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Cells undergoing apoptosis show a plethora of time-dependent changes. The available tools for imaging apoptosis in live cells
rely either on the detection of the activity of caspases, or on the visualization of exposure of phosphatidyl serine in the outer
leaflet of the cell membrane. We report here a novel method for the detection of mitochondrial events during apoptosis, namely
translocation of Bax to mitochondria and release of cytochrome c (Cyt c) using bimolecular fluorescence complementation.
Expression of split yellow fluorescent protein (YFP) fragments fused to Bax and Cyt c, resulted in robust induction of YFP
fluorescence at the mitochondria of apoptotic cells with very low background. In vivo expression of split YFP protein fragments
in liver hepatocytes and intra-vital imaging of subcutaneous tumor showed elevated YFP fluorescence upon apoptosis induction.
Thus, YFP complementation could be applied for high-throughput screening and in vivo molecular imaging of mitochondrial
events during apoptosis.
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Apoptosis, the process of programmed cell death, is funda-
mental to many biological events, including development,
differentiation, regulation of the immune system and cancer.1

A precise balance of cell proliferation and cell death is
required for tissue homeostasis, in which old or damaged cells
are deleted and replaced by new cells. In cancer, apoptosis
participates in the selection of cancer cells for aggressive
phenotypes, including selection for resistance to hypoxia and
anoikis-induced apoptosis. Many cytotoxic cancer therapies,
such as DNA-damaging agents, radiotherapy and some of the
new targeted drugs, are designed to induce apoptosis and
cancer resistance, and escape mechanisms are associated
with defects in the apoptotic machinery.
Apoptotic cells can be recognized by defined morphological

changes: the cell shrinks, its chromatin condenses, the
plasma membrane shows blebbing, and finally the cell is
fragmented into compact membrane-enclosed structures.
These morphological changes are a consequence of char-
acteristic molecular and biochemical events occurring in an
apoptotic cell, including activation of cysteine-dependent,
aspartate-specific proteases (caspases) that coordinate and
execute the process.
Several approaches to monitor apoptosis non-invasively

have been developed, with varying degrees of sensitivity and
specificity. Some rely on the structural changes occurring in
an apoptotic tissue, which can be detected by ultrasound2 or
diffusion-weighted MRI.3 Other methods include reagents
developed for monitoring activation of caspase proteases by
fluorescence,4 bioluminescence5 or radiolabeled probes.6

Thus, caspase activity can be detected through enhanced
photon emission after enzymatic cleavage of the sequence
Asp–Glu–Val–Asp (or DEVD) by caspase-3 or caspase-7.7

Additional reagents use the exposure of phosphatidyl serine in
the outer leaflet of the cell membrane of apoptotic cells, for
retention and accumulation of targeted contrast media such
as labeled Annexin-V8 or the C2 domain of synaptotagmin-I.9

These events can occur also in other, non-apoptotic, cellular
processes.10,11

Members of the Bcl-2 family are major regulators of the
apoptosis process.12 Bax, a proapoptotic member of the
family, resides in the cytosol in an inactive state, in which its
N- and C-terminal parts are folded within the protein core.13,14

In response to an apoptotic signal, Bax translocates to the
mitochondria and inserts into the outer mitochondrial mem-
brane (OMM;15,16). The translocation and membrane inser-
tion of Bax are accompanied by conformational changes,
which include exposure of its N- and C-terminal parts.
Insertion into the OMM triggers the homodimerization of
Bax, resulting in mitochondrial outer membrane permeabiliza-
tion (MOMP) and release of inter-membrane-space proteins
such as cytochrome c (Cyt c;17–19). Once released, Cyt c
interacts with Apaf-1 to form the apoptosome, leading to
caspase activation.20 Previously, fluorescence resonance
energy transfer (FRET) was used to show that Bax interacts
with the antiapoptotic Bcl-2 protein at mitochondria; however,
this technique was not used to monitor apoptosis.21

In the work presented here, we took advantage of the
mitochondrial events to monitor apoptosis in cells and in living
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animals. The experimental strategy was based on the protein-
fragment complementation of yellow fluorescent protein
(YFP).22,23 In this system, the N- and C-terminal fragments
of YFP, which are genetically fused to candidate interacting
proteins, will produce a fluorescent signal only if the fused
proteins will reside in the same cellular compartment and
bring the YFP fragments into close proximity.23 Based on
molecular events during Bax activation, we developed a novel
tool to image apoptotic cells, with very low background signal
and significant amplification of fluorescence induced by
apoptotic signals.

