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Bax Is Essential for Drp1-Mediated

Mitochondrial Fission But Not for
Mitochondrial Outer Membrane
Permeabilization Caused by
Photodynamic Therapy
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Bcl-2 family proteins are critical for the regulation of apoptosis, with the pro-apoptotic members Bax essential for the release of
cytochrome c frommitochondria inmany instances. However, we found that Baxwas activated aftermitochondrial depolarization and the
completion of cytochrome c release induced by photodynamic therapy (PDT) with the photosensitizer Photofrin in human lung
adenocarcinoma cells (ASTC-a-1). Besides, knockdown of Bax expression by gene silencing had no effect onmitochondrial depolarization
and cytochrome c release, indicating that Bax makes no contribution to mitochondrial outer membrane permeabilization (MOMP)
following PDT. Further study revealed that Bax knockdown only slowed down the speed of cell death induced by PDT, indicating that Bax
is not essential for PDT-induced apoptosis. The fact that Bax knockdown totally inhibited the mitochondrial accumulation of dynamin-
related protein (Drp1) and Drp1 knockdown attenuated cell apoptosis suggest that Bax can promote PDT-induced apoptosis through
promoting Drp1 activation. Besides, Drp1 knockdown also failed to inhibit PDT-induced cell death finally, indicating that Bax-mediated
Drp1’s mitochondrial translocation is not essential for PDT-induced cell apoptosis. On the other hand, we found that protein kinase Cd
(PKCd), Bim L and glycogen synthase kinase 3b (GSK3b) were activated upon PDT treatment andmight contribute to the activationof Bax
under the condition. Taken together, Bax activation is not essential for MOMP but essential for Drp1-mediated mitochondrial fission
during the apoptosis caused by Photofrin-PDT.
J. Cell. Physiol. 226: 530–541, 2011. � 2010 Wiley-Liss, Inc.
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Apoptosis is a genetically regulated cellular suicide mechanism
essential for multicellular organisms to remove damaged or
unwanted cells and maintain tissue homeostasis (Taylor et al.,
2008). Apoptosis can also be induced by external stimuli and the
process includes an ordered cascade of enzymatic events
leading to the production of unique morphological and
biochemical changes of the cell (Taylor et al., 2008). The most
important regulators of the process are proteins of Bcl-2 family
members (Chipuk et al., 2010), among which Bax is one of the
most important pro-apoptotic members (Chipuk et al., 2010).
Bax is located in cytoplasm, while translocates to mitochondria
during apoptosis (Chipuk et al., 2010). Themembrane insertion
and oligomerization of Bax in mitochondria is essential for the
release of cytochrome c and apoptosis (Chipuk et al., 2010).

Mitochondrial networks have been reported to undergo
fission/fragmentation during apoptosis for many years
(Desagher and Martinou, 2000). It is widely agreed upon is
that fission is a general feature of apoptosis in essentially all cell
types and in response to most, if not all, pro-apoptotic stimuli
(Frank et al., 2001; Kowaltowski et al., 2002; Arnoult et al.,
2005; Sheridan et al., 2008). The opinion of the relationship
between apoptosis and fission is divided about whether this
phenomenon of fragmentation is simply a consequence of
apoptosis or plays a more active role in the process. Some
investigators have suggested that mitochondrial fission may
promote cytochrome c release and therefore act to drive
caspase activation during apoptosis (Frank et al., 2001; Youle
and Karbowski, 2005). However, other data suggest that
apoptosis-associated mitochondrial fission is a consequence
rather than a cause of apoptosis and reflects events containing
some hitherto unrecognized connection between members
of the Bcl-2 family and the mitochondrial morphogenesis
machinery (Arnoult et al., 2005; Delivani et al., 2006; Karbowski
et al., 2006; Sheridan et al., 2008). Youle and coworkers have
published a series of seminal studies demonstrating conclusively
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that activation of Bax and/or Bak leads rapidly to mitochondrial
fragmentation (Frank et al., 2001; Kowaltowski et al., 2002;
Karbowski et al., 2004). Furthermore, this event occurs very
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close in time to MOMP and associated mitochondrial
cytochrome c release (Arnoult et al., 2005). It is reported that
activated Bax frequently decorates mitochondrial scission sites
(Karbowski et al., 2004). Mitochondrial fragmentation occurs
upstream of caspase activation, as inhibition of caspase activity
downstream of Bax/Bak activation fails to block this event
(Frank et al., 2001; Sheridan et al., 2008).

Photodynamic therapy (PDT) is a novel treatment for cancer
and other abnormal tissues that employs photosensitizer and
visible light to produce singlet oxygen and other reactive
oxygen species (ROS) that lead to subcellular damage at sites
where the photosensitizer accumulates (Triesscheijn et al.,
2006). PDT is an efficient inducer of apoptosis, with the
initiating reactions dependent on the preferential sites of
photosensitizer localization (Oleinick et al., 2002; Agostinis
et al., 2004). Many of the commonly used photosensitizers
accumulate in the mitochondria, such as Photofrin (Wilson
et al., 1997; Rousset et al., 2000;Oleinick et al., 2002). PDTwith
mitochondrial damaging photosensitizers induces rapid
apoptosis through activation of mitochondrial pathway of
apoptosis (Oleinick et al., 2002). This includes cytochrome c
release, caspase activation, poly ADP-ribose polymerase
(PARP) cleavage, chromatin condensation and DNA
fragmentation (Granville et al., 1998, 1999; He et al., 1998;
Kessel and Luo, 1998; Kim et al., 1999; Varnes et al., 1999; Chiu
and Oleinick, 2001; Chiu et al., 2001). Bax undergoes a
conformational change as well as translocation from cytosol to
mitochondria after PDT. Besides, stable overexpression of Bcl-
2 can lead to the upregulation of Bax and increased sensitivity to
PDT (Carthy et al., 1999; Granville et al., 1999).

