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Cyclophilin D (CypD) is a mitochondrial immunophilin and a
key positive regulator of the mitochondrial permeability transi-
tion (MPT). Several reports have shown that CypD is overex-
pressed in various tumors, where it has an anti-apoptotic effect.
Because the MPT is a cell death-inducing phenomenon, we
hypothesized that the anti-apoptotic effect of CypD is inde-
pendent of the MPT but is due to its interaction with some key
apoptosis regulator, such as Bcl2. Our data indicate that CypD
indeed interacts with Bcl2 as confirmed with co-immunopre-
cipitation, pulldown, and mammalian two-hybrid assays. A
cyclophilin D inhibitor, cyclosporine A, disrupts the CypD-Bcl2
interaction. CypD enhances the limiting effect of Bcl2 on the
tBid-induced release of cytochrome ¢ from mitochondria, which
is not mediated via the MPT. Gain- and loss-of-function exper-
iments confirm that CypD has a limiting effect on cytochrome ¢
release from mitochondria and that such an effect of CypD is
cyclosporine A- and Bcl2-dependent. On a cellular level, over-
expression or knockdown of CypD respectively decreases or
increases cytochrome c release from mitochondria and overall
cell sensitivity to apoptosis progressing via the “intrinsic” path-
way. Therefore, we here describe a novel function of CypD as a
Bcl2 collaborator and an inhibitor of cytochrome c release from
mitochondria independent of the MPT. This function of CypD
may explain the anti-apoptotic effect of this protein observed in
various cancer cells. The fact that some tumors overexpress
CypD suggests that this may be an additional mechanism of sup-
pression of apoptosis in cancer.

Apoptosis is a programmed mode of cell death and a univer-
sal phenomenon in multicellular eukaryotic organisms (1).
Suppression of apoptosis is utilized by cancer cells to promote
their survival (2). It is, therefore, important to pursue the mech-
anisms of suppression of apoptosis in cancer to define new ther-
apeutic targets and develop new therapies. The anti-apoptotic
effect and overexpression of cyclophilin D (CypD)? in various

* This work was supported, in whole or in part, by National Institutes of Health
Grant RO1 ES10041.This work was also supported by grants from the Wil-
mot Foundation and the Karen D’Amico Foundation.

"To whom correspondence should be addressed: 575 ElImwood Ave., Rm.
1-8509, Rochester, NY 14642. Tel.. 585-276-3396; Fax: 585-271-1121;
E-mail: Roman_Eliseev@urmc.rochester.edu.

2 The abbreviations used are: CypD, cyclophilin D; MPT, mitochondrial perme-
ability transition; CsA, cyclosporine A; ANT, adenine nucleotide translocator;
CytC, cytochrome ¢; ELISA, enzyme-linked immunosorbent assay; MBP, mal-
tose-binding protein; SEAP, secreted alkaline phosphatase; RLM, rat liver mito-
chondria; shRNA, short hairpin RNA; TNF, tumor necrosis factor; Ac, acetyl;
amc, 7-amino-4-methylcoumarin; Sts, staurosporine; EV, empty vector.

9692 JOURNAL OF BIOLOGICAL CHEMISTRY

tumors have recently been reported (3-5). The goal of this
study was to elucidate the mechanism underlying the reported
anti-apoptotic effect of CypD.

Cyclophilin D is a ppif gene product, a member of the immu-
nophilin family of peptidyl-prolyl cis-trans isomerases, and a
mitochondrial matrix protein that has a crucial role in protein
folding (6). Therefore, the ability to interact with various pro-
teins is an inherent feature of CypD. The most important inter-
action of CypD reported to date is with the components of the
mitochondrial permeability transition (MPT) pore (7). The
MPT can be induced in the presence of elevated calcium by a
variety of signals (8). CypD has been shown to interact with the
mitochondrial adenine nucleotide translocator (ANT), a puta-
tive MPT pore component (7, 9), and to promote its “open”
conformation so that it can transport not only ADP and ATP
but also solutes of up to 1.5 kDa (10). As a result, solutes and
water equilibrate across the inner mitochondrial membrane,
causing mitochondrial swelling, depolarization, and release of
various intermembrane proteins including cytochrome ¢
(CytC). Calcium strongly promotes binding of CypD to the
ANT and is mandatory for MPT induction (7, 10). The immu-
nosuppressor, cyclosporine A (CsA), binds CypD, prevents its
interaction with the ANT, and is, therefore, an effective inhib-
itor of the MPT (11). Recently, Kokoszka et al. (12) have shown
that mitochondria isolated from ANT knock-out mice remain
sensitive to the MPT. However, various groups showed that
mitochondria isolated from CypD knock-out mice completely
lack the MPT (13-15). Therefore, CypD is a crucial regulator of
the MPT, whereas the ANT is dispensable for this process.
Lemasters and co-workers (16) have suggested that a role in
MPT induction, like that of the ANT, may be played by other
transporters and/or misfolded proteins.