Results

Split YFP as a tool to image Bax activation/homo-
dimerization in tumor cells. The background fluorescence
signal provided by the split YFP system was evaluated

by cloning the split YFP N-terminal fragment upstream to an
HA tag (N-YFP–HA) and the C-terminal fragment (C-YFP)
independently in the backbone of the EGFP expression
vector. Human breast carcinoma (MCF-7) cells were
transiently transfected with the two constructs and stained
with anti-HA antibodies by immunofluorescence (IF; Figure 1a,
top panel). A high YFP signal observed in HA-positive cells
suggested that spontaneous complementation of the two
fragments when expressed in the same cellular compartment
was sufficient to induce fluorescence. However, when the YFP
fragments were separated to different cellular compartments
by fusing the N-YFP to the mitochondrial leader sequence
cytochrome oxidase subunit-VIII (mito–N-YFP–HA), the levels
of the YFP signal were significantly lowered (Figures 1a and b).
When N-YFP and C-YFP were independently cloned upstream
to HA–Bax, negligible YFP fluorescence was detected by
microscopy and by the plate reader (Figures 1a and b). This
low signal could be explained by the closed conformation of

Figure 1 N-YFP–HA–Bax and C-YFP–HA–Bax generate a YFP signal in cells treated with etoposide. (a) MCF-7 cells were transiently transfected with either C-YFP and
N-YFP–HA (top panel), C-YFP and Mito–N-YFP–HA (middle panel), or C-YFP–HA–Bax and N-YFP–HA–Bax (bottom panel). IF staining using anti-HA antibody was used to
correlate the subcellular localization of the YFP fragments (red) with the YFP signal (green). (b) The bar graph depicts the difference in the YFP signal observed in panel a,
measured using a fluorescent plate reader; n¼ 3, *Po0.005. (c) MCF-7 cells were transiently transfected with N-YFP–HA–Bax, C-YFP–HA–Bax and mitochondrial mCherry.
After 24 h, the cells were treated with 100mM etoposide and followed using a DeltaVision microscope. 100min after the addition of the death signal, a strong YFP fluorescence
was detected (left panel). Right panel: YFP fluorescence intensity was measured for the cells in panel c using the SoftWoRx software (Applied Precision, Issaquah, WA, USA)
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cytosolic Bax in non-apoptotic cells,13,14 thus preventing YFP
complementation.
If the assumption presented above is correct then an

apoptotic signal resulting in the activation of Bax and its
homodimerization should lead to an increase in the YFP
signal at the mitochondria. To address this point, N-YFP–HA–
Bax and C-YFP–HA–Bax were co-expressed in MCF-7 cells
and 24 h later the cells were followed by live-cell imaging.
Indeed, YFP background levels in viable cells were very low
(Figure 1c, left top image, time 0). Treating the cells with
etoposide resulted in a significant increase in YFP fluores-
cence at the mitochondria (Figure 1c, top images; Supple-
mentary Movie 1). The mitochondria in these cells were
labeled with mito-mCherry (Figure 1c, bottom images).
Dynamic analysis of the temporal change in YFP fluorescence
intensity showed an B15-fold increase in fluorescence
following etoposide treatment (Figure 1c, right graph).
Bax is known to interact with the BH3-only BID protein, and

thus we also analyzed the Bax–Bid split YFP pair. Expression
of the Bax–Bid pair resulted in high background levels, and an
apoptotic stimulus induced the translocation of the signal from
the cytosol to the mitochondria, resulting in a maximal 2.1-fold
increase in fluorescence (Supplementary Movie 2).

The split YFP system enables to monitor Bax
conformational changes. The ability of the split YFP
system to monitor the conformational activation of Bax
was evaluated using a number of Bax mutants (Figure 2).
The P13A mutant, which was reported to show elevated
apoptotic activity,24 was detected in both the cytoplasm and
the mitochondria of MCF-7 cells (left panels), and
accordingly, YFP fluorescence was significantly higher than
for wild-type Bax (right panels). The P168A mutant, which
was reported to reside in the cytosol with an exposed
N-terminus,25 showed a high cytosolic YFP signal similar to
the maximal YFP signal obtained with full-length YFP fused
to the mitochondrial Smac protein. The S184V mutant, which
was reported to reside at the mitochondria in healthy cells
with a buried N-terminus,26 showed a low mitochondrial
YFP signal. Finally, it was reported previously that fusing a
protein tag to the C-terminus of Bax results in high levels

of cell death.27 Indeed, cloning the split YFP in the
C-terminus of Bax and its expression in MCF-7 cells
resulted in high levels of cell death and maximal YFP
fluorescence (Figure 2, right panel). Thus, the split YFP
system enables to monitor the conformational changes
associated with Bax activation.

