 4D). Also, consistent with
the increased expression of Bim only in cancer cells (Fig. 1), we
detected very little or no —5.1-kb Bim promoter activity in normal
human prostate epithelial cells, although robust promoter activity
was observed in PPC-1, LNCaP, PC3, and Dul45 prostate cancer
cells (Fig. 4E; data not shown).
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Bim Associates with Cytoskeleton (Microtubule), LC8-based
Motor Molecules, and Mitochondrial Membranes—Once we
established that multiple cancer cell types express high levels of
Bim and its expression is regulated by E2F1, we began investi-
gating the functions of Bim up-regulation in cancer cells. In
unstressed cells, Bim is sequestered by the microtubule-based
dynein motor complex through LC8 and by direct binding to
the microtubules (12—-14), suggesting that up-regulated Bim in
cancer cells may function as a nonapoptotic or a prosurvival
protein. To explore whether Bim overexpression in cancer cells
is also associated with higher expression of dynein motor com-
plex or microtubules, we examined the expression levels of two
integral components of the dynein motor complex, LC8 and
IC74 (52-54). As shown in Fig. 14, both LC8 and IC74 proteins
were expressed at similar levels in NHP and prostate cancer
cells.

To determine the subcellular localization of up-regulated
Bim in cancer cells, we isolated cytoskeleton (i.e. Triton-insol-
uble fraction), CAP (i.e. Nonidet P-40-insoluble but Triton-
soluble proteins extracted from the cytoskeleton preparations),
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nucleus, cytosol (i.e. the 100,000 X g supernatant), and three
membrane fractions, ie. HM (1,500 X g pellet, enriched in
heavy mitochondria and some ER), LM (10,000 X g pellet,
enriched mainly with mitochondria), and microsome
(100,000 X g pellet, which contains mainly ER). The subcellular
fractions were characterized based on specific marker proteins
(10, 31, 39). For example, Bap31 for ER, COX II (cytochrome ¢
oxidase subunit II) for mitochondria, nuclear lamins (A/B) for
nuclei, and LDH (lactate dehydrogenase) for the cytosol (Fig.
5A). Unfractionated whole cell lysate was used as input control.
We observed that in unstimulated cancer cells, Bim was local-
ized mainly in the cytoskeleton and membrane fractions (Fig.
5A). Because the cytoskeleton was prepared by extracting Non-
idet P-40-insoluble components with Triton X-100 and high
salt (39), our results suggest that Bim associates tightly with the
filamentous cytoskeleton, whereas some amounts of Bim could
be extracted as CAP. Bim was not detected in cytosol, nucleus,
or microsome (Fig. 54).

In contrast to Bim, LC8 was detected as a doublet in every
fraction with the highest amounts in the cytosol, nucleus, and
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microsome (Fig. 54). These findings are consistent with the
idea that LC8 binds many other proteins in addition to Bim
(55-57). As expected, the marker proteins were detected in the
whole cell lysate as well as in the expected fractions, i.e. LDH in
the cytosol, Bap31 in the membrane fractions, COX II in HM
and LM, and lamin A/B in the nucleus and cytoskeleton (Fig.
5A; note that cell nuclei are known to interact with cytoskeleton
so that these two often co-fractionate). Immunolabeling exper-
iments also demonstrated Bim co-localization with LC8 (data
not shown). We performed another independent subcellular
fractionation experiment to verify that constitutively expressed
Bim in cancer cells was not localized in the cytosol and ER but
primarily to mitochondria (Fig. 5B).

Because the cytoskeleton is enriched in microtubules and the
membrane fractions (both HM and LM) are enriched in dynein
motor complexes, constitutively overexpressed Bim in prostate
cancer cells might directly associate with microtubules and
LC8-containing dynein motors, as reported in other cells (12,
14). To test this possibility, we carried out co-IP experiments
using PC3 and LNCaP cells. As shown in Fig. 5C, IP using the
polyclonal antibody to Bim pulled down B-tubulin and LC8 but
not IC74 or myosin. Reciprocal IP using a mAb against B-tubu-
lin co-precipitated BimEL and LC8 but not IC74 or myosin (Fig.
5D). In contrast, both RbIgG and MOPC21 control did not
immunoprecipitate any specific products (Fig. 5, C and D).
These results suggest that in prostate cancer cells the constitu-
tively overexpressed Bim protein is associated with the micro-
tubules and the microtubule/vesicle-based, LC8-containing
dynein motor complexes.