In addition to its role in regulating the MPT, CypD has been
shown to suppress apoptosis in various tumor cells via a yet
unidentified mechanism (3-5). Because of the role of CypD in
regulation of the MPT, the attempt has been made to relate the
anti-apoptotic effect of CypD in cancer cells to the MPT (5).
The MPT has been suggested as one of the mechanisms of
release of CytC and other apoptogenic factors from mitochon-
dria during apoptosis (17). In view of the pro-apoptotic effect of
MPT opening, the anti-apoptotic effect of CypD, a key positive
regulator of the MPT, seems controversial. Recently, the inter-
action between a member of the cyclophilin family of proteins,
mitochondria-associated peptidyl-prolyl isomerase, FKBP38,
and Bcl2, leading to modification of Bcl2 function, has been
reported (18). We hypothesized that due to functional and
structural similarity to FKBP38, CypD may exert a similar effect
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and interact with Bcl2. Such interaction between CypD and
Bcl2, a major factor that regulates apoptosis, may also modify
Bcl2 function and make it a more potent inhibitor of cell death.
We here present evidence that CypD and Bcl2 indeed interact
and cooperate in preventing CytC release from mitochondria,
leading to inhibition of apoptosis.

EXPERIMENTAL PROCEDURES

Materials—Chemicals were from Sigma unless otherwise
noted. Cell culture media and media components were from
Invitrogen. Primary antibodies were from Epitomics (Bcl2,
Bax), Mitosciences (CypD, CytC, ANT), Santa Cruz Biotech-
nology (mouse Ig), and Sigma (B-actin). CytC ELISA kit was
from Mitosciences. Recombinant human tBid was from R&D
Systems. Recombinant human Bcl2 fused to maltose-binding
protein (MBP-Bcl2) was from Sigma. Recombinant human
MBP-Bax was produced as described in detail in our previous
work (19). HEK293T, Saos2, and HL60 cells were from ATCC.

Immunoprecipitation—Samples at 200 ug of protein per
sample were precleared with protein G beads and then mixed
with 2 ug of an a-Bcl2 antibody or control non-immune mouse
Igimmobilized on protein G beads in an “immunoprecipitation
buffer” (20 mm Tris-HCI, pH 7.5, 150 mm NaCl, 1.5% Nonidet
P-40) supplemented with protease inhibitors. The reactions
were nutated overnight at 4°C. Immunocomplexes were
washed in an “immunoprecipitation wash buffer” (100 mm
Tris-HCI, pH 7.5, 100 mm NaCl, 0.1% Triton X-100) and resus-
pended in 2X Laemmli buffer. The inputs were also mixed with
2X Laemmli buffer, and then the immunoprecipitation reac-
tions and inputs were boiled for 10 min and spun down. The
supernatants were subjected to immunoblotting as described
below.

Immunoblotting—Samples were electrophoresed and then
electroblotted onto polyvinylidene difluoride membranes
(Bio-Rad). Blots were blocked in 5% solutions of nonfat dry milk in
phosphate-buffered saline with Tween, probed with a primary
antibody at 1 ug/ml and then probed with the corresponding
horseradish peroxidase-conjugated secondary antibody at 0.2
pg/ml, developed using SuperSignal WestPico chemilumines-
cent substrate (Pierce), and photographed. Blots were then
stripped in Re-Blot Plus stripping buffer (Chemicon) and either
stained with Ponceau S (in case of isolated mitochondria) or
reprobed with an «-B-actin antibody (in case of whole cell
lysates or permeabilized cells) to verify equal loading.

Cyclophilin D Pulldown—Five ug of recombinant MBP-Bcl2
or MBP-Bax was immobilized on amylose resin (New England
Biolabs) by mixing with 20 ul of resin and incubating for 30
min. The beads were washed twice with buffer B (25 mm Tris-
HCI, pH 7.5, 200 mMm NaCl, 1 mm dithiothreitol) and incubated
for 1 h with either mitochondrial or whole cell protein extracts.
Beads were pelleted, washed three times with buffer B, mixed
with an equal volume of 2X Laemmli sample buffer, boiled for
10 min, and spun down. Supernatants were subjected to immu-
noblotting as described above.

Mammalian Two-hybrid Assay—The mammalian two-hy-
brid assay was performed using the Matchmaker kit (Clontech)
according to the manufacturer’s instructions. Briefly, human
Bcl2 ¢cDNA was cloned into the pM vector containing a DNA-
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binding domain (Fig. 1C, DNA-BD), and human CypD cDNA
was cloned into the pVP16 vector containing the activation
domain (Fig. 1C, AD). The pM-Bcl2 and pVP16-CypD con-
structs were co-transfected at different ratios into the
HEK293T cells along with the Great EscApe secreted alkaline
phosphatase (SEAP) reporter plasmid. In control experiments,
the following combinations of vectors were co-transfected: (i)
empty pM, empty VP16; (ii) pM-Bcl2, empty VP16; and (iii)
empty pM, pVP16-CypD. The pM3-VP16 vector served as a
positive control. At 48 h after transfections, media containing
SEAP were collected, and SEAP was assayed using the chemi-
luminescent substrate in an Optocompl luminometer.