Split YFP as a tool to image mitochondrial apoptosis. In
search for a split YFP protein pair that will ‘turn-on’ once
apoptosis has occurred at the mitochondria, we screened
different protein pairs that can potentially target the YFP
fragments to different cellular compartments in non-apoptotic
cells and to the same compartment in apoptotic cells.
Interestingly, protein pairs that are known to interact during
apoptosis, such as the Cyt c–Apaf-1 and Smac–XIAP pairs,
failed to show an increase in YFP fluorescence upon an
apoptotic stimulus (Table 1). On the other hand, the Bax–Cyt
c and Bax–Smac pairs, which are not known to interact,
showed a low background signal and a significant increase in
YFP fluorescence upon apoptosis stimulation (Table 1, and
see below).
In response to an apoptotic stimulus, Bax translocates to

the mitochondria, where it induces the release of Cyt c. In an
attempt to visualize Bax translocation using the split YFP
system, we generated C-YFP–Flag–Bax and Cyt c–N-YFP–
HA. IF analysis confirmed that in healthy cells Bax was
cytosolic andCyt c resided inmitochondria, and that treatment
with the TNFa death ligand resulted in the translocation of Bax
to the mitochondria and release of Cyt c into the cytosol
(Figure 3a). Co-transfection of MCF-7 cells with C-YFP–HA–
Bax and Cyt c–N-YFP resulted in low background fluores-
cence (Figure 3b, top left panel, time 0). Treating the cells with
TNFa resulted in a significant increase in the YFP fluores-
cence intensity at the mitochondria (Figure 3b, top left panels;
Supplementary Movie 3).
To correlate the increase in YFP fluorescence with

apoptosis, we co-expressed in the same cells a modified
mCherry caspase sensor, which includes the effector cas-
pase consensus cleavage site (DEVD) and the transmem-
brane domain of Bcl-xL (TD), which targets the fusion protein
to the OMM.28,29 TNFa treatment resulted in the release of

Figure 2 Split YFP as a tool to image Bax conformational change. C-YFP–HA and N-YFP–HA were independently cloned downstream or upstream to wild-type Bax or
different Bax mutants. MCF-7 cells were transiently transfected and 24 h later the levels of YFP were measured either using a fluorescence plate reader (right panel) or by
fluorescence microscopy, and correlated with anti-HA staining (red, left panel, n¼ 4; aPo0.05; bPo0.00001; cPo0.0005)

Imaging mitochondrial events in apoptosis
N Yivgi-Ohana et al

3

Cell Death and Disease



mCherry into the cytoplasm shortly after the increase in
mitochondrial YFP fluorescence (Figure 3b, compare bottom
images to top images). The time scale of mCherry release into
the cytoplasm relative to the increase in YFP signal is plotted

in the left panel (graphs between the images) and right panel
(top graph), respectively. The release of mCherry into the
cytoplasm correlated with an increase in caspase activity
(Figure 3b, bottom right graph).

Table 1 Pairs of candidate interacting proteins were evaluated using the split YFP system for their ability to generate specific fluorescence upon induction of
apoptosis in MCF7 cells

Protein pairs YFP fluorescence

C-YFP N-YFP Baseline Apoptosis

WD(APAF-1)–C-YFP Cyt c–N-YFP Low background No change
XIAP–C-YFP Smac–N-YFP Low background No change
C-YFP–Bax MitoPLD–N-YFP Low background No change
C-YFP–Bax Cyt c–N-YFP Low background High increase in mitochondria
C-YFP–Bax Smac–N-YFP Low background High increase in mitochondria
C-YFP–Bax N-YFP–Bax Low background High increase in mitochondria
Bid–C-YFP N-YFP–Bax High background in cytosol Translocation to mitochondria

Apoptosis was induced by TNFa or etoposide. Fluorescence was followed by live-cell imaging using a DeltaVision system.

