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Abstract

Release of cytochrome c from mitochondria to cytosol has been iden-
tified as one of the central events of apoptosis. Direct injection of cyto-
chrome c induces apoptosis in some but not in all cell types. We observed
that LNCaP prostate cancer cells failed to undergo apoptosis induced by
cytochrome c microinjections. Microinjection of cytochrome c with an-
other mitochondrial protein, Smac, was sufficient to activate caspases,
however. Smac is believed to function as a neutralizer of caspase inhibi-
tors, and mass spectrometry analysis identified XIAP as a predominant
Smac binding protein in LNCaP cells. These findings are consistent with
a requirement for a release of Smac from mitochondria to enable caspase
activation in prostate cells. Indeed, translocation of Smac from mitochon-
dria to cytosol was observed in LNCaP cells that undergo apoptosis and
was inhibited by epidermal growth factor, which is a survival factor for
these cells. These results further emphasize the central role of mitochon-
dria in the regulation of apoptosis in prostate cancer cells.

Introduction

The high failure rate for castration or chemotherapy to bring about
permanent cures for metastatic prostate cancer can be partly explained
by antiapoptotic adaptations derived from mutation and natural selec-
tion within the neoplasia (1–3). Accordingly, we and others have
observed that the Akt survival pathway is constitutively active in
LNCaP cells (4–6). In addition, Akt-independent survival signaling
pathways can be activated when these cells are treated with EGF,4

androgen, or serum (5–8). However, it is not clear what signaling
cascades are required to elicit survival or which proapoptotic mole-
cules are ultimately targeted.

It has been suggested that release of cytochrome c from mitochon-
dria is sufficient to induce the nucleation of “apoptosomes,” multi-
protein complexes that contain the zymogen forms of caspase 9 and 3,
Apaf-1, and perhaps other factors (9–11). When recruited to the
apoptosome, caspase 9 is activated by autocatalytic cleavage and in
turn cleaves and activates caspase 3 (12). Consistent with this mech-
anism, direct injection of cytochrome c into the cell cytosol is reported
to induce apoptosis in several cell types (13, 14).

We were intrigued by the question of whether cytochrome c mi-
croinjection is sufficient to induce apoptosis in LNCaP prostate cancer

cells, knowing this would provide a convenient model to assess if
survival signals operate upstream or downstream from mitochondria.

Materials and Methods

Antibodies and Other Reagents. Antibodies directed against the active
form of caspase 3 (CM-1) were from Idun Pharmaceuticals (La Jolla, CA).
Monoclonal antibody to cytochrome c was from PharMingen (San Diego, CA).
Anti-Smac rabbit antisera and recombinant Smac protein were described
previously (15). Anti-poly(ADP-ribose) polymerase goat antiserum was from
R&D Systems, Inc. (Minneapolis, MA); monoclonal antibody to Erk2 (1B3B9)
was from Upstate Biotechnology, Inc. (Lake Placid, NY). Monoclonal anti-
body to XIAP was from BD Transduction Labs (Lexington, KY). Antibody to
caspase 7 was a gift from Dr. Junying Yuan (Harvard University). Antibody to
caspase 9 was from PharMingen. Secondary fluorophore-conjugated goat
antimouse or goat antirabbit antibodies were from Jackson Immunoresearch
Laboratories (West Grove, PA). Secondary horseradish-peroxidase-conjugated
antibodies used for Western blots were from Amersham Pharmacia Biotech
(Piscataway, NJ). Cytochrome c protein, LY294002, DAPI, Texas Red, cy-
cloheximide, and other chemicals were from Sigma Chemical Co. (St. Louis,
MO). BSA was from Boehringer Mannheim (Indianapolis, IN). Recombinant
EGF and TNF-� were from Upstate Biotechnology, Inc., zVAD-fmk was from
Bachem (King of Prussia, PA), and DEVD-AMC was from Calbiochem (San
Diego, CA). Tissue culture reagents were purchased from Life Technologies,
Inc. (Gaithersburg, MD). Microinjection equipment was from Eppendorf
(Hamburg, Germany).

Cell Lines. PrEc normal prostate epithelial cells were purchased from
Clonetics-Cambrex (Rutherford, NJ) and maintained in media supplied by the
company. LNCaP cells were a gift from the laboratory of Dr. Leland Chung
(University of Virginia) and maintained in T Medium with 5% FCS. Gener-
ation and maintenance of RIG cells was described previously (16). All cells
were kept in 5% CO2 at 37°C.