Together, the above results indicate that the overexpressed
Bim in cancer cells is localized to various subcellular compart-
ments and sequestered by microtubules and dynein motor
complexes. These observations also raise the possibility that the
constitutively up-regulated Bim may play a prosurvival role in
cancer cells.

Down-regulation of Endogenous Bim by siRNA Induces Cell
Detachment and Anoikis—Having established that cancer cells
constitutively up-regulate Bim in an E2F1-dependent manner,
we began investigating the physiological function of up-regu-
lated Bim in cancer cells by carrying out loss of functions exper-
iments. PPC1, PC3, and LNCaP cells were transfected with a
pool of four Bim siRNAs for different time intervals, which
down-regulated Bim protein levels by ~90% at 24 h and onward
(data not shown). A nonspecific siRNA was used as control.
Surprisingly, Bim silencing caused cells to detach and undergo
apoptosis (Fig. 6). Although control siRNA did not affect cancer
cells, in contrast Bim siRNA treatment led to detachment of a
significant number of cells from the culture dishes (Fig. 6, A and
B). Quantification of ~500 PPC1, PC3, and LNCaP cells dem-
onstrated that about 30—-60% of cells were detached upon
transfection with Bim siRNAs (Fig. 6C). Similarly, detachment
of PPC1 cells was observed using an additional four siRNAs
targeted to different regions of the Bim mRNA but not with
their respective scrambled siRNA controls (data not shown).

Because detachment of cells is known to induce apoptotic
cell death, a phenomenon called anoikis (58, 59), we deter-
mined whether floating cells indeed underwent apoptosis.
PPC1 and LNCaP cells were transfected with Bim siRNAs, and
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both floating and adherent cells were harvested and subjected
to Western blotting for caspase-3. We observed caspase-3
processing only in floating cells but not in adherent cells (Fig.
7A). To confirm that inhibition of Bim expression and/or func-
tions promote detachment and apoptosis, we microinjected
cancer cells with three different anti-Bim antibodies with Rb-
IgG as control. We used live cell labeling with DAPI to deter-
mine apoptotic cell death during microinjection (35). We
observed that the microinjected anti-Bim antibodies, in a time-
dependent manner, induced detachment of cells to varying
degrees (Fig. 7B). We also microinjected Bim siRNAs, which
also caused cell detachment and apoptosis (Fig. 7B).

To further demonstrate that Bim is required for cancer cell
survival, we performed clonogenic assays using Bim silenced
MDA-MB231 cells. We observed that Bim knockdown signifi-
cantly reduced the number of colonies (Fig. 8, A and B). Because
Bim expression is regulated by E2F1, we also used E2F1-si-
lenced MDA-MB231 cells for clonogenic assays. The results
showed that E2F1 silencing reduced the number of colonies
compared with control shRNA-infected cells (Fig. 8, A and B).

Cancer Cells Express Phosphorylated Bim Protein and Mcl-1/
Bcl-xL Sequesters Bim in Cancer Cells—We next performed
several experiments to further explore the interrelationship
between Bim with several antiapoptotic Bcl-2 family proteins in
the context of nonapoptotic functions of Bim (Figs. 8 and 9).
Immunoblotting studies in Fig. 1 (A and C) provided some clues
as to why up-regulated Bim in cancer cells does not elicit pro-
apoptotic function; perhaps a portion of Bim proteins is phos-
phorylated and/or sequestered by antiapoptotic Bcl-2 family
proteins. It has been shown that phosphorylation of Bim at
Ser-69 or Ser-87 promotes cancer cell survival (60 —62). In sup-
port of the first conjecture, both phosphorylated forms of Bim
(i.e. Ser-69 and Ser-87) were detected in prostate and breast
cancer cells at higher levels than in the corresponding normal
cells (Fig. 9A4). Of interest, breast tumors from patients also
expressed higher levels of Bim and phosphorylated Bim than
the normal breast tissues (Breast-N; Fig. 9A).