Figure 3 C-YFP–HA–Bax and Cyt c–N-YFP generate a specific YFP signal that correlates with caspase activation in cells treated with TNFa. (a) MCF-7 cells were
transiently transfected with C-YFP–Flag–BAX and Cyt c–N-YFP–HA. IF staining using anti-Flag and anti-HA antibodies, with or without TNFa (10 ng/ml) and actinomycin-D
(2mg/ml) treatment, shows the sub-cellular distribution of the proteins. (b) MCF-7 cells expressing C-YFP–HA–Bax, Cyt c–N-YFP and an mCherry caspase sensor were
treated with TNFa and ActD, and imaged using a DeltaVision time-lapse microscope. The YFP signal increases at the mitochondria 75min after the addition of TNFa (top left
panel; bar, 10mm). Fluorescence of mCherry is shown in the bottom panel (bar, 10 mm). YFP and mCherry fluorescence intensities along the marked line were measured
using the ImageJ software (middle panel). Maximal YFP fluorescence relative to maximal mCherry fluorescence divided by the mean is plotted on the graph (top right panel).
The induction of YFP signal was followed by the translocation of mCherry to the cytoplasm and correlated with caspase activity (low right panel). (c) MCF-7 cells expressing
C-YFP–HA–Bax and Cyt c–N-YFP were treated with 30mM menadione and imaged using a DeltaVision time-lapse microscope (bar, 10 mm)
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Another inducer of cell death through the mitochondria is
menadione, which generates reactive oxygen species (ROS)
through redox cycling. MCF7 cells transiently transfected with
C-YFP–HA–Bax and Cyt c–N-YFP were treated with 30 mM
menadione and followed by live-cell imaging (DeltaVision;
Figure 3c and Supplementary Movie 4). A significant increase
in YFP was observed 120min after treatment and peaked
at 180min.

Detection of Fas-induced apoptosis of liver hepatocytes
using the Bax–Bax and Bax–Cyt c split YFP pairs. Next
we evaluated whether the expression of the Bax–Bax and the
Bax–Cyt c split YFP pairs by hepatocellular somatic gene
transfer (using hydrodynamic DNA injection30) can be used
to monitor apoptosis induced by anti-Fas antibody in liver
hepatocytes.31 Male, 8- to 9-week-old FVB mice were
hydrodynamically injected with either C-YFP–HA–Bax and
Cyt c–N-YFP (Figure 4a), or N-YFP–HA–Bax and C-YFP–
HA–Bax (Figure 4b), and 24 h later the mice were either left
untreated or injected with a single i.p. dose of 0.55 mg/g
anti-Fas antibody. Four hours after the anti-Fas antibody

injection, two-photon microscopy showed the emergence of
YFP-positive hepatocytes in the livers from the hydro-
dynamically injected mice, and the number of YFP-positive
cells was elevated by the anti-Fas antibody injection (Figures
4a and b, left and right panels). Histological staining of
floating sections from the livers of Fas-injected mice with an
anti-cleaved/active caspase-3 antibody confirmed that a
majority of the caspase-3-positive cells showed a strong
YFP signal (Figure 4c, arrows). Similar results were obtained
with the Bax–Cyt c split YFP pair (not shown).

Stable expression of C-YFP–Bax and Cyt c–N-YFP does
not increase sensitivity to death signals. MCF-7 cells
were infected with lentiviruses containing N-YFP–Bax and
Cyt c–N-YFP, stable clones were selected using blasticidine
and the expression of the proteins was analyzed by Western
blotting (Figure 5a). The levels of YFP upon etoposide
treatment were determined by live-cell imaging (DeltaVision;
Figure 5b). To assess whether overexpression of C-YFP–
Bax and Cyt c–N-YFP results in hypersensitivity to apoptotic
signals, we treated the cells with staurosporine, etoposide or

Figure 4 In vivo complementation of Bax–Bax and Bax–Cyt c YFP in liver. FVB mice were i.v. injected with 30 mg of a mixture of N-YFP–HA–Bax and C-YFP–HA–Bax
(a) or C-YFP–HA–Bax and Cyt c–N-YFP (b). Twenty-four hours later the mice were left untreated (n¼ 2) or injected with a single i.p. dose of 0.55mg/g anti-Fas antibody
(n¼ 4). Four hours after anti-Fas antibody injection mice were killed and livers were immediately imaged, ex vivo, using a two-photon microscope, using the YFP channel
(850 nm). The percentage of YFP-positive area was measured using the ImageJ software (right panel); aPo0.005; bPo0.05. (c) Histological floating sections of liver
prepared from mice hydrodynamicaly injected with N-YFP–HA–Bax and C-YFP–HA–Bax were stained using an anti-cleaved/active caspase-3 antibody (red) and correlated
with the YFP signal (green, arrows). *Indicates YFP-positive cells with no red staining, indicating Bax activation before caspase activation
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TNFa for the indicated time periods and measured cell death.
No significant differences in the level of cell death could be
detected between naive MCF7 cells and cells that stably
express the Bax–Cyt c split YFP pair (Figure 5c).