Here, we have examined the role of Bax in apoptosis caused
by PDT with a mitochondria-targeted photosensitizer
Photofrin. Our data show that Bax is essential for Drp1-
mediated mitochondrial fission but not for MOMP caused by
PDT. Understanding the molecular events that contribute to
PDT-induced apoptosis should enable amore rational approach
to drug design and therapy.

Materials and Methods
Tumor cell lines

Human lung adenocarcinoma cells (ASTC-a-1) and human prostate
carcinoma cells (DU145) were grown on 22-mm culture glasses, in
Dulbecco’s modified Eagle’s medium (DMEM, Life Technologies,
Inc., Gaithersburg, MD) supplemented with 15% fetal bovine serum
(FBS) (GIBCOCo. LTD, Carlsbad), 50U/ml penicillin, and 50mg/ml
streptomycin, in 5%CO2, 95% air, at 378C in a humidified incubator.
In all experiments, 70–85% confluent cultures were used.

Fluorescent probes, reagents, antibodies, and plasmids

The following fluorescent probes (Molecular Probes, Eugene, OR)
were used: Dichlorodihydrofluorescein diacetate (H2DCFDA)
(10mM) to label ROS; MitoTracker Deeper Red 633 (100 nM) to
stain mitochondria; Calcein AM (1mM) to monitor mitochondrial
permeability transition (MPT); Rhodamine 123 (Rh123) (5mM) to
indicate mitochondrial transmembrane potential (~Cm). The
optimal incubation time for each probe was determined
experimentally.

Ascorbic acid (250mM) (Sigma–Aldrich, St. Louis,MO)was used
to scavenge ROS. Lithium chloride (LiCl) (20mM) was used as a
GSK3b inhibitor. Staurosporine (STS) (1mM) was purchased from
Sigma–Aldrich. CoCl2 (1mM)was used to quench the fluorescence
of calcein. GÖ6983 (100 nM) was purchased from Merck
(Darmstadt, Germany) and used as a protein kinase Cs (PKCs)
inhibitor. LipofectamineTM 2000 reagent (Invitrogen Life
Technologies, Inc., Grand Island,NY)was used to transfect plasmid
DNAs into cells. Cells were examined 48 h after transfection.
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Cytochrome c and COX IV monoclonal antibodies were
purchased fromBDPharMingen (SanDiego, CA). Drp1 andb-actin
monoclonal antibodies were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). Bax monoclonal antibodies
were purchased Cell Signaling Technology (Beverly, MA). The
plasmid ofGFP-Bim Lwas generated as previously described (Chen
et al., 2007).

PDT treatment

Cells were incubated in the dark with Photofrin (2.5mg/ml) in
complete growthmedium for 20 h, and then rinsedwith PBS before
irradiation. For irradiation of single cell, a 633-nm He–Ne laser
inside a confocal laser scanning microscope (LSM510-ConfoCor2)
(Zeiss, Jena, Germany) was used in PDT. Laser irradiation was
performed through the objective lens of the microscope. In this
setup, only the cells under observation were irradiated by the
laser. A minitype culture chamber with CO2 supply (Tempcontrol
37-2 digital, Zeiss) was used in order to keep cells under normal
culture conditions (378C, 5% CO2) during irradiation. For
irradiation of multi-cells, cells were irradiated with a He-Ne
laser (632.8 nm, HN-1000, Guangzhou, China) in the dark. The
cells in selected area were all irradiated for 30 sec with a laser
dose of 5 J/cm2.

Immunofluorescence

Cells grown on 22-mm culture glasses were fixed for 10min in 4%
paraformaldehyde followed by permeabilization with 0.15% Triton
X-100 in phosphate-buffered saline for 15min. The cells were then
incubated for 1 h in blocking buffer [2% bovine serum albumin
(BSA) in phosphate buffered saline] followed by incubation
overnight with either a rabbit monoclonal anti-Drp1 (1:500)
antibody. Cells were washed three times for 10min each in
blocking buffer, and then incubated for 2 h with Alexa Fluor
488 dye-conjugated goat anti-rabbit secondary antibodies
(Molecular Probes, Eugene, OR). Images were acquired using a
LSM510-ConfoCor2 microscope (Zeiss) through a 40� oil
fluorescence objective (Carl Zeiss, Inc., Jena, Germany).