To test the second conjecture, we first determined the levels
of three prosurvival Bcl-2 family proteins Bcl-xL, Bcl-2, and
Mcl-1. We observed increased levels of Bcl-xL and/or Mcl-1 in
cancer cells as compared with noncancerous cells (Fig. 9A4).
However, we were unable to detect Bcl-2 in the cancer cells
examined (data not shown). Because we observed high levels of
Bcl-xL and Mcl-1 in cancer cells, we investigated whether up-
regulated Bcl-xL and Mcl-1 might sequester Bim and neutralize
its proapoptotic functions. Indeed, IP analysis revealed that a
higher amount of Bim was precipitated in LNCaP cells by anti-
bodies to Bcl-xL and Mcl-1 compared with NHP9 cells (Fig.
9B). Similarly, Bim IP also pulled down high levels of Mcl-1 as
well as Bcl-xL, although to a lesser extent as compared with
Mcl-1 (Fig. 9B).

To further correlate prosurvival function, we silenced Bcl-xL
and observed that the number of colonies was highly reduced
upon Bcl-xL silencing (Fig. 8, A and B). To demonstrate
whether prosurvival function of Bim is associated with its inter-
action with Bcl-xL, we determined the level of Bim in Bcl-xL
silenced cells and observed reduced/undetectable expression of
Bim in Bcl-xL-silenced cells (Fig. 8C).
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DISCUSSION

Pro-apoptotic BH3-only protein Bim is frequently induced
upon treatment with anticancer therapeutics. However, Bim
induction-based anticancer therapy has many limitations such
as tumor cell selectivity or diversity of Bim controlling systems
in cancer cells (63, 64). In this study, we first report that Bim is
constitutively overexpressed both at protein and mRNA lev-
els in various prostate and breast cancer cells. We further
show multiple E2F1-binding sites on the Bim promoter,
which are involved in Bim up-regulation in cancer cells. The
overexpressed Bim localizes to the mitochondria and cyto-
skeleton. Importantly, down-regulation of Bim either by
siRNA-mediated Bim silencing or by injecting anti-Bim anti-
bodies results in cell rounding, substrate detachment, and
subsequent apoptosis. Together, our findings demonstrate a
surprising prosurvival function of Bim, which needs to be
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taken into consideration for future Bim-based cancer
therapy.

How is Bim up-regulated in cancer cells? We observed that
E2F1 is primarily responsible for higher expression of Bim in
cancer cells. This conclusion is based on identification of 14
E2F1 “hot spots” by in silico analysis using E2F1 consensus
sequence (KTSSCGC, where K = Gor T and S = C or G).
Previous reports identified four key E2F1-binding sites by
genomic sequence analysis spanning —2.5 kb upstream of the
TSS (49, 50). Our findings suggest the existence of multiple
E2F1-binding sites up to —6 kb upstream of TSS. Promoter
analysis using several cancer cell types demonstrates that these
new E2F1-binding sites upstream of —2.6 kb are primarily
responsible for Bim promoter activity, suggesting that the
higher expression of Bim in cancer cells, but not in normal
epithelial cells, is regulated by E2F1. This conclusion is further
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FIGURE 7. Bim silencing causes cell detachment and subsequent apoptosis.
A, PPC1 cells were transfected with control or Bim siRNA, and after 48 h of trans-
fection, floating and attached cells were collected. Whole cell lysates were sub-
jected to Western blotting for caspase-3. LDH was used as loading control. B, PC3
cells were microinjected with multiple Bim antibodies or RblgG antibody or Bim
siRNAin the cytoplasm of cells. Cells were labeled live with DAPI, and floating cells
were counted to monitor apoptosis after microinjection.

supported by the lack of Spl and FOXO3a binding to the
—5.1-kb Bim promoter in cancer cells.