Isolation of Mitochondria and Permeabilization of Cells—
Mitochondria from rat liver or heart were prepared as
described in detail in Refs. 20 and 21. Mitochondria from cells
were isolated as described in Ref. 22. The functionality of iso-
lated mitochondria was verified using oxygen consumption or
calcium retention assays (20, 21). To prepare mitochondrial
protein extracts, mitochondria were lysed in Golden lysis buffer
for 30 min on ice, and the debris were spun down. Permeabili-
zation of plasma membranes in HEK293T cells was performed
using digitonin at 0.01% in KCl-based buffer (125 mm KCl, 2 mm
K,HPO,, 10 mm K-HEPES (pH 7.4), 1 mm MgCl,, 5 mm potas-
sium succinate, and 1 uM rotenone).

Loading of Isolated Mitochondria with Calcium—Isolated rat
liver mitochondria (RLM) were incubated at 1 mg/ml in KCI-
based buffer added with CaCl, at various concentrations in a
stirred cuvette. Calcium in the external medium was monitored
with a calibrated selective electrode attached to a computer.

Cytochrome ¢ Release Assay—Isolated mitochondria at 1
mg/ml or digitonin-permeabilized cells were incubated with
recombinant human tBid at 1 pg/ml for 10 min at room tem-
perature in KCl-based buffer. Samples were spun down, and
supernatants, normalized for protein, were subjected to either
immunoblotting for CytC or ELISA for CytC according to the
manufacturer’s instructions.

Cell Culture and Treatments—HEK293T cells were grown in
Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum and penicillin/streptomycin. Stable trans-
fections of HEK293T cells with pcDNA-CypD constructed as
described previously in Ref. 22, of pIRES-Bcl2 constructed as
described previously in Ref. 23, or of the empty vectors were
performed using FuGENE HD (Roche Applied Science). Stable
clones were selected by treating cells with G418 (Invitrogen) at
750 ug/ml for 2 weeks and maintained in G418 at 200 ug/ml. As
aresult, 293T-CypD, 293T-Bcl2, and 293T-EV stable cell lines
were generated. To achieve knockdown of Bcl2 or CypD,
cells were stably transfected with pKD-Bcl2 shRNA vector
(Upstate Biotechnologies) or SureSilencing CypD shRNA vec-
tor (SABiosciences), respectively, and selected with 2 um puro-
mycin for 2 weeks. The controls were transfected with the cor-
responding empty vectors. To induce apoptosis, cells were
treated with etoposide at 20 uMm for 6 h or staurosporine at 2 um
for 6 h or TNF at 10 ng/ml for 24 h or were serum-starved for
48 h in the absence or presence of CsA at 1 um. The optimal
concentrations of the inducers and optimal treatment times
were determined experimentally.
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Nuclear Condensation Assay—Cells undergoing apoptosis
and control cells were stained with the fluorescent nuclear
probe Hoechst 33342 (Molecular Probes) at 1 pg/ml for 5 min.
Nuclear morphology was assessed using a Zeiss Axiovert
inverted fluorescence microscope, and the number of apoptotic
nuclei showing condensed chromatin versus the total number
of nuclei was counted.

Caspase-3 Activity Assay—Ten ug of cell lysates was mixed
with the caspase-3-specific fluorogenic substrate, Ac-DEVD-
amc (Calbiochem) at 20 um in a total volume of 0.2 ml in
96-well plate and incubated for 30 min at 37 °C. The fluores-
cence at 440 nm (excitation at 380 nm) from the —amc tag
cleaved by caspase-3 was measured in a Hitachi plate reader.

Statistical Analysis—Experiments were repeated 3-5 times.
Mean values and standard deviations were calculated, and the
statistical significance was determined using a Student’s ¢ test.
Data with p < 0.05 were considered statistically significant.

RESULTS

Interaction of Cyclophilin D with Bcl2—As was shown re-
cently by several groups, CypD is overexpressed in different
types of cancer, where it has an anti-apoptotic effect (3-5).
Because this anti-apoptotic effect of CypD in cancer is contra-
dictory toits role in regulation of the MPT, which is a pro-death
phenomenon, we hypothesized that this effect of CypD is inde-
pendent of the MPT but is due to its interaction with some
regulator of apoptosis. We, therefore, studied the interaction of
CypD with a major anti-apoptotic factor, Bcl2. Fig. 1A shows
that CypD co-immunoprecipitated with Bcl2 when protein
extracts from isolated RLM were immunoprecipitated with an
a-Bcl2 antibody and then immunoprobed with an a-CypD
antibody. The co-immunoprecipitation of CypD with Bcl2 was
specific because CypD did not co-immunoprecipitate with con-
trol non-immune Ig. Similar results were obtained with protein
extracts from mitochondria isolated from rat hearts and human
HEK293T, Saos2, and HL60 cells and with whole cell lysates
from Saos2 or HEK293T cells (data not shown).