Imaging analysis of living cells

In order to image single cells, the confocal microscope was used.
Cell images before and after laser irradiation were acquired with a
Plan-Neofluar 100�/NA1.3, oil-immersed objective lens. Cells
weremaintained at 378C, 5%CO2 during imagingwith theminitype
culture chamber with CO2 supply. The following specific settings
were used for light excitation and emissions: MitoTracker
Deeper Red 633 (He-Ne laser, Ex. 633 nm, Em. LP 650 nm);
20,70-dichlorofluorescin (DCF), calcein, Rh123 and GFP (Arþ laser,
Ex. 488 nm, Em. BP 500-550 nm); YFP (Arþ laser, Ex. 514 nm, Em.
BP530-550 nm); CFP (Arþ laser, Ex. 458 nm, Em. BP 470–500 nm),
and for intracellular measurements, the desired areas were chosen
in the confocal image. To quantify the results, the fluorescence
emission intensities (concluding the background fluorescence)
were obtained with Zeiss Rel 3.2 image processing software
(Zeiss).

For Quantitative analysis of fluorescence emission intensity,
cells were cultured in 96-well microplates at a density of
4� 103 cells/well and each well contained 100ml culture medium.
After stained by indicated fluorescent probes (DCF, Rh123, or
caclein), the grouped cells were treated by Photofrin-PDT. The
interval wellswere filledwith ink in order tominimize the scattered
or reflected light. Immediately after irradiation, fluorescence
emission intensity was recorded at indicated time using an Infinite
2000 plate reader (TECAN, Mönnedorf, Switzerland).

Western blotting analysis

Cells were harvested in 300ml of lysis buffer [50mMTris–HCl, pH
8.0, 150mMNaCl, 50mM b-glycerol phosphate, 1% Triton X-100,
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and 100mM phenylmethylsulfonyl fluoride (PMSF)]. The resulting
lysates were resolved on 4–12% SDS–PAGE and transferred to
pure nitrocellulose blotting membranes (BioTraceTM NT, Pall Life
Science, Pensacola, FL). The membranes were blocked in TBST
(10mM Tris–HCl, pH 7.4, 150mM NaCl, 0.1% Tween-20)
containing 5% non-fat milk and then probed with different
antibodies. Proteins were detected by using Odyssey two-color
infrared imaging system (LI-COR, Inc., Lincoln, NE). Mitochondrial
and cytosolic fractions were obtained using the Mitochondria
Isolation Kit (Cat: KGA 827, KeyGEN, Nanjing, China).

Flow cytometry (FCM)

For FCM analysis, Annexin-V-FITC conjugate, PI dyes, and binding
buffer was used as standard reagents. Flow cytometry was
performed on a FACScantoII flow cytometer (Becton Dickinson,
Mountain View, CA) with excitation at 488 nm. Fluorescent
emission of FITCwasmeasured at 515–545 nm and that of DNA-PI
complexes at 564–606 nm. Cell debris was excluded from analysis
by an appropriate forward light scatter threshold setting.
Compensation was used wherever necessary.

RNA interference (RNAi)

The oligonucleotides for short hairpin RNA (shRNA) were
purchased from GenePharma (Shanghai, China) for Bim and
Genesil Biotechnology Co., Ltd (Wuhan, China) for Bax.

Drp1, Bim, and Bax suppression was accomplished using Drp1
shRNA, Bim shRNA, and Bax shRNA constructs, respectively. The
oligonucleotides for shRNA were synthesized as follows: shBim:
GCAACCTTCTGATGTAAGTTCTTCAAGAGAGAACTTA-
CATCAGAAGGTTGCTT. The sense strand nucleotide sequence
for shBax was AACATGGAGCTGCAGAGGATGAdTdT. The
target sequence for Drp1 was as follows: TTCAATCCGTGAT-
GAGTATGCTTTTCTTC. The shRNA sequences were
transfected into cells using LipofectamineTM 2000 reagent
according to the manufacturer’s protocol.

Statistics

For the analysis of cytochrome c release and Bax translocation,
images were analyzed with MATLAB 6.5 software by drawing
regions of interest (ROIs) in individual cells for averages and
standard error of the mean (SEM) of the intensity of the pixels
(punctuate/diffuse) and integrated brightness (total brightness).
Unless otherwise indicated, data were analyzed using one-way
ANOVA. All results showed in our studies were repeated for at
least five times in independent experiments.
Results
Bax is not essential for MOMP caused by PDT

We investigated the correlation of Bax activation with
mitochondrial depolarization in ASTC-a-1 cells treated with
STS and Photofrin-PDT. Cells were transiently transfectedwith
pCFP-Bax, and after 48-h expression, cells expressing CFP-Bax
were labeled with Rh123 to indicate ~Cm. Cells without any
treatment were set as control (Fig. 1A,B). As shown in
Figure 1A,C, Bax translocated to mitochondria along with the
decrease of Rh123 fluorescence under STS treatment,
indicating that Bax activation contributes to mitochondrial
depolarization. Photofrin-PDT resulted in a different pattern of
Bax activation (Fig. 1A,D): Bax was activated (indicated by the
mitochondrial accumulation of Bax) after mitochondrial
depolarization (indicated by the disappearance of Rh123
fluorescence).

Western blotting was employed to study the correlation of
Bax activation with MOMP in ASTC-a-1 cells treated with STS
and Photofrin-PDT. Under STS treatment, the decrease of
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cytochrome c levels was accompanied with the increase of Bax
levels in mitochondrial fraction (Fig. 2A), indicating that Bax
activation contributes to MOMP. However, the levels of
cytochrome c in mitochondrial fraction decreased quickly in
40min post Photofrin-PDT treatment, while the levels of
Bax began to increase at about 80min post the treatment
(Fig. 2B), indicating that Bax activation occurs after MOMP.