Although it has previously been shown that Bim protein
expression could be regulated by FOXO3a (51) or Sp1 (65), our
findings suggest that, in prostate cancer cells, E2F1 is primarily
responsible for Bim overexpression. In support, E2F1 silencing
causes reduced expression of Bim causing similar biological
effects as observed upon Bim-silencing in cancer cells. For
example, Bim or E2F1 silencing showed increased cell detach-
ment and apoptosis (data not shown).

Bim has been traditionally considered to be one of the key
proteins required for Bax activation, cytochrome c release, and
apoptosis. The higher expression of Bim in cancer cells raises
two key questions. First, why is the up-regulated Bim unable to
induce apoptosis under normal (i.e. unstimulated) conditions?
Second, what is the potential physiological function(s) of the
up-regulated Bim in cancer cells? Multiple pieces of evidence
suggest that the effect of Bim up-regulation could be nullified
by higher expression of prosurvival proteins such as Bcl-xL and
Mcl-1. For example, up-regulation of multiple isoforms of pro-
survival protein Bcl-xL (66) and up-regulation of Mcl-1 suggest
that Bim may be sequestered on the mitochondrial membrane
by Bcl-xL and/or Mcl-1 and unable to perform proapoptotic
function. Indeed, IP analysis clearly demonstrated that higher
levels of Bim were sequestered by Bcl-xL and Mcl-1 in cancer
cells as compared with normal noncancerous cells. Because
Bim directly binds and activates proapoptotic multidomain
proteins Bax/Bak (4, 5), a low level of Bax/Bak may be a limiting
factor for the proapoptotic function of Bim. Sequestration of
Bim by the microtubule-associated dynein motor complex or
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(~2 weeks), cells were fixed and stained with Giemsa (1:10 in distilled water at
room temperature) and counted. Representative images are shown in B.
C, control or Bcl-xL shRNA LNCaP and MDA-MB231 cells were subjected to
Western blotting to detect levels of Bim expression. Actin serves as loading
control. Data are mean = S.D.,n = 3;*,p < 0.05.

direct association with microtubule further supports that Bim
may not be available in sufficient amounts to induce apoptotic
cell death under unstimulated conditions. In addition, up-reg-
ulation of XIAP, which inhibits active caspase-9 and -3, sug-
gests that Bim-mediated cytochrome c release and caspase acti-
vation may not be sufficient to induce apoptosis.

Our findings establish a prosurvival function of Bim in
unstimulated cancer cells. How up-regulated Bim in cancer
cells possesses prosurvival functions is not known, but various
possibilities exist; for example, Bim overexpression in cancer
cells may be associated with its polymorphism causing accumu-
lation of the Bim isoform that lacks proapoptotic functions (67,
68). Although Bim associates with LC8, a component of the
microtubule-associated dynein motor complex (12), Bim over-
expression does not correlate with the expression of LC8 in
cancer cells, suggesting that prosurvival function of Bim is not
solely related to the association with LC8. The majority of Bim
was observed in the mitochondrial fraction, which is consistent
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FIGURE 9. Bim phosphorylation is accompanied by overexpression of Bcl-
XL/Mcl-1, and Bim is sequestered by Mcl-1 and Bcl-xL. A, whole cell lysates
prepared from normal prostate NHP9 cells, BPH1, PC3, LNCaP, PPC1 cells; breast
normal human mammary epithelial cells (HMEC), MDA-MB231 (MDA-231), MDA-
MB435 (MDA-435), MCF-7 cells; breast normal tissue (breast-N), and breast pri-
mary tumor (breast-PT) were subjected to Western blotting for indicated pro-
teins. Actin serves as loading control. B, equal amounts of protein from LNCaP
prostate cancer and NHP-9 normal prostate epithelial cells were immunoprecipi-

tated with anti-Bim or Bcl-xL or Mcl-1 antibodies along with Rb- or Ms-lIgG con-
trols. Western blot analysis for indicated proteins was performed.