Hypoxia and chemotherapy-induced apoptosis in ovarian
carcinoma cells. Human epithelial ovarian carcinoma cells
(MLS) stably expressing the Bax–Cyt c split YFP pair showed
a significant elevation of YFP fluorescence in response to
staurosporine and cisplatin treatment (Figure 6a). Hypoxia-
induced apoptosis was evaluated in multicellular tumor
spheroids derived from MLS human epithelial ovarian
carcinoma cells.32,33 Spheroids with a diameter below
100mm showed no YFP-positive cells (Figure 6b, upper
panel), whereas larger spheroids (4150mm in diameter)
showed increased YFP fluorescence, mainly at the center of
the spheroid (Figure 6b, middle and lower panels).
In vivo monitoring of chemotherapy-induced apoptosis was

evaluated in a mixture of the stably expressing Bax–Cyt cMLS
cells (2.7� 106 cells) and cells expressing the DsRed
fluorescent protein (1.3� 106 cells) implanted into a dorsal
skinfold window chamber in 8-week-old female nude mice.34

(Figure 6c) Ten days following tumor inoculation, apoptosis
was induced by a single i.p. injection of 12mg/kg cisplatin
(CP).35 Intra-vital imaging of the tumors using a confocal
microscope showed a significant increase in YFP-positive cells
22 and 32h after CP injection, relative to that in saline-injected
animals (Figure 6c, middle and bottom panels). Immuno-
histochemistry staining using an anti-cleaved/active caspase-3
antibody showed a correlation between YFP-positive and
caspase-3-positive cells (Figure 6c, bottom right panel).

Discussion

The ability to monitor apoptosis is important for the study of
cancer progression and response to therapy. In this study we

developed two novel tools, Bax–Bax and Bax–Cyt c split YFP,

which detect early events in mitochondrial apoptosis, both

in vitro and in vivo.
The first tool detects Bax activation/homodimerization at

the mitochondria. In healthy cells Bax resides in the cytosol in

a closed/inactive conformation. In response to an apoptotic

signal, Bax moves to the mitochondria and inserts into the

OMM, resulting in a conformational change leading to its

homodimerization/activation. Accordingly, the Bax–Bax split

YFP pair residing in the cytosol of healthy MCF-7 cells
generated a low YFP signal. Following an apoptotic stimulus,

the YFP fluorescence was significantly increased and

appeared in the mitochondria. Thus, the Bax–Bax split YFP

pair faithfully recapitulates the known paradigm of Bax

activation. Moreover, this YFP pair also faithfully reports the

behavior of inactive/hyperactive mutants of Bax.
The second tool, the Bax–Cyt c split YFP pair, detects the

translocation of Bax to mitochondria and the release of Cyt c.

Translocation of Bax to the mitochondria and its activation/

homodimerization in the OMM results in the release of Cyt c

from the inter-membrane space into the cytosol. Using the

Bax–Cyt c split YFP pair we detected a low YFP signal in

healthy MCF-7 cells, and a significant increase in the signal

when the cells were exposed to TNFa or menadione. This

increase in the YFP signal was surprising as there are no

reports in the literature describing an interaction between Bax

and Cyt c. We assume that the increase in the YFP signal

arises from the close proximity when residing in the same

Figure 5 Stable expression of C-YFP–Bax and Cyt c–N-YFP. (a) MCF-7 cells were infected with lentiviruses containing C-YFP–HA–Bax and Cyt c–N-YFP. Stable clones
were selected using blasticidine and the expression level was analyzed by Western blot using anti-Cyt c and anti-HA antibodies. (b) MCF-7 cells stably expressing C-YFP–
HA–Bax and Cyt c–N-YFP were treated with etoposide (100mM) and followed using the DeltaVision system. (c) A total of 2� 104 naive MCF-7 cells and cells that stably
express C-YFP–HA–Bax and Cyt c–N-YFP were plated in black, 96-well plates and treated with staurosporine (1mM, 16 and 22 h), etoposide (100mM, 16 and 22 h) and TNFa
with ActD (4 h). Cell viability was measured using the CellTiter Blue reagent and cell death was calculated relative to non-treated cells. No statistical significant differences were
observed (P40.1)
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compartment (most likely the OMM) resulting in spontaneous
complementation of the YFP fragments. Importantly, the
increase in the Bax–Cyt c YFP signal was closely followed by
an increase in caspase activity, strongly suggesting that the
increase in the Bax–Cyt c YFP signal correlates with the
induction of apoptosis. It is not clear whether Bax is involved in
the cell death process induced by menadione,36,37 however
the release of Cyt c was shown in several studies. In the
present study, YFP fluorescence upon menadione treatment
was mostly distributed in the cytoplasm of the cells, suggest-
ing that Cyt c is released from the mitochondria and comes in
close proximity with Bax in the cytosol. Of note, menadione is
a known inducer of mitochondrial permeability transition
(mPT), and thus our results also suggest that mPT is involved
in the process of Bax-induced Cyt c release.
The BH3-only Bid protein is a well-established activator of