To explore the role of the Bax on mitochondrial pro-
apoptotic functions under Photofrin-PDT treatment, we
knocked downBax expression using the short hairpin-activated
gene silencing system. To generate ASTC-a-1 cell lines that
stably suppress the endogenous gene of Bax, we transferred
plasmids containing Bax shRNA into cells with G418 as a
selective marker. Selection of the transfected cells with nearly
complete depletion of Bax required �1 week of growth in the
presence of G418 (Fig. 3A). Both normal cells and Bax RNAi
cells were pre-labeled with H2DCFDA to monitor ROS
generation, Rh123 to indicate ~Cm, calcein along with Co2þ

to monitor MPT, or Cyt-c-GFP to localize cytochrome c.
We found that Bax knockdown did not affect Photofrin-PDT-
induced mitochondrial apoptotic events including ROS
generation (Fig. 3B,C),mitochondrial depolarization (Fig. 4A,B),
the long lasting openofMPTpores (Fig. 5A,B) and cytochrome c
release (Fig. 6A,B). Released cytochrome cwas also detected in
Bax-deficient DU145 cells using immunofluorescence (Fig. 6C)
and Western Blotting (Fig. 6D) under Photofrin-PDT
treatment. This indicates that Bax is not essential for MOMP
caused by Photofrin-PDT.

Bax promotes PDT-induced cell apoptosis through
promoting the activation of Drp1

To determine the role of Bax on Photofrin-PDT-induced
apoptosis, we compared the apoptosis rate using FCMbased on
annexin V-FITC/PI double staining in normal ASTC-a-1 cells and
Bax RNAi cells after the PDT treatment. We found that
Photofrin-PDT resulted in�90% apoptosis rate in normal cells
and �55% in Bax RNAi cells 6 h post the treatment, indicating
that Bax activation plays an important role in the apoptosis
(Fig. 7A,B). However, nearly �90% Bax RNAi cells underwent
apoptosis 8 h post-Photofrin-PDT treatment (Fig. 7B),
indicating that Bax knockdown fails to prevent the cell death,
although it attenuates the susceptibility of cells to PDT.

Next, we explored the modulation of Bax on Drp1 activity
during apoptosis induced by Photofrin-PDT. Endogenous Drp1
in normal ASTC-a-1 cells and Bax RNAi cells were detected
using immunofluorescence after the PDT treatment. Cells
without any treatment were set as control. As shown in
Figure 8A, PDT treatment significantly increased the
accumulation of Drp1 on mitochondria, indicating that Drp1 is
activated by PDT. In contrast, Bax knockdown totally inhibited
the stable association of Drp1 with mitochondria, suggesting
that Bax is required for Drp1 activation following PDT.
Western blotting analysis showed similar result with the
confocal data (Fig. 8B).

Furthermore, FCM based on annexin V-FITC/PI double
staining was employed to analyze the cell apoptosis rate after
Photofrin-PDT treatment in absence of Drp1. We found that
Drp1 knockdown resulted in �70% apoptosis rate after the
PDT treatment (Fig. 7A,B), suggesting that Drp1 contributes to
Photofrin PDT-induced apoptosis. However, nearly �90%
Drp1 RNAi cells underwent apoptosis 8 h post-PDT treatment
(Fig. 7B), similar with the results obtained from Drp1 positive
cells (Fig. 7B), indicating that Drp1 knockdown also fails to
prevent the cell death finally. We conclude that Bax promotes
Photofrin-PDT-induced cell apoptosis through promoting the
activation of Drp1. Besides, Bax-mediated mitochondrial
translocation of Drp1 is not essential for the apoptosis induced
by Photofrin-PDT.



Fig. 1. Bax is activated after mitochondrial depolarization following PDT. A: Representative sequential fluorescent images of ASTC-a-1 cells
doubly labeled with Rh123 (green emission) and CFP-Bax (blue emission) to indicate DCm and Bax localization, respectively, under various
treatments.Bar,10mm.QuantitativeanalysisofRh123fluorescenceemission intensitiesandCFP-Baxpunctate/diffuse index fromASTC-a-1cells
without any treatment (B), treatedwith STS (C), or treatedwith Photofrin-PDT (D). Data represent themeanWSEM (nU 20). STS inducedBax
activation (indicated by the mitochondrial translocation of Bax) simultaneously with DCm dissipation (indicated by the decrease of Rh123
fluorescence), while Photofrin-PDT induced Bax activation after mitochondrial depolarization (indicated by the disappearance of Rh123
fluorescence). PDT, photodynamic therapy; STS, staurosporine; Rh123, rhodamine 123.
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In addition, mitochondrial morphology was monitored in
normal cells and Drp1 RNAi cells labeled with a mitochondria-
target fluorescent probe MitoTracker Deeper Red 633. The
mitochondrial network in Drp1 RNAi cells was distinctively
JOURNAL OF CELLULAR PHYSIOLOGY
longer and more fused than in normal cells (Fig. 8D). We also
detected the effect of Drp1 on the release of cytochrome c
under Photofrin-PDT treatment. To generate ASTC-a-1 cell
lines that stably suppressed the endogenous gene of Drp1, we