To further confirm the interaction of CypD with Bcl2, we
performed a CypD pulldown assay by incubating mitochondrial
protein extracts with recombinant MBP-Bcl2 fusion protein
immobilized on amylose resin. Fig. 1B shows that CypD was
pulled down by the MBP-Bcl2, indicating interaction between
these proteins. To confirm the specificity of binding of CypD to
Bcl2, we incubated mitochondrial protein extracts with a
recombinant MBP-Bax fusion protein produced in our labora-
tory as described in Ref. 19 and immobilized the extracts on
amylose resin. Fig. 1B shows that CypD was not pulled down by
MBP-Bax and, therefore, the binding of CypD to Bcl2 is spe-
cific. Previous reports indicated that both CypD and Bcl2 can
bind the ANT (7, 9, 24). To exclude the possibility that the
observed interaction of CypD with Bcl2 is via the ANT, we
probed the above immunoprecipitates and pulldowns with an
a-ANT antibody. Our assay showed that the ANT was absent
from our immunoprecipitates and pulldowns (data not shown),
and, therefore, the interaction of CypD with Bcl2 is not via the
ANT.

As a third line of evidence for the interaction of CypD with
Bcl2, we designed a mammalian two-hybrid system that
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FIGURE 1.Interaction of cyclophilin D with Bcl2. A, co-immunoprecipitation
of CypD with Bcl2. Protein extracts from RLM were immunoprecipitated (/P)
with an a-Bcl2 antibody or non-immune Ig, and immunoprecipitates and
inputs were immunoprobed with an a-CypD antibody. Blots were then rep-
robed with an a-Bcl2 antibody. /B, immunoblot. B, pulldown of CypD by
recombinant MBP-Bcl2. Protein extracts from RLM were incubated with MBP-
Bcl2 or MBP-Bax immobilized on amylose resin, and CypD pulldown was
assayed with immunoblotting with an a-CypD antibody. Blots were then rep-
robed with an a-Bcl2 or a-Bax antibody. Blots in Aand Bare representatives of
four blots. C, a schematic diagram of the mammalian two-hybrid system to
study interaction of CypD with Bcl2. AD, activation domain; BD, binding
domain; UAS, upstream activator sequence. D, the mammalian two-hybrid
assay. The assay performed as described in detail under “Experimental Proce-
dures” shows a low SEAP activity in control reactions (pM:VP16, pM:VP-CypD,
and pM-Bcl2:VP16) and high SEAP activity in the positive control (pM3-VP16).
Co-transfection of VP-CypD and pM-Bcl2 constructs at the indicated ratios led
to a significant increase in the SEAP signal when compared with control reac-
tions. Dataare means * S.D. (n = 3).*indicates p < 0.05 when compared with
control. RLU, relative light units.
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included a VP-CypD vector expressing CypD fused to an acti-
vation domain, a pM-Bcl2 vector expressing Bcl2 fused to a
DNA-binding domain (Fig. 1C, DNA-BD), and a SEAP reporter
vector as shown in a diagram in Fig. 1C. Co-transfection of
VP-CypD with pM-Bcl2 at various ratios led to a significant
induction of SEAP activity reaching 10-fold at a 1 to 2 ratio of
VP-CypD to pM-Bcl2 when compared with a negative control
(Fig. 1D). Transfection of VP-CypD with the empty pM vector
or pM-Bcl2 with the empty VP vector did not induce any sig-
nificant SEAP activity, confirming the specificity of interaction
of CypD and Bcl2. Co-transfection of empty pM with VP16 was
used as a negative control. Transfection of pM3-VP16 was used
as a positive control as suggested by the manufacturer. There-
fore, using various protein-protein binding assays including
co-immunoprecipitation, pulldown, and the mammalian two-hy-
brid assay, we confirmed that CypD interacts with the anti-apo-
ptotic mitochondrial protein, Bcl2.

Effect of Calcium and Cyclosporine A on the Interaction of
Cyclophilin D with Bcl2—The literature suggests that calcium
and CsA counter-regulate the ability of CypD to interact with
other mitochondrial proteins such as ANT (7-9). We, there-
fore, studied the effect of calcium and CsA on binding of CypD
to Bcl2. CaCl, was added to a suspension of isolated RLM at
various concentrations, and the uptake of calcium into the
mitochondria was monitored by measuring changes in calcium
concentration in the medium with a calibrated calcium-sensi-
tive electrode (Fig. 24). After 10 min following calcium uptake,
mitochondria were pelleted and lysed for immunoprecipita-
tion. Fig. 2B shows that preincubation of isolated RLM with
increasing concentrations of CaCl, did not have any significant
effect on the subsequent co-immunoprecipitation of CypD
with Bcl2. It should be noted that to exclude the possibility of
MPT induction by CaCl,, the concentration of CaCl, used in
our experiments did not exceed 40 nmol/mg of mitochondrial
protein. As was determined experimentally (data not shown),
more than 100 nmol of CaCl,/mg of mitochondrial protein was
needed to induce the MPT in our RLM. To further confirm that
calcium does not have an effect on binding of CypD to Bcl2, the
pulldown of CypD from mitochondrial protein extracts using
immobilized MBP-Bcl2 was performed in the absence or pres-
ence of CaCl, at 500 uM. Fig. 2C shows that the pulldown of
CypD by MBP-Bcl2 was similar in the absence or presence of
CaCl,.