Bax.38 In response to an apoptotic stimulus, Bid is cleaved to
tBid,39 and tBid interacts with Bax resulting in the conforma-
tional changes described above. Unlike the Bax–Bax pair, in

the Bax–Bid pair the background fluorescence in non-
stimulated cells was very high, possibly owing to the toxic
effect of Bid overexpression.
The Bax–Bax and Bax–Cyt c split YFP pairs could be used

to show apoptosis in vivo. YFP fluorescence could be
detected in damaged hepatocytes, and the number of YFP-
positive cells increased after injection of anti-Fas antibody.
Histological staining of active caspase-3 correlated with YFP
fluorescence. The Bax–Cyt c split YFP pair also proved to be
powerful in the detection of hypoxia- and cisplatin-induced
apoptosis of human ovarian carcinoma cells, in a three-
dimensional spheroid culture and in a skin flap tumor model.
In summary, we developed novel tools to image apoptosis

in living cells and animals, taking advantage of the unique
behavior of apoptotic proteins such as their conformational
changes, oligomerizations and translocations. Cells can
undergo apoptosis through mitochondria-dependent and
-independent pathways. Adding the early markers of mito-
chondria-dependent commitment to apoptosis reported here,

Figure 6 Bax–Cyt c YFP complementation as a tool to detect tumor cell apoptosis. (a) MLS cells stably expressing Cyt c–N-YFP and C-YFP–Bax were seeded in a black,
96-well plate. Twenty-four hours later the cells were either left untreated (NT), or treated with 1mM staurosporine or 10mM cisplatin. YFP fluorescence was measured using a
Synergy2 plate reader, using a YFP-specific filter set. aPo0.05; bPo0.0001. (b) MLS cells stably expressing Cyt c–N-YFP and C-YFP–HA–Bax were grown in a spinner flask
for 10 days, fixed in 2.5% PFA and immersed in DAPI solution. The spheroids were imaged by confocal microscopy. (c) A mixture of MLS cells stably expressing either Cyt c–
N-YFP and C-YFP–HA–Bax (2.7� 106), or DsRed (1.3� 106), was injected intra-dermally into the center of a dorsal skinfold window chamber created in 8-week-old female
CD-1 nude mice. Ten days later cisplatin was injected (12mg/kg) and live-cell imaging was performed using a confocal microscope. The percentage of YFP-positive area was
measured using the ImageJ software (bottom graph). cPo0.002; dPo0.0001. Tumors were removed and histological floating sections were stained using an anti-cleaved/
active caspase-3 antibody (red), and correlated with the YFP signal (green)
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to the existing portfolio of apoptosis markers, will provide a
non-invasive means for high-resolution, real-time monitoring
of the apoptotic pathway. The applications of this method
are variable, including high-throughput screening of novel
regulators of apoptosis and new proapoptotic drugs, as well
as monitoring of apoptosis in live animals by fluorescence
intra-vital microscopy.

Materials and Methods
Construction of plasmid expression vectors. The N- and C-terminal
halves of the YFP expression vectors were a gift from Professor Michael Frohman
(Stony Brook University, NY, USA).22 The N-YFP (amino acids 1–173) and C-YFP
(amino acids 155–238) were cloned upstream to numerous genes of interest.
Specifically, rat Cyt c was cloned upstream to N-YFP in a pEFGP expression vector.
C-YFP or N-YFP was cloned upstream to HA mouse–Bax in the pcDNA-3
expression vector. C-YFP and N-YFP–HA from the N-YFP–HA–Bax mentioned
above were also cloned into an empty pEGFP expression vector. For IF staining and
analysis of sub-cellular localization of C-YFP–Bax and Cyt c–N-YFP, the two genes
were also cloned in-frame to a Flag tag or an HA tag in the pcDNA-3 or pEGFP
expression vectors, respectively. The GFP–caspase sensor was a gift from
Professor Claudio Brancolini (Universita’ di Udine, Italy). The GFP was replaced by
mCherry by PCR using specific primers. The mCherry was a gift from Professor
Roger Tsien (University of California, San Diego, CA, USA). The Smac–YFP vector
was a gift from Professor Andrew Gilmore (University of Manchester). All the
plasmids that were generated were verified by sequencing and Western blot
analyses.