Fig. 2. Bax is activated after the completionof cytochrome c release
following PDT. ASTC-a-1 cells were treated with STS (A) or
Photofrin-PDT (B) and fractionated into cytosol and mitochondria,
andanalyzed for thedistribution ofBax and cytochrome cbyWestern
blotting. Fractionation quality was verified by the distribution of
specific subcellularmarkers:COXIV formitochondria andb-actin for
cytosol. The figure is representative of at least three independent
experiments. Bax was activated accompanied with cytochrome c
release caused by STS, while Bax was activated after the completion
of cytochrome c release by Photofrin-PDT. PDT, photodynamic
therapy; STS, staurosporine; Cyt-c, cytochrome c; MITO,
mitochondria; CYTO, cytosol.
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transfected plasmids containing Drp1 shRNA into cells with
G418 as a selective marker. Selection of transfected cells with
nearly complete depletionofDrp1 required�1weekof growth
in the presence of G418 (Fig. 8C). Both normal cells and Drp1
RNAi cells were transiently transfected with pCyt-c-GFP, and
after 48-h expression, cells expressing Cyt-c-GFP were treated
with Photofrin-PDT. We found that Drp1 knockdown had no
effect on cytochrome c release under Photofrin-PDT treatment
Fig. 3. Knockdown of Bax expression by gene silencing does not
affect ROS generation following PDT. A: ASTC-a-1 cells were
transfectedwith plasmids containing shRNAof the target sequenceof
control or Bax, and the transfectants were selected by growth in
media containingG418. Total cell lysates from the control RNAi cells
and Bax RNAi cells were prepared, and the expression levels of Bax
wereanalyzedbyWesternblotting.b-actin levelwas also analyzed for
a loading control. B: Both normal ASTC-a-1 cells and Bax RNAi cells
were labeled with DCF (green emission) to monitor ROS generation
following Photofrin-PDT. Cells without any treatment were set as
control. The figure is representative sequential fluorescent image of
at least three independent experiments. Bar, 10mm. C: Quantitative
analysis ofDCFfluorescence emission intensities fromnormalASTC-
a-1 cells or Bax RNAi cells after Photofrin-PDT treatment. Cells
without any treatment were set as control. Data represent the
meanWSEM of at least three independent experiments (MP<0.05 vs.
control cells). Bax knockdown had no effect on ROS generation
following Photofrin-PDT. PDT, photodynamic therapy; DCF,
2(,7(-dichlorofluorescin; RNAi, RNA interference.
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(Fig. 6A,B), indicating that cytochrome c release is not the
downstream pro-apoptotic target of Drp1 under the PDT
treatment. These results suggest other potential associations
between Drp1-mediated mitochondrial fission and cell
apoptosis.



Fig. 4. Knockdown of Bax expression by gene silencing does not
affect mitochondrial depolarization following PDT. A: Both normal
ASTC-a-1 cells and Bax RNAi cells were labeled with Rh123 (green
emission) to indicate DCm following Photofrin-PDT. Cells without
any treatment were set as control. The figure is representative
sequential fluorescent image of at least three independent
experiments. Bar, 10mm. B: Quantitative analysis of Rh123
fluorescence emission intensities from normal ASTC-a-1 cells or Bax
RNAi cells after Photofrin-PDT treatment. Cells without any
treatment were set as control. Data represent the meanWSEM of at
least three independent experiments (MP<0.05 vs. control cells). Bax
knockdown had no effect on mitochondrial depolarization following
Photofrin-PDT. PDT, photodynamic therapy; Rh123, rhodamine 123;
RNAi. RNA interference.

Fig. 5. Knockdown of Bax expression by gene silencing does not
affect the long lasting open of MPT pores following PDT. A: Both
normal ASTC-a-1 cells and Bax RNAi cells were labeled with calcein/
Co2R (green emission) to indicate the state of opening of MPT pores
following Photofrin-PDT. Cells without any treatment were set as
control. The figure is representative sequential fluorescent image of
at least three independent experiments. Bar, 10mm. B: Quantitative
analysis of calcein fluorescence emission intensities from normal
ASTC-a-1 cells or Bax RNAi cells after PDT treatment. Cells without
any treatmentwere set as control.Data represent themeanWSEMof
at least three independent experiments (MP<0.05 vs. control cells).
Bax knockdown had no effect on the long lasting open of MPT pores
following Photofrin-PDT. PDT, photodynamic therapy; RNAi, RNA
interference.
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Signaling pathways involved in Bax activation upon
PDT treatment

To obtain better mechanistic insight of Bax activation in ASTC-
a-1 cells treated with Photofrin-PDT, we tested activities of
protein kinase Cd (PKCd) (labeled by GFP-PKCd), Bim L
(labeled by GFP-Bim L), and glycogen synthase kinase 3b
(GSK3b) (labeled by YFP-GSK3b) (Fig. 9A), all of which were
involved in Bax activation upon various stimuli. GFP-PKCd and
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GFP-Bim L accumulated on mitochondria and YFP-GSK3b
translocated to nucleus in 1 h post-Photofrin-PDT treatment,
all the phenomenon indicating activation of the three proteins
following PDT.We found thatGFP-PKCd, GFP-Bim L, and YFP-
GSK3b were all activated at the time before Bax activation
(Fig. 1D), suggesting that Bax activation by Photofrin-PDT
may be modulated by PKCd, Bim L, and/or GSK3b.