Microinjections and Apoptosis Detection. Before analyses, cells were
plated 1,5 � 105/3-cm dish with microinjection coverslip. The next day,
medium was changed to serum-free, phenol red-free RPMI for an additional
24 h. Then cells were injected into the cytoplasm with BSA, cytochrome c, or
recombinant Smac (4 mg/ml). To mark injected cells, 2 mg/ml Dextran 10,000
conjugated with Texas Red were added to injection mixtures. Cells with active
caspases were revealed by indirect immunofluorescence with CM-1 antibodies
that recognize active caspase 3 followed by goat antirabbit antibodies conju-
gated with Cy-5 fluorophore. Nuclei were visualized by staining with DAPI.
Details of immunofluorescent procedures were described previously (8). Per-
centage of injected apoptotic cells was determined by examining the superim-
positions of green, red, and blue visual fields using a Nikon microscope
equipped with a digital camera and software from Inovision (Durham, NC).

Hypotonic Lysis for Anti-Cytochrome c and Anti-Smac Western Blots.
LNCaP cells were plated on 15-cm dishes and grown to 80% confluence. Then,
medium was changed to serum-free, phenol red-free RPMI for an additional
24 h. After administering treatments for 24 h, cytosolic extracts were obtained
as previously described (5), and 25 �g of protein/lane were used for Western
blots. The integrated pixel densities of immunoreactive electrophoretic bands
of Smac, cytochrome c, and Erk2 were calculated using software from Scion
(Frederick, MD), normalized to the corresponding density of the Erk2 bands,
and calculated as a factor of the negative control.
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Immunoprecipitation of Smac for Mass Spectroscopy and Western
Blotting. Ten 15-cm dishes of LNCaP cells were grown to near confluency
and washed with phenol red-free, serum-free RPMI. Then, cells were lysed in
CHAPS lysis buffer [0.5% CHAPS, 20 mM HEPES (pH 7.4), 150 mM NaCl,
and protease inhibitors] and transferred to separate tubes for centrifugation at
15,000 rpm (Sorvall S34 rotor) for 30 min. After centrifugation, supernatants
were collected, and protein concentration (3.34 mg/ml) was determined using
the Bio-Rad (Hercules, CA) assay. Before cell lysis (1 h), 60 �l of protein
G-agarose beads (Roche, Indianapolis, IN) were bound with either 40 �l of
anti-Smac rabbit antiserum or 40 �l of preimmune serum as a negative control.
After cell lysate preparation and antibody immobilization, the beads were
washed three times with 500 �l of CHAPS lysis buffer. Next, 10 ml of the cell
lysate was divided evenly into two tubes, into which beads with either
anti-Smac antibodies or preimmune antibodies were added and incubated (3 h,
4°C) under rotation. After immunoprecipitation, beads were pelleted, and 1 ml
of each cell lysate was preserved for subsequent Western blotting. After the
removal of supernatants, beads were washed three times with CHAPS lysis
buffer, and bound proteins were eluted with 100 mM Glycine (pH 2.6, 30 min,
4°C). Subsequently eluted proteins were analyzed by mass spectrometry and
Western blotting.

Mass Spectrometry. Glycine-eluted proteins were pH adjusted with 100
mM NH4HCO3, pH 8.0. Reduction of proteins was with a solution of 10 mM

DTT in 100 mM NH4HCO3 for 1 h at 56°C. Carboxyamidation was achieved
by adding 20 mM iodoacetamide in 100 mM NH4HCO3 for 45 min at room
temperature in the dark. Trypsin (0.5 �g) was added and allowed to digest at
37°C for 12 h. Tryptic peptides from the solution digest were introduced into
a Thermofinnigan LCQ Deca mass spectrometer using nanoflow high-perfor-
mance liquid chromatography-microelectrospray ionization. Peptides were
eluted over a 4-h linear gradient using solvent A 0.1 M acetic acid in water and
solvent B 60% Acetonitrile in 0.1 M acetic acid in water. Data-dependent
MS/MS analysis was performed. The MS/MS data were then searched using
SEQUEST algorithm against the nonredundant database that is maintained by
National Center for Biotechnology Information.5

Results

Microinjection of Cytochrome c Does Not Induce Apoptosis in
LNCaP Cells. It has been reported previously that microinjection of
cytochrome c induces apoptosis in several cell lines, including 293
HEK, HeLa, and Rat-1 fibroblasts (13, 14, 17). To determine whether
cytosolic cytochrome c was sufficient to induce apoptosis in LNCaP
prostate cancer cells, we first used RIG cells and 293 cells as positive

controls for cytochrome c-induced apoptosis. Injection of horse cyto-
chrome c at a concentration of 2 mg/ml was sufficient to induce
apoptosis in almost all injected 293 (data not shown) and RIG cells
(Fig. 1A). Within 1 h after injection, cells showed specific hallmarks
of apoptosis: intensive membrane blebbing, activation of caspase 3,
and nuclear condensation. To our surprise, none of these features was
observed in LNCaP cells injected with 5 mg/ml cytochrome c (Fig.
1B). No evidence of apoptosis was observed in LNCaP cells even 16 h
after cytochrome c was injected at a concentration of 10 mg/ml.