with the previous findings (66). Cell detachment from the tissue
culture dishes and their subsequent apoptosis suggest that Bim
may be playing prosurvival function on the mitochondrial mem-
brane. Early up-regulation of Bim during stress or apoptotic stim-
ulation represents proapoptotic function, but it is noteworthy that
Bim up-regulation happens early during stress or apoptotic stim-
ulation, whereas cytochrome c release and apoptosis occur at a
later stage of apoptosis stimulation (27, 31, 69). Thus, early up-reg-
ulation of Bim could be a prosurvival mechanism, although it con-
tributes to apoptotic cell death at later stages when prosurvival
mechanisms have been compromised. These findings are consist-
ent with the concept that various proapoptotic proteins may also
possess nonapoptotic or prosurvival functions. For example,
caspase-8, Fas, and FADD have been associated with increased
proliferation and survival (70-72). Apaf-1, a key adaptor protein
for caspase activation, might be involved in DNA damage check-
point response (73). Proapoptotic multidomain proteins, Bax, Bak,
and Bad, a BH3-only pro-apoptotic protein, also play an important
role in cell survival (15, 17, 19).
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How does Bim silencing in unstimulated cancer cells cause
cell death? Although the exact underlying mechanisms remain
to be elucidated, our findings suggest that the primary response
to Bim knockdown in unstimulated cancer cells is cell rounding
and detachment rather cell death. In other words, our data sug-
gest that cell death is anoikis consequent to cell detachment. A
plausible explanation here is that the constitutively overex-
pressed Bim protein in cancer cells, by associating with micro-
tubules, mitochondria, and perhaps other cytoskeleton ele-
ments and by participating in LC8-containing dynein motor
functions, plays a critical role in regulating the overall integrity
and cellular shape and adhesion. Interaction of mitochondria
with microtubules or cytoskeleton networks regulates mito-
chondrial respiration and apoptosis, and microtubule-based
motor proteins such as dynein and kinesin drive mitochondrial
movement on the microtubules (74). Therefore, lack of Bim in
unstressed cancer cells would destabilize the cytostructure and
dynein motor complexes causing cell detachment (i.e. anoikis)
and mitochondria dysfunction causing ultimate apoptosis.

Phosphorylation of Bim at Ser-69 by ERK1/2 (60, 61) and at
Ser-87 by Akt promotes cancer cell survival (62). Therefore,
Bim silencing will lead to the removal of prosurvival phosphor-
ylated Bim causing apoptosis induction in cancer cells. Both
phosphorylated and unphosphorylated forms of Bim are con-
stitutively overexpressed in cancer cells. The unphosphorylated
form of Bim has high affinity to the dynein LC8, thus remains
sequestered by microtubules (14). In contrast, phosphorylated
forms of Bim are freely available, which possess prosurvival
functions. Based on these, we suggest that Bim silencing may
also reduce the levels of prosurvival phosphorylated Bim, con-
tributing to cell death.

Although Mcl-1 degradation and Bim up-regulation are
associated with anoikis and apoptosis (75), Bim interacts with
and stabilizes Mcl-1, which contribute to cancer cell survival
(76). Therefore, another scenario is that silencing of Bim may
promote Mcl-1 degradation, causing induction of apoptosis.
Because Bim interacts with Mcl-1 and Bcl-xL, and Bcl-xL
silencing causes reduced expression of Bim, it is possible that
Bim may also perform prosurvival function in association with
Mcl-1 and Bcl-xL.

The prosurvival functions associated with multiple proapo-
ptotic proteins raise the possibility that anticancer agents that
only harness the proapoptotic function of Bim or other BH3-
only proteins may not be an efficient approach for the permea-
bilization of mitochondria. Although it is possible that down-
regulation or silencing of Bim might have novel unknown
targets promoting detachment and apoptosis, our findings
demonstrate that to induce efficient apoptosis, inhibition of
prosurvival function of Bim may provide a new approach for
efficient cancer therapy.
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