Fig. 6. Neither Bax norDrp1 is required for cytochrome c release following PDT. A:Normal ASTC-a-1 cells, Bax RNAi cells orDrp1 RNAi cells
transientlyexpressingCyt-c-GFP(greenemission)weretreatedwithPhotofrin-PDT.Cellswithoutanytreatmentweresetascontrol.Thefigureis
representative sequential fluorescent image of at least three independent experiments. Bar, 10mm. B: Quantitative analysis of Cyt-c-GFP
punctuate/diffuse index in normalASTC-a-1 cells, BaxRNAi cells orDrp1RNAi cells followingPhotofrin-PDT.Cells without any treatmentwere
set as control. Data represent the meanWSEM (nU 20). Neither Bax nor Drp1 knockdown had effect on cytochrome c release following
Photofrin-PDT.C:Endogenouscytochrome c inASTC-a-1 cells andDU145cellswasdetectedusing immunofluorescencewith anti-cytochrome c
antibody (green emission) under Photofrin-PDT treatment. Cells without any treatment were set as control. The figure is representative
fluorescent image of at least three independent experiments. Bar, 10mm.D:DU145 cellswere treatedwith Photofrin-PDTand fractionated into
cytosol and mitochondria, and analyzed for the distribution of cytochrome c byWestern blotting. Fractionation quality was verified by the
distribution of specific subcellularmarkers: COX IV formitochondria andb-actin for cytosol. The figure shown is representative of at least three
independentexperiments.Photofrin-PDTresulted in cytochrome c release inbothASTC-a-1 cells andDU145cells. PDT,photodynamic therapy;
Cyt-c, cytochrome c; RNAi, RNA interference; ASTC-a-1, human lung adenocarcinoma cells; DU145, human prostate carcinoma cells; MITO,
mitochondria; CYTO, cytosol.
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Levels of cell death by Photofrin-PDT in cells under various
pre-treatments were analyzed using FCM based on annexin V-
FITC/PI double staining (Fig. 9B). We found that PKCd
inhibition by GÖ6983 resulted in nearly the same level of
apoptosis reduction as Bax knockdown. Bim knockdown
caused higher level of apoptosis reduction than GSK-3b
inhibition by LiCl. Ascorbic acid exposure resulted in the
highest level of apoptosis reduction of all. These results
JOURNAL OF CELLULAR PHYSIOLOGY
demonstrate that all the three proteins of PKCd, Bim L, and
GSK-3b are involved in apoptosis induced by Photofrin-PDT
probably through promoting Bax activation.

Discussion

In the present study, we report that Bax activation is not
essential for MOMP but essential for Drp1-mediated



Fig. 7. Knockdown of Bax andDrp1 expression by gene silencing both inhibit PDT-induced apoptosis. A: Representative dot plots forASTC-a-1
cell deathanalysis after various treatmentsusingFCMbasedonannexinV-FITC/PIdouble staining.B:ThepercentageofASTC-a-1 cellspositively
stained with annexin V-FITC or PI dyes after various treatments was analyzed by FCM. Data represent the meanWSEM of at least three
independent experiments (MP<0.05 vs. control cells). Both Bax andDrp1 knockdown inhibited cell apoptosis, but not changed the cell death fate
following Photofrin-PDT. PDT, photodynamic therapy; RNAi, RNA interference; Drp1, dynamin-related protein.
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mitochondrial fission caused by Photofrin-PDT. Besides, PKCd,
Bim L and GSK3b are all activated and probably involved in Bax
activation and thus promote Photofrin-PDT-induced apoptosis.

Apoptosis-associatedMOMP is known to require Bax and/or
Bak, two closely related members of the Bcl-2 family (Wolter
et al., 1997; Wei et al., 2001; Youle and Strasser, 2008). In
STS-treated cells (Rüegg and Burgess, 1989; Chae et al., 2000;
Karaman et al., 2008), Bax was activated simultaneously with
mitochondrial depolarization and cytochrome c release,
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indicating a crucial role of Bax on MOMP (Figs. 1 and 2).
However, under Photofrin-PDT treatment, Bax was activated
after MOMP and Bax knockdown did not affect MOMP,
suggesting that Bax activation is not required for MOMP
(Figs. 1–6). It is probably because that Photofrin-PDT-induced
apoptosis is initiated from directly mitochondrial photodamage
(Wu et al., 2006a,b), differed from the apoptosis caused by
some other stimuli, such as STS and DNA injury. Upon these
stimuli, pro-apoptotic BH3 proteins are activated and interact