Inability of LNCaP cells to respond to cytochrome c microinjection
by caspase activation was surprising because these cells can readily
activate caspases 3 and 7 after being subjected to various proapoptotic
stimuli (8, 18). In fact, we were able to find cells that undergo
spontaneous apoptosis and were stained positively with antibodies to
active caspase 3 outside of the area with microinjected cells (Fig. 1C).

Inhibition of Constitutively Active Akt Does Not Sensitize
LNCaP Cells to Cytochrome c-induced Apoptosis. It has been
shown that in prostate cells expressing constitutively active V12Ras,
Akt becomes activated and may phosphorylate and inhibit caspase 9
(19). Because LNCaP cells have constitutively active Akt (5, 6), we
suspected that it can inhibit apoptosis downstream of cytochrome c
release. We demonstrated previously that LY294002 inhibits Akt
activity and induces apoptosis in LNCaP cells deprived of survival
factors. To test the hypothesis that the elevated Akt activity found in
LNCaP cells obviates the proapoptotic effect of cytosolic cytochrome
c, we compared apoptosis in LNCaP cells treated with LY294002 for
12 h and injected with 4 mg/ml cytochrome c or BSA. Although the
percentage of apoptosis in LY294002-treated cells varied between
experiments, no increase in the percentage of apoptosis was observed
in cells injected with cytochrome c versus cells injected with BSA
(Fig. 1D). Because the percentage of apoptosis is no higher in cells
injected with cytochrome c, the apparent resistance of LNCaP cells to
cytochrome c-induced apoptosis does not depend on antiapoptotic
signaling by Akt.

Results from microinjection experiments seemingly contradict data
that show a strong correlation between cytochrome c release and
apoptosis in LNCaP cells (5, 8, 20). The absence of apoptotic response
to cytochrome c microinjection prompted us to speculate that coordi-
nate release of additional factors into the cytosol together with cyto-
chrome c may be required for apoptosis induction.5 Internet address: http://www.ncbi.nlm.nih.gov.

Fig. 1. Microinjection of cytochrome c fails to induce apoptosis in LNCaP cells. A, RIG fibroblasts injected with 2 mg/ml cytochrome c and fixed 2 h after injections. B, LNCaP
cells injected with 5 mg/ml cytochrome c and fixed 4 h after injections. C, LNCaP cells from the same coverslip as in B not injected with cytochrome c. Arrow, the cell undergoing
spontaneous apoptosis. D, injection of cytochrome c does not enhance apoptosis induced by phosphatidylinositol 3�-kinase and Akt inhibition in LNCaP cells. LNCaP cells were
incubated with phosphatidylinositol 3�-kinase inhibitor LY294002 for 12 h, injected with cytochrome c or BSA at a concentration of 5 mg/ml, and fixed 4 h after injections. To identify
injected cells, 2 mg/ml Dextran 10,000 conjugated with Texas Red were included in the injection mixture. Cells undergoing apoptosis were revealed by indirect immunofluorescence
with CM-1 antibodies that recognize active caspase 3 followed by goat antirabbit antibodies conjugated with Cy-5 fluorophore. Nuclei were visualized by staining with DAPI.
Fluorescent images of the same field taken with neutral filter (DAPI) show nuclei of all cells, images taken with red filter show injected cells (cytochrome c), and images taken with
IR filter show cells with active caspase 3. Figure shows representative result of at least three independent experiments.
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Smac and Cytochrome c in LNCaP Cells. Recently, the proapo-
ptotic human protein Smac was identified. This protein is released
from mitochondria in HeLa cells undergoing apoptosis. Smac (and its
mouse homologue DIABLO) can bind to IAP proteins and prevent
them from inhibiting caspase activation, thus sensitizing cells to the
cytochrome c-induced apoptosis (15, 21).

We assessed if Smac is expressed in LNCaP cells and released into
the cytosol together with cytochrome c in cells undergoing apoptosis.
Smac shows a distribution similar to cytochrome c when followed by
indirect immunofluorescence on the single cell level (Fig. 2A) or by
cell fractionation (Fig. 2B).