Cell culture, transfection and induction of apoptosis. MLS human
epithelial ovarian carcinoma cells, generously provided by Professor RM
Sutherland,40 were cultured in a-Eagle’s minimum essential medium (aMEM),
and MCF-7 human breast cancer cells (ATCC) were grown in DMEM. Media were
supplemented with 10% fetal calf serum (FCS), 2 mM L-glutamine, 1% penicillin/
streptomycin (Biological Industries, Beit Haemek, Israel). The MCF-7 cells were
transfected using Lipofectamin-2000 (Invitrogen, Paisley, UK) in antibiotic-free
medium according to the manufacturer’s instructions. Twenty-four hours after
transfection, the cells were treated with etoposide (100mM; Sigma, St Louis,
MO, USA), staurosporine (1mM; Sigma), menadione (30 mM; Sigma), cisplatin
(10mM; Sigma), human TNFa (10 ng/ml; PeproTech, Rocky Hill, NJ, USA) and
actinomycin D (2mg/ml; Sigma).

IF and imaging. Cells were plated in 24-well plates containing coverslips and
transfected as described above. Twenty-four hour after transfection the cells were
fixed with 3% paraformaldehyde in PBS and permeabilized with 0.2% Triton X-100/
PBS. The cells were immunostained with anti-HA (3F10; Roche, Mannheim,
Germany) or anti-Flag (M2; Sigma) antibodies, followed by Cy3-conjugated goat
anti-IgG antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA,
USA). Nuclei were stained with 40,6-diamidino-2-phenylindole dihydrochloride
(DAPI, 10mg/ml; Sigma). Images were collected with an Olympus IX70 microscope,
equipped with a DeltaVision imaging system, using a � 40 PLAN-APO 1.42NA
objective. Images were processed by constrained iterative deconvolution using the
SoftWoRx software (Applied Precision, Issaquah, WA, USA).

Real-time imaging of apoptosis. MCF-7 cells were plated on 35-mm
plates (ibidi GmbH, Germany) and transfected with the different DNA constructs.
Twenty-four hours after transfection the cells were treated with a death signal (TNFa
or etoposide) and visualized with an Olympus IX70 microscope, equipped with an
incubator (37 1C 5% CO2) and a DeltaVision imaging system (Applied Precision),
using a � 60 objective. Images were collected every 20–45min for 3–7 h and
analyzed using the SoftWoRx software. Changes in YFP signal at a single-cell
level were analyzed by converting a deconvolved time-lapse movie into a
projection image. The maximal intensity of each cell was derived from a manually
selected region of interest. Changes in fluorescence were also detected in MCF-7
cells cultured on a black, 96-well plate using a Synergy2 plate reader (Biotek,
Winooski, VT, USA; excitation 500 nm, emission 540 nm). Twenty-four hours after
transfection apoptosis was induced using etoposide, staurosporine or cisplatin in
phenol red-free medium.

Caspase-3/7 activity assay. MCF-7 cells were cultured in a black, 96-well
plate and transfected with C-YFP–HA–Bax and Cyt c–N-YFP. Twenty-four hours
after transfection the cells were either left untreated or treated with 50 mM zVAD-fmk
(Promega, Madison, WI, USA) to inhibit caspase activity (to reduce background
activity), or treated with TNFa for various time periods. Caspase-3 activity was
determined using the caspase-Glo 3/7 assay kit (Promega). A 100-ml volume of the
reagent was added directly to the culture medium, shaken briefly and incubated at
room temperature for 1 h. Luminescence was measured using the Wallac Victor2
1420 Multilabel plate reader (Perkin Elmer Life Sciences, Boston, MA, USA).
Specific activity was calculated for each sample by subtracting the value obtained
for the sample containing zVAD-fmk from the mean of the duplicate sample.