Fig. 8. Knockdown of Bax expression by gene silencing totally inhibits the activation of mitochondrial fission protein Drp1 following PDT.
A:EndogenousDrp1innormalASTC-a-1cells (c,d)andBaxRNAicells (e,f)weredetectedbyimmunofluorescencewithanti-Drp1antibody(green
emission) after Photofrin-PDT. Cells without any treatment were set as control (a,b). The figure is representative fluorescent image of at least
three independentexperiments.Bar,10mm.B:BothnormalASTC-a-1cellsandBaxRNAicellsweretreatedwithPhotofrin-PDTandfractionated
intocytosol andmitochondria, andanalyzed for thedistributionofDrp1byWesternblotting.Fractionationqualitywasverifiedbythedistribution
of specific subcellular markers: COX IV for mitochondria and b-actin for cytosol. The figure is representative of at least three independent
experiments. Bax knockdown resulted in total inhibition of Drp1 activation (indicated by the increased mitochondrial accumulation of Drp1)
following Photofrin-PDT, suggesting that Bax is required forDrp1 activation under the PDT treatment. C: ASTC-a-1 cells were transfectedwith
plasmids containing shRNA of the target sequence of control or Drp1, and the transfectants were selected by growth inmedia containing G418.
Total cell lysates from the control RNAi cells and Drp1 RNAi cells were prepared, and the expression levels of Drp1 were analyzed byWestern
blotting.b-Actin levelwas also analyzed for a loading control.D:Mitochondria of controlASTC-a-1RNAi cells orDrp1RNAi cellswere visualized
with MitoTracker Deeper Red 633 and analyzed by confocal microscopy. Enlargements are shown for detailed structure of mitochondria. Bar,
10mm.Drp1knockdowncausedelongatedmitochondria.PDT,photodynamic therapy;RNAi,RNAinterference;Drp1,dynamin-relatedprotein;
MITO, mitochondria; CYTO, cytosol.
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with and inhibit anti-apoptotic Bcl2 or Bcl-XL. Thus, Bax and
Bak are free to induce mitochondrial permeabilization with
release of cytochrome c (Hotchkiss et al., 2009). It is known that
the intracellular localization of the photosensitizer coincides
with the primary site of photodamage, mainly due to the limited
diffusion of the short-lived singlet oxygen, which is thought to
be the predominant oxidant in PDT (Dougherty et al., 1998;
Dougherty, 2002; Oleinick et al., 2002). Hence the local
photodamage to specific subcellular targets critically influences
the kinetics and the regulatory pathways activated by PDT.
Release of cytochrome c is shown to occur immediately after
PDT with photosensitizer verteporfin, of which mitochondrial
adenine nucleotide translocator (ANT) is reported to be a
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critical target (Granville et al., 1998; Belzacq et al., 2001). Kessel
and Luo (1999) demonstrate that cytochrome c is released
simultaneously with the loss of DCm, both events occurring
immediately after PDT with photosensitizer porphycenes.
Similarly, PDT with hypericin or hypocrellin, also
mitochondrion-localized photosensitizers, induces rapid
collapse of DCm (Chaloupka et al., 1999). Results obtained in
the present study show that with increased mitochondrial ROS
generation (Fig. 3B,C), cytochrome c release (Fig. 6A,B) and
DCm dissipation (Fig. 1A,D) immediately occurs after
Photofrin-PDT treatment. These results reveal that
photoactivation of mitochondria-targeted photosensitizers can
directly cause MOMP following PDT. However, we cannot rule



Fig. 9. PKCd, Bim L, and GSK3b are activated and may be involved
in Bax activation following PDT. A: ASTC-a-1 cells transiently
expressingGFP-PKCd (green emission), GFP-BimL (green emission)
or YFP-GSK3b (yellow emission) were treated with Photofrin-PDT.
Cells without any treatment were set as control. The figure shown is
representative fluorescent image of at least three independent
experiments. Bar, 10mm. B: Quantitative analysis of cell death by
FCM based on annexin V-FITC/PI double staining was performed in
ASTC-a-1 cells treated with Photofrin-PDT in the presence of
GÖ6983, LiCl, ascorbic acid, or in the absence of Bim. Data represent
themeanWSEMof at least three independent experiments (MP<0.05
vs. control cells). PKCd, Bim L, and GSK3b were activated and
may be involved in Bax activation following Photofrin-PDT. PDT,
photodynamic therapy; RNAi, RNA interference; VitC, ascorbic acid;
PKCd, protein kinase Cd; GSK3b, glycogen synthase kinase 3b.
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out the contribution of Bak on MOMP in Bax RNAi cells, since
Bak often plays a redundant role of Bax and can induce
cytochrome c release in the absence of Bax (Wei et al., 2001;
Degenhardt et al., 2002; Youle and Strasser, 2008).

Bax can be activated on the modulation of several cytosolic
signaling pathways under oxidative stress. For example, GSK-
3b can be activated by ROS (King and Jope, 2005) and thus
promotes Bax activation through direct phosphorylation of Bax
(Linseman et al., 2004) or through reduction of Mcl-1 cellular
protein levels (Maurer et al., 2006). In addition, ROS/ASK1/
JNK/Bim L/Bax pathway has also been reported to participate in
Bax activation under the conditions of intracellular oxidative
stress (Gotoh and Cooper, 1998; Tobiume et al., 2001; Lei and
Davis, 2003; Laethem et al., 2006). Besides, Majumder et al.
(2001) have reported the targeting of PKCd to mitochondria in
oxidative stress response. PKCd can degrade Mcl-1 to trigger
apoptosis by promoting Bax activation (Sitailo et al., 2006).
However, how Bax was activated by PDT-induced oxidative
stress is still not well understood. In the present study, PKCd,
Bim L, and GSK-3b were all activated by Photofrin-PDT, and
thus could contribute to Bax activation under the treatment.
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The importance of mitochondria as targets for the initiation
of apoptosis by PDT has been convincingly demonstrated by
Kessel et al. (1997) and Kessel and Luo (1998, 1999). These
investigators tested a series of photosensitizers for their
preferential localization as well as their ability to photosensitize
cells to apoptosis. They found that those photosensitizers
that bound to mitochondria induced apoptosis upon
photoirradiation, whereas those that bound to the plasma
membrane or lysosomes, but not mitochondria, killed cells less
efficiently. We believe that the selectivity for mitochondrial
target of photosensitizer is crucial for the mode of MOMP
following PDT. The phthalocyanine (Pc 4) photosensitizer
preferentially binds to the endoplasmic reticulum, Golgi
complex, and mitochondria and induces rapid apoptotic cell
death after exposure to light (Agarwal et al., 1993; Trivedi et al.,
2000). The relatively poor mitochondrial selectivity of Pc 4 in
comparison with the high selectivity of Photofrin may cause
MOMP throughmechanismsother than direct photodamageon
mitochondria. The proposal has been confirmed by Oleinick
et al. showing that Bax is essential for cytochrome c release but
not for cell death caused by Pc 4-PDT (Chiu et al., 2003). They
also report that Pc 4-PDT-induced release of themitochondrial
pro-apoptotic proteins cytochrome c and Smac/DIABLO
depends on Bax and is blocked in Bax-deficient DU145 cells
(Usuda et al., 2002).