When LNCaP cells are treated with LY294002 or TNF-�, cyto-
chrome c and Smac are released from mitochondria into the cytosol.
Inhibitor of caspases z-VAD prevents apoptosis induced by either
LY294002 or TNF-�; however, only in cells treated with TNF-�,
release of apoptogenic proteins is inhibited. Thus, TNF-� requires and
LY294002 does not require caspase activity to induce mitochondrial
events. Treatment of LNCaP cells with EGF inhibits release of both
Smac and cytochrome c from mitochondria and also inhibits caspase
activity induced by LY294002. This is consistent with our previous
observation that the survival mechanism activated by EGF targets
stress-activated apoptosis upstream of mitochondria (8).

Simultaneous Injection of Cytochrome c and Smac Activates
Caspases in LNCaP Cells. We injected purified Smac protein to-
gether with cytochrome c to test if the presence of Smac in the cytosol
will make LNCaP cells sensitive to cytochrome c-induced apoptosis.
After injection (4 h) with a mixture of Smac and cytochrome c, �15%
of cells showed increased caspase 3 activation. At the same time,
Smac alone led to activation of caspase 3 in �2% of injected cells
(Fig. 3). Thus, when released into the cytosol together, these proteins
are sufficient to induce activation of effector caspases. Although the
original discovery of Smac/DIABLO emphasized its role in activation
of caspase 9 and 3, it was not clear whether Smac and cytochrome c
are sufficient for activation of the caspase cascade downstream from
mitochondria in LNCaP cells or whether additional factors are re-
quired. Microinjection experiments support the former hypothesis.

Smac Interacts with XIAP in LNCaP Cells. The proapoptotic
effect of Smac has been originally attributed to its ability to bind IAPs
(15, 21); however, a recent report demonstrated a proapoptotic effect
of Smac � in the absence of IAP binding (22). To obtain unbiased
information on Smac interactions in LNCaP cells, we analyzed pro-
teins present in Smac immunoprecipitates by mass spectrometry. Five
tryptic peptides were identified from Smac, allowing 34% coverage of
the protein; also, eight tryptic peptides were identified from XIAP,

Fig. 2. Smac and cytochrome c colocalize in
mitochondria in intact cells and become released
into the cytosol in cells that undergo apoptosis.
A, colocalization of Smac and cytochrome c in
LNCaP cell. Cells were left intact or treated with
TNF-� (30 ng/ml) to induce apoptosis and fixed 6 h
later. Cytochrome c and Smac localization was
visualized by indirect immunofluorescence with
Texas Red and fluorescein-conjugated secondary
antibodies, respectively. Both proteins show punc-
tate staining characteristic of mitochondrial local-
ization in the intact cells and diffuse staining in
apoptotic cells. Representative images of intact (top
panels) and apoptotic (bottom panels) cells are
shown. In B, EGF inhibits the release of Smac and
cytochrome c into the cytosol in cells treated with
LY294002 that induces mitochondrial stress.
Caspase inhibitor zVAD-fmk inhibits the release of
cytochrome c and Smac from mitochondria in cells
treated with TNF-� but not in LY294002-treated
cells. Cytosol was prepared from LNCaP cells
treated with vehicle (control), 25 �M LY294002
(LY), 25 �M LY294002 and 100 ng/ml EGF (LY �
EGF), 3 �g/ml Cycloheximide (Cx), 100 ng/ml
TNF-� (TNF/Cx), 100 ng/ml TNF-�, and 100 �M

zVAD (TNF/Cx � zVAD). Cytosol preparations
containing 25 �g of protein were analyzed by
Western blotting with antibodies to Smac or cyto-
chrome c (20). Estimated fold cytochrome c or
Smac release into cytosol is shown here, normal-
ized to loading control (Erk2).
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providing 18% protein coverage (Fig. 4A). Thus, mass spectrometry
indicates that XIAP is a predominant Smac-binding partner in LNCaP
cells. The high stoichiometry of interaction between these proteins
was further confirmed by analysis of XIAP in Smac immunoprecipi-
tates by Western blotting that show depletion of XIAP from cell
lysates (Fig. 4B).

XIAP binds and inhibits caspases 3, 7, and 9 (23, 24). Comparison
of XIAP and caspase levels in LNCaP and human cell line HeLa,
where cytochrome c injection induces apoptosis, did not show signif-
icant differences in XIAP expression; however, levels of caspases 7
and 9 in LNCaP were �2-fold lower than in HeLa (Fig. 4C). Thus, it
is possible that the ratio between caspases and XIAP determines

whether Smac is needed to allow activation of caspases in response to
proapoptotic stimuli in a given cell type.