CsA is known to bind CypD and inhibit its interactions with
other proteins such as ANT (7). We, therefore, investigated the
effect of CsA on the binding of CypD to Bcl2. Fig. 2D shows that
in the presence of CsA at 1 uM, co-immunoprecipitation of
CypD with Bcl2 was significantly reduced. In addition, CsA
prevented CypD pulldown from mitochondrial protein extracts
using immobilized MBP-Bcl2 (Fig. 2E). Together, our data indi-
cate that although calcium does not have any significant effect
on the interaction of CypD with Bcl2, CsA effectively inhibits
this interaction.

Cyclophilin D Potentiates the Limiting Effect of Bcl2 on Cyto-
chrome c Release from Mitochondria—Bcl2 is a major anti-apo-
ptotic mitochondrial protein that functions by limiting the
release of CytC from mitochondria during apoptosis (25). We
hypothesized that binding of CypD may affect the ability of Bcl2
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FIGURE 2. The effect of calcium and cyclosporine A on the interaction of
cyclophilin D with Bcl2. A, calcium uptake by isolated mitochondria. RLM at
1 mg/mlwere resuspended in KCl-based media, and calcium in the media was
monitored with calcium-selective electrode. CaCl, at 0, 5, 15, or 40 nmol/mg
of mitochondrial protein was added where indicated, and after 10 min (arrow-
head), RLM were pelleted, lysed, and subjected to immunoprecipitation with
an a-Bcl2 antibody. B, the effect of calcium on co-immunoprecipitation (/P) of
CypD with Bcl2. Immunoprecipitates were immunoblotted (/B) with an
a-CypD antibody. The blots were then reprobed with an a-Bcl2 antibody.
G, the effect of calcium on CypD pulldown by MBP-Bcl2. Protein extracts from
RLM were incubated with immobilized MBP-Bcl2 in the presence or absence
of CaCl, at 500 um. The presence of CypD in the pulldowns was detected with
immunoblotting using an a-CypD antibody. The blots were then reprobed
with an a-Bcl2 antibody. D, the effect of CsA on co-immunoprecipitation of
CypD with Bcl2. RLM were incubated with CsA at 1 um for 10 min, lysed,
immunoprecipitated with an a-Bcl2 antibody, and immunoprobed with an
a-CypD antibody. The blots were then reprobed with an «-Bcl2 antibody.
E, the effect of CsA on CypD pulldown by MBP-Bcl2. Protein extracts from RLM
were incubated with immobilized MBP-Bcl2 in the presence or absence of
CsAat 1 um. The presence of CypD in the pulldowns was detected with immu-
noblotting using an a-CypD antibody. The blots were then reprobed with
a-Bcl2 antibody. Blots in B-E are representatives of three blots.
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FIGURE 3. The effect of cyclophilin D on cytochrome c release from mito-
chondria. A, the effect of CsA and calcium on tBid-induced release of CytC from
RLM. RLM at 1 mg/ml were incubated with tBid at 1 pg/ml for 10 min in the
absence or presence of CsA at 1 um (left blot) or in the absence or presence of
CaCl, at 40 nmol/mg of mitochondrial protein (right blot) and spun down. CytCin
the supernatants (SN) was detected with immunoblotting. The blots were then
stained with Ponceau S to verify equal loading. The blots shown are representa-
tives of four blots. B, the effect of gain- or loss-of-function of CypD and Bcl2 on
CytC release. HEK293T cells, stably transfected with the indicated vectors and
plated on 6-well plates, were permeabilized with digitonin and incubated with
tBid at 1 wg/ml for 10 min in the absence or presence of CsA at 1 um. To detect
CytC released into supernatants, samples were normalized for total protein and
subjected to ELISA assay. Ctrl, control. C, overexpression of Bcl2 or CypD or knock-
down (KD) of CypD. Whole cell lysates from cells stably transfected with the indi-
cated vectors were subjected to immunoblotting with an a-Bcl2 (left blot) or
a-CypD (middle and right blots) antibody; the blots shown are representatives of
three blots. D, knockdown of Bcl2. Total RNA and then cDNA were prepared from
cells stably transfected with the pKD-Bcl2 shRNA or control puromycin (Puro)
vector. Bcl2 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were
detected by real-time RT-PCR as described under “Experimental Procedures,”
and Bcl2 was normalized to glyceraldehyde-3-phosphate dehydrogenase. Data
are means = S.D. (n = 3). * indicates p < 0.05 when compared with EV controls.

to inhibit CytC release from mitochondria. To test this hypoth-
esis, we performed a series of experiments using recombinant
human tBid, a potent inducer of CytC release from mitochon-
dria, and isolated RLM. As shown in Fig. 3A (left blot), the
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supernatant from RLM incubated with tBid at 1 ug/mg of mito-
chondrial protein for 10 min contained significantly more CytC
than the supernatant from control RLM as measured with
immunoblotting. These data indicate that tBid induced the
release of CytC from mitochondria. The CypD inhibitor, CsA,
at 1 pum, which we have shown to prevent the CypD-Bcl2 inter-
action (Fig. 2), further increased the tBid-induced release of
CytC from RLM. It should be noted that under these experi-
mental conditions, tBid did not induce the MPT, as was deter-
mined by the absence of swelling of mitochondria (data not
shown). The presence of calcium at 40 nmol/mg of mitochon-
drial protein did not significantly change the tBid-induced
release of CytC from RLM into the supernatant (Fig. 34, right
blot). These data indicate that inhibition of CypD with CsA
increases the tBid-induced release of CytC from mitochondria,
which is not mediated via the MPT and not sensitive to calcium.