AlthoughBax activationwas not essential forMOMP induced
by Photofrin-PDT, we found that Bax knockdown did attenuate
the susceptibility of cells to PDT (Fig. 7). The fact gave us an idea
to find new pro-apoptotic targets of Bax. Mitochondrial fission
often occurs during apoptosis. It is reported that activation of
Bax and/or Bak leads rapidly to mitochondrial fragmentation
(Frank et al., 2001; Kowaltowski et al., 2002; Karbowski et al.,
2004).Mitochondrial fission is also regulated by aGTPaseDrp1,
which can form ring-like oligomers at specific points along
mitochondria (Smirnova et al., 2001; Yoon et al., 2001). Bax/Bak
promotes sumoylation of Drp1 and its stable association with
mitochondria during apoptosis (Wasiak et al., 2007).We found
that Bax has tight correlation with Drp1, because silencing of
Bax completely ceased the stable association of Drp1 with
mitochondria following PDT (Fig. 8A,B). We also found that
knockdown of Drp1 inhibited Photofrin-PDT-induced
apoptosis (Fig. 7) without any effect on cytochrome c release
(Fig. 6A,B). A dominant-negative mutant of Drp1 (Drp1K38A)
that can impair mitochondrial fission has been observed to
impair cytochrome c release and delay cell death in response to
some pro-apoptotic agents (Frank et al., 2001; Brooks et al.,
2007). However, it should be noted that the delay in
cytochrome c release observed is relatively modest and has not
been shown to translate into long-term survival. The delayed
kinetics of cytochrome c release seen when Drp1 expression is
ablated or functionally impaired may be a non-physiological
byproduct of altered mitochondrial ultrastructure in such cells,
because the release kinetics of Smac, Omi, adenylate kinase 2,
and other intermembrane space proteins was unaltered under
the same conditions (Parone et al., 2006; Estaquier andArnoult,
2007; Ishihara et al., 2009). One possible reason for this is that
remodeling of the cristae junctions in such cells—known to be
required for efficient cytochrome c release (Scorrano et al.,
2002)—may be affected. However, because the release
kinetics of Smac, Omi, adenylate kinase 2, and other
intermembrane space proteins is overtly normal, this suggests
that MOMP is unaffected through loss of Drp1. Our results
show that silencing of Drp1 has no effect on cytochrome c
release may be an evidence of the view. Other than this view,
our result can also be interpreted that Drp1 has no effect
spatio-temporally on MOMP following Photofrin-PDT, since
mitochondrial association of Drp1 occurred after MOMP.
Great effort should be made to uncover the mechanism of
Drp1-mediated cell apoptosis. Aside from influencing
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mitochondrial morphology and degree of connectivity of
mitochondrial networks, mitochondrial fission/fusion
contributes to reparation of defective mitochondria, proper
segregation of mitochondria into daughter cells during cell
division, the efficiency of oxidative phosphorylation and
intramitochondrial calcium signal propagation (Chan, 2006).
We believe that Drp1-mediated fragmentation, a
morphological change of mitochondria, increases the
susceptibility of cells to apoptotic stimuli with some unknown
mechanisms and the fragmentationmight be a positive feedback
regulation of apoptosis. Actually, we found that Drp1
knockdown only slightly inhibited PDT-induced cell apoptosis
(�20%) (Fig. 7A,B), and these data may suggest that Drp1 is not
a main mediator for PDT-induced cell apoptosis. Besides, it is
likely that although Bax knockdown attenuates the
susceptibility of cells to PDT (Fig. 7A,B), it does not change the
cell death fate (Fig. 7B), since cytochrome c release to
cytoplasm is sufficient to induce apoptosis in the absence of Bax
(Youle and Strasser, 2008; Hotchkiss et al., 2009).

PDT is the most important adjuvant treatment modality for
tumor except for radiotherapy and chemotherapy.
Understanding the mechanisms involved in PDT-mediated
apoptosis may improve its therapeutic efficacy. Here, we
reported that Bax activation was not essential for MOMP but
essential for Drp1-mediated mitochondrial fission during
apoptosis caused by Photofrin-PDT. It is the first time to report
that fission-associated proteins were involved in PDT-induced
apoptosis.
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