Discussion

The concept that resistance to apoptosis in prostate cancer contrib-
utes to a poor response to chemotherapy or androgen ablation is
becoming increasingly popular. Therefore, understanding the molec-
ular mechanisms that underlie apoptotic resistance may provide in-
formation that can be used to improve the efficiency of existing
therapies or develop novel treatment modalities.

It has been suggested that cytochrome c release from mitochondria

Fig. 3. Coinjection of Smac and cytochrome c into
LNCaP cells induces activation of caspase 3. Top
panels, LNCaP cells injected with mixture containing
cytochrome c (5 mg/ml), Smac (4 mg/ml), and Texas
Red (2 mg/ml). Bottom panels, cells are injected with
a mixture of Smac and Texas Red. Cells were fixed
4 h after injections and probed with antibodies CM-1
to active caspase 3, followed by goat antirabbit anti-
bodies conjugated to fluorescein. Right panels, in-
jected cells as red; left panels, cells with active
caspase 3 as green. Arrows, injected cells.

Fig. 4. Interaction between Smac and XIAP in LNCaP cells. A,
sequence of human XIAP with underlined tryptic peptides identified in
Smac immunoprecipitates (but not in immunoprecipitates with non-
immune serum) by mass spectrometry. B, XIAP is depleted from cell
lysates after Smac immunoprecipitations. C, comparison of protein
levels of XIAP, caspase 3, caspase 7, and caspase 9 in HeLa and
LNCaP cells. Note that lanes with LNCaP lysates contain twice as
much protein as the corresponding lanes with lysates from HeLa cells.
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is a “point of no return” where a cell commits itself to apoptosis. This
idea prompted the search for cytotoxic agents that can mimic the
effect of proapoptotic proteins of the Bcl family and induce apoptosis
by attacking mitochondria (25). Consistent with this hypothesis, sur-
vival mechanisms observed in prostate cells can prevent cytochrome
c release from mitochondria (5). On the other hand, evidence is
accumulating that the role of mitochondria in apoptosis may be more
subtle, e.g., growth factor-mediated survival signals have been re-
ported to operate downstream of cytochrome c release (26), and
proteins of the IAP family may inhibit caspases directly, even in the
presence of cytosolic cytochrome c (27). Because protective Bcl-2
family members are known to be targets of caspases (28), it is likely
that apoptosis inhibition through IAPs may serve to dampen an
activation loop where caspase activity and mitochondrial disintegra-
tion both precipitate one another (29).

Smac released from mitochondria would bind XIAP and allow
further activation of initiator caspase 9, as well as effector caspases 3
and 7. Interaction between XIAP and caspases shared by the death
receptor and mitochondrial apoptotic pathways can explain synergis-
tic effects of proapoptotic agents that operate via death receptors and
mitochondrial pathway reported in LNCaP cells (30). Smac, when
released from mitochondria, would titrate off XIAP and result in more
effective activation of effector caspases by caspase 8. Additionally,
decrease of XIAP levels in response to cycloheximide6 is in line with
higher sensitivity of LNCaP cells to TNF-� and LY294002-induced
apoptosis in the presence of inhibitors of protein synthesis. However,
because there are several binding partners for XIAP and other IAP
proteins can bind caspases, predictions based on analysis of limited set
of proteins should be treated with caution.

Results presented in this communication further emphasize the role
of mitochondria in the regulation of apoptosis in prostate cancer cells.
Our observation that cytochrome c microinjections do not induce
apoptosis in normal (data not shown) and malignant prostate cells
without Smac may imply a predominant role for proteins of the IAP
family in that tissue. One possible reason to maintain a high threshold
of antiapoptotic defense in prostate cells is to protect these cells from
Fas-induced apoptosis. Indeed, both Fas and FasL are reportedly
expressed in the normal prostate gland, perhaps serving to maintain a
site of immune privilege (31–33) or ensuring sperm with a defense
against maternal immunosurveillance during conception. In turn, ac-
tivation of nuclear factor �B signaling via death receptors was re-
ported to contribute to increased IAP levels (34). During the devel-
opment of neoplasia, prostate cells can be expected to further exploit
IAP expression level, which is increased in a broad spectrum of
cancers, including prostate adenocarcinoma (35), and therefore may
be linked to oncogenic progression and decreased patient survival
(36). Our finding that XIAP is the predominant IAP protein found in
Smac immunoprecipitates may provide a rationale for drug design that
seeks to neutralize IAP proteins by “Smac mimetics” in the hopes that
such an approach would sensitize prostate cancer cells to conventional
chemotherapy.
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