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Cell apoptosis induced by UV irradiation is a highly complex process in which different molecular signaling pathways
are involved. p53 up-regulated modulator of apoptosis (PUMA) has been proposed as an important regulator in UV
irradiation-induced apoptosis. However, the molecular mechanism through which PUMA regulates apoptosis, especially
how PUMA activates Bcl-2-associated X protein (Bax) in response to UV irradiation is still controversial. In this study, by
using real-time single-cell analysis and fluorescence resonance energy transfer, we investigated the tripartite nexus among
PUMA, Bax, and Bcl-X; in living human lung adenocarcinoma cells (ASTC-a-1) to illustrate how PUMA promotes Bax
translocation to initiate apoptosis. Our results show that the interaction between PUMA and Bax increased gradually, with
Bax translocating to mitochondria and colocalizing with PUMA after UV irradiation, indicating PUMA promotes Bax
translocation directly. Simultaneously, the interaction increased markedly between PUMA and Bcl-X; and decreased
significantly between Bcl-X; and Bax after UV treatment, suggesting PUMA competitively binds to Bcl-X; to activate Bax
indirectly. The above-mentioned results were further confirmed by coimmunoprecipitation experiments. In addition,
pifithrin-a (a p53 inhibitor) and cycloheximide (a protein synthesis inhibitor) could inhibit PUMA-mediated Bax
translocation and cell apoptosis. Together, these studies create an important conclusion that PUMA promotes Bax
translocation by both by directly interacting with Bax and by competitive binding to Bcl-X; in UV-induced apoptosis.

INTRODUCTION

UV irradiation is a potent carcinogen that can impair cellular
functions by directly damaging DNA to induce apoptosis.
The cellular response to DNA damage is centered on p53, a
transcription factor that exerts its tumor-suppressive func-
tion by inducing cell cycle arrest, cell senescence, or apopto-
sis (Vousden and Lu, 2002). p53 stimulates a wide network
of signals to activate the caspases that mediate apoptosis
(Strasser et al., 1995). It has been shown that the apoptosis
induced by p53 is in large part due to its ability to transcrip-
tionally activate target genes (Chao et al., 2000). Many genes
have been identified that are implicated in p53-mediated
apoptosis (Vousden and Lu, 2002), such as PUMA and p21.
Among the candidate proapoptotic p53 target genes, those
that encode mitochondrial proteins such as PUMA stand out
because p53-initiated apoptosis seems to proceed through a
mitochondrial pathway (Polyak et al., 1997; Li et al., 1999;
Soengas et al., 1999; Schuler et al., 2000).

p53 up-regulated modulator of apoptosis (PUMA), a