To further evaluate the effect of CypD on CytC release from
mitochondria, we performed a series of gain- and loss-of-func-
tion experiments in HEK293T cells using the expression vec-
tors for either CypD or Bcl2, constructed as described in detail
in our previous works (22, 23), or shRNA vectors. Cells were
stably transfected and then permeabilized with digitonin at
0.01%, a concentration sufficient to permeabilize the plasma
membrane but not the outer mitochondrial membrane (22), to
expose mitochondria to the external medium. The medium
were similar to those used in the experiments with isolated
mitochondria. These permeabilized cells were incubated with
tBid for 10 min in the absence or presence of CsA. The super-
natants were then analyzed for the presence of CytC using the
CytC ELISA kit. Fig. 3B (column set EV) shows that the level of
CytC in the supernatant from the empty vector-transfected
cells (EV) incubated with tBid increased 4-fold when compared
with untreated controls (Ctrl). CsA further increased the tBid-
induced release of CytC from mitochondria in EV cells, leading
to an 8-fold increase in the level of CytC in the supernatant
when compared with untreated controls. This experiment
demonstrates that tBid and CsA have a stimulating effect on
CytC release in permeabilized cells similar to that observed in
isolated RLM.

To inhibit the above effects, we stably overexpressed Bcl2 in
HEK293T cells using the Bcl2 expression vector as confirmed
with immunoblotting (Fig. 3C, left blot). Fig. 3B (column set
Bcl2) shows that as was expected, Bcl2 overexpression abol-
ished the tBid-induced release of CytC from mitochondria.
Incubation of the Bcl2-expressing cells with the CypD inhibi-
tor, CsA, restored the tBid-induced release of CytC from mito-
chondria and, therefore, reversed the inhibiting effect of Bcl2
on CytC release, suggesting that CypD plays a role in Bcl2-
mediated inhibition of CytC release from mitochondria. To fur-
ther confirm this finding, we knocked down 80% of the CypD in
Bcl2-expressing cells using the shRNA technique as validated
with immunoblotting shown in Fig. 3C (middle blot). Fig. 3B
(column set Bcl2/KD CypD) shows that the specific knockdown
of CypD reduced the limiting effect of Bcl2 on the tBid-induced
release of CytC from mitochondria, leading to a more than
5-fold increase in CytC level in the supernatant. CsA further
increased the CytC release from mitochondria in these cells;
however, the effect was only marginal, probably because of the
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absence of the CsA target, CypD. These data indicate that CypD
plays a role in Bcl2-mediated inhibition of CytC release from
mitochondria.

To extend our study of the effect of CypD on CytC release, we
stably overexpressed CypD in HEK293T cells using the CypD
expression vector. As shown in Fig. 3B (column set CypD), over-
expression of CypD, confirmed with immunoblotting (Fig. 3C,
right blot), significantly reduced the tBid-induced release of
CytC from mitochondria when compared with the EV controls.
The effect was similar to that of Bcl2 overexpression. CsA again
restored the tBid-induced release of CytC from mitochondria.
To test whether the inhibitory effect of CypD on CytC release
was dependent on Bcl2, we knocked down 80% of Bcl2 in CypD-
overexpressing cells using the sShRNA vector as validated with
real-time RT-PCR (Fig. 3D). Fig. 3B (column set CypD/KD Bcl2)
demonstrates that the specific knockdown of Bcl2 abolished the
inhibitory effect of CypD on the tBid-induced release of CytC
from mitochondria, leading to a 4-fold increase in the CytC
level in the supernatant, which is similar to the level found in EV
transfectants treated with tBid. CsA further increased the
release of CytC from mitochondria in these cells. These results
indicate that the effect of CypD on CytC release from mito-
chondria is dependent on Bcl2. Together, our data show that
CypD and Bcl2 cooperate in limiting the release of CytC from
mitochondria and that loss-of-function of either of these fac-
tors significantly diminishes the ability of the other factor to
limit such a release.