Generating MCF-7 and MLS stable lines. To stably express Cyt c–
N-YFP and C-YFP–Bax in MCF-7 and MLS cells we used the pLenti6/V5 GateWay
system from Invitrogen (Paisley, UK). Briefly, the C-YFP–Bax and Cyt c–N-YFP
were independently cloned into the pCR8/GW/TOPOTA cloning system (K2500-20)
and then introduced into the pLenti6/V5 vector using a GateWay LR-clonase
(11791-020). Lentiviruses were generated in HEK293 FT cells using the ViraPower
lentiviral expression system (K4975-00), according to the manufacturer’s
instructions. Stable clones were selected using blasticidin (5 mgml�1; Fluka,
Sigma) and expression was analyzed by Western blot analysis. Cell viability was
measured in 96-well plates using CellTiter Blue reagent from Promega.

Hydrodynamic injections for hepatocellular somatic gene
transfer. All experiments on animals were approved by the Weizmann
Institutional Animal Care and Use Committee (IACUC). For in vivo mouse
experiments a total of 30mg of mCherry caspase sensor and the split YFP fusion
DNA were mixed with solution-A (2.7 mM KCl, 1.47mM KH2PO4, 139mM NaCl,
8.1 mM Na2HPO4 (pH 7.4)) to a total volume of up to 10% of the body weight of
mouse. The entire DNA solution was injected rapidly into the tail vein of awake FVB
male mice (age 8–9 weeks, n¼ 4) in a restraining device, as reported previously.30

To induce liver apoptosis, a single i.p. dose of 0.55mg/g anti-Fas antibody (BD
Pharmingen, San Diego, CA, USA) was injected.

For visualization of YFP fluorescence, the livers were excised. Half of the liver
was imaged immediately by two-photon microscopy (2PM; Zeiss LSM 510 META
NLO; equipped with a broadband Mai Tai-HP femtosecond single-box tunable
Ti-sapphire oscillator, with automated broadband wavelength tuning 700–1020 nm
from Spectraphysics, for two-photon excitation).

For histological analysis, liver samples were fixed in 2.5% paraformaldehyde
(PFA), kept at room temperature for 24 h, followed by incubation in 30% sucrose for
at least 48 h at 4 1C. Sequential 20-mm microtome sections were collected and
stored at 41C in PBS.

Spheroid culture. MLS human epithelial ovarian carcinoma cells were
cultured in aMEM supplemented with 10% FCS and antibiotics.32 Aggregation of
cells into spheroids was initiated by plating the cells from confluent cultures into
agar-coated plates. After 48 h, the spheroids were transferred to a 250-ml spinner
flask (Bellco, Vineland, NJ, USA) at a spinning rate of 80 r.p.m., where every 72 h for
10 days the medium was changed and a mixture of 95% air and 5% carbon dioxide
was blown over the medium for 5min.

In vivo imaging of tumors in dorsal skinfold window chamber
model. Window chambers were implanted into a dorsal skinfold of 8-week-old
CD-1 nude female mice as was described previously.34 Tumors were initiated 24 h
after surgery by co-injection of 4� 106 (in 30ml of PBS) of MLS cells stably
expressing either DsRed (one-third) or the Bax–Cyt c split YFP pair (two-third) to the
center of the chamber. The tumors were imaged starting at 10 days after injection,
under isoflurane anesthesia, by confocal microscopy (Zeiss LSM 510 META NLO;
� 20 lens). Apoptosis was induced by i.p. injection of cisplatin (12mg kg�1,35

dissolved in 0.9% NaCl). The percentage of YFP-coverage area was calculated
using ImageJ (National Institutes of Health; http://rsb.info.nih.gov/ij/).

Histological analysis and immunohistochemical staining. For
immunohistochemical staining we used rabbit anti-active caspase-3 antibodies
(1 : 50; Cell Signaling, Danvers, MA, USA), anti-rabbit biotin antibodies (1 : 200) and
streptavidin-CY5 (1 : 100) (Jackson ImmunoResearch Laboratories). For DNA
counterstaining, we used Hoechst (1mg/ml; Molecular Probes, Invitrogen, Paisley,
UK). Unstained floating sections were visualized using a Zeiss AXI0 observer
fluorescent microscope using a � 20 objective. Images were obtained with an
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Olympus DP72 camera and analyzed using the Olympus cellA software.
Immunohistochemically stained sections were collected using an Olympus IX70
microscope, equipped with a DeltaVision imaging system, using a � 40 PLAN-APO
1.42NA objective.

Statistical analysis. Data are presented as the average±S.D. of multiple
(nZ3) transfections. Student’s unpaired two-tailed t-test was performed using the
statistical analysis functions of Microsoft Excel. Differences were considered
statistically significant at Po0.05.
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