Gain- and Loss-of-Function of Cyclophilin D Changes Cell
Sensitivity to Apoptosis—The release of CytC from mitochon-
dria is an important step in the “intrinsic,” receptor-indepen-
dent apoptotic program (26), leading to activation of caspase-9
and then caspase-3. Therefore, the ability of CypD to limit such
arelease may influence the overall sensitivity of cells to undergo
intrinsic apoptosis. To test this, we compared the sensitivity to
apoptosis induced with etoposide, a compound known to trig-
ger the CytC-dependent apoptotic pathway (23), in EV-trans-
fected control cells and CypD-overexpressing cells. Cells were
incubated with etoposide at 20 um for 6 h and stained with
Hoechst 33342 to detect condensed chromatin as a marker for
apoptosis. Fig. 4 shows that on average, 56% of the EV-trans-
fected control cells display apoptotic features after treatment
with etoposide. Overexpression of CypD significantly reduced
the number of cells undergoing apoptosis after treatment with
etoposide to less than 30%. In the presence of CsA at 1 um, the
sensitivity of CypD-overexpressing cells to etoposide-induced
apoptosis was restored (Fig. 4). Similar restoration of sensitivity
to apoptosis was observed in CypD-overexpressing cells where
knockdown of Bcl2 was performed. Therefore, these data indi-
cate that CypD inhibits apoptosis induced with a compound
known to trigger the CytC-dependent pathway. This anti-apo-
ptotic effect of CypD can be reversed by CsA and is Bcl2-de-
pendent, consistent with the data on CytC release from mito-
chondria shown in Fig. 3B.

To further study the effect of CypD on cell sensitivity to apo-
ptosis and to distinguish the effects on the intrinsic and “extrin-
sic” pathways, we induced apoptosis in cells that underwent
stable sShRNA-mediated knockdown of CypD using the induc-
ers of apoptosis utilizing either the intrinsic pathway, such as
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FIGURE 4. Overexpression of cyclophilin D inhibits apoptosis in a CsA-
and Bcl2-dependent manner. HEK293T cells, stably transfected with the
control empty vector or with the CypD expression vector, were treated with
etoposide at 20 umfor 6 hin the absence or presence of CsA at 1 um. A subset
of cells was co-transfected with the pKD-Bcl2 shRNA vector to achieve knock-
down (KD) of Bcl2 and also treated with etoposide. Apoptotic cells with con-
densed nuclei were detected using the Hoechst 33342 nuclear stain. Data are
means * S.D. (n = 3). * indicates p < 0.05 when compared with EV controls.

staurosporine (Sts) or serum starvation (Fig. 54, Starv), or the
extrinsic, CytC-independent pathway, such as TNF (27). Fig.
5A shows that CypD knockdown significantly increased the
cytosolic levels of CytC in cells treated with Sts or serum star-
vation when compared with EV-transfected controls (labeled
Puro (for puromycin)). As was expected, the treatment with
TNF did not induce any noticeable release of CytC into the
cytosolic fraction, and the knockdown of CypD did not have
any effect. As demonstrated in Fig. 5B, CypD knockdown also
led to a significantly more pronounced activation of caspase-3
in Sts-treated or serum-starved cells but not in TNF-treated
cells when compared with control transfectants. Therefore, loss
of CypD function sensitized cells to the Sts- or serum starva-
tion-induced intrinsic apoptosis, leading to the increase in
CytC release from mitochondria and in caspase-3 activity. The
above gain- and loss-of-function experiments demonstrate that
manipulating CypD levels alters cell sensitivity to the intrinsic,
CytC-dependent apoptosis but has no effect on TNF-induced
extrinsic, CytC-independent cell death.

DISCUSSION

In this study, we report a novel interaction of CypD with the
major anti-apoptotic protein and regulator of the CytC release
from mitochondria, Bcl2. We confirmed our finding using sev-
eral techniques including co-immunoprecipitation, pulldown,
and mammalian two-hybrid assays. We have also found that the
interaction of CypD with Bcl2 is important for limiting CytC
release from mitochondria and inhibiting CytC-dependent
apoptosis. As was confirmed with a gain- and loss-of-function
approach, Bcl2 is significantly less effective as an inhibitor of
CytC release from mitochondria and of ensuing apoptosis in
the absence of CypD. On the other hand, the anti-apoptotic
effect of CypD is abolished in the absence of Bcl2 and is, there-
fore, Bcl2-dependent. Thus, CypD and Bcl2 interact and coop-
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FIGURE 5. Knockdown (KD) of cyclophilin D sensitizes cells to apoptosis
induced with staurosporine or serum starvation. A, stable empty vector-
(Puro (for puromycin)) or CypD shRNA-transfected cells were treated with Sts
at 2 um for 6 h or serum starvation (Starv) for 48 h or TNF at 10 ng/ml for 24 h.
Cytosolic fractions or whole cell lysates were prepared and normalized for
total protein. Cytosolic fractions were subjected to a CytC ELISA assay (A), and
cell lysates were subjected to a caspase-3 activity assay (B), as described
under “Experimental Procedures.” Data are means = S.D. (n = 3). * indicates
p < 0.05 when compared with puromycin (Puro) controls. UT, untransfected.

erate in limiting CytC release from mitochondria and in inhib-
iting CytC-dependent apoptosis.

The CypD-Bcl2 interaction may play a role in cancer cells as
an additional mechanism of suppression of apoptosis. It has
been previously reported that various cancer cells, including
but not limited to breast, ovary, and uterus cancer, overexpress
CypD (3). We also found overexpression of CypD in osteosar-
coma and leukemia cells.? The previous work focused on eluci-
dating the mechanism of the anti-apoptotic effect of CypD in
cancer cells, pursuing the hypothesis that this effect of CypD is
associated with its ability to regulate MPT pore opening (5).
The controversy of the MPT-associated hypothesis is due to the
fact that CypD is a key positive regulator of the MPT pore and
that the MPT has a pronounced pro-death effect in both necro-
sis and apoptosis. Therefore, in the context of the MPT, CypD is
not a pro-survival but a pro-death factor. In this study, we show
that the anti-apoptotic effect of CypD is not related to its role as

3R.A. Eliseev, J. Malecki, T. Lester, Y. Zhang, J. Humpfrey, and T.E. Gunter,
unpublished data.
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a regulator of the MPT but is due to its interaction with Bcl2.
According to our data, CypD and Bcl2 cooperate in inhibiting
MPT-independent CytC release from mitochondria. Such
MPT-independent CytC release from mitochondria appears to
be prevalent during various forms of apoptosis (17), whereas
MPT-induced CytC release occurs primarily during necrosis
(15). In addition, calcium, which is known to promote CypD
binding to the ANT (7, 9), is mandatory for MPT opening (8).
However, our data indicate that calcium does not have a signif-
icant effect on the CypD-Bcl2 interaction and on the resulting
inhibition of CytC release. This is additional evidence that the
MPT-independent mechanism is involved with the anti-apo-
ptotic action of CypD. It should be noted that Shimisu ez al. (28)
have previously reported the possible interaction of the BH4
domain of Bcl2 with the putative component of the MPT pore,
voltage-dependent anion channel, leading to inhibition of the
MPT. Because interaction with CypD may change Bcl2 confor-
mation, it may, therefore, change its ability to bind voltage-de-
pendent anion channel and inhibit the MPT. This aspect was
beyond the scope of our study and requires additional focused
investigation.

Because Bcl2 is often considered to reside in the outer mito-
chondrial membrane and is, therefore, spatially separated from
the mitochondrial matrix protein, CypD, we want to specifi-
cally address this issue. First, a careful evaluation of the litera-
ture leads to the conclusion that the data exist supporting both
outer membrane (29 -31) and inner membrane (32, 33) local-
ization of Bcl2 in mitochondria. In fact, the most recent of these
studies (33) utilized immunoelectron microscopy and the
method of immunogold labeling developed by Tokuyasu that
yields the best signal-to-noise ratio (34) and showed primarily
inner membrane localization of Bcl2. It is, therefore, safest to
conclude that Bcl2 can reside in both membranes. Second, Bcl2
has been found in the mitochondrial contact sites (17, 35)
where the outer and inner mitochondrial membranes are in
close contact and are virtually indistinguishable. In these
regions, the membrane-associated domains of Bcl2, such as the
C-terminal and the BH1 and BH2 domains (36), may span both
membranes and be exposed to the matrix and, therefore, to
CypD. Moreover, MPT complexes, including CypD, have also
been localized to mitochondrial contact sites (17, 35), which
increases the probability of CypD-Bcl2 interaction.

Our data suggest that targeting CypD and disrupting its
interaction with Bcl2 may increase the sensitivity of cells to
apoptosis. In this regard, it is important to discuss the effect of
the CypD inhibitor, CsA. We have found that CsA effectively
blocks the CypD-Bcl2 interaction. On a subcellular level, CsA
increases CytC release from mitochondria. On a cellular level,
CsA overcomes the anti-apoptotic effect of CypD overexpres-
sion and sensitizes cells to apoptosis. It remains to be deter-
mined whether CsA can be used in cancer treatments as an
agent capable of sensitizing cancer cells to apoptosis. The liter-
ature suggests that in some cases, CsA has cancer protective
effects, but there are also reports indicating the cancer-promot-
ing effects of CsA, as reviewed by Weischer et al. (37). Further
studies of this CsA effect in different cancer cells and in animal
models of cancer are needed to fully elucidate its anti-tumor
potential. In addition, CsA has effects not related to CypD, such
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as inhibition of calcineurin and of other cyclophilins. Such
effects may mask or even reverse the sensitizing effect of CsA
related to CypD. Moreover, it has recently been shown (38) that
Bcl2 may interact with calcineurin and, therefore, the effect of
CsA may be due to disruption of this Bcl2-calcineurin interac-
tion and not the Bcl2-CypD interaction. The development of
CsA derivatives, which are more specific for CypD, may help to
overcome this issue. The development of new non-CsA deriv-
ative small peptides that will block the interaction of CypD with
Bcl2 may also be a promising direction.

Overall, our study describes a novel mechanism of suppres-
sion of apoptosis via interaction and cooperation between
CypD and Bcl2. Our data also provide an explanation for the
previously reported phenomenon of overexpression and a pro-
survival effect of CypD in various tumors. These findings open
new perspectives in apoptosis and cancer research and may lead
to development of new therapeutic avenues in the management
of cancer. Targeting CypD may be an effective approach in
selective sensitization of cancer cells to anti-cancer therapies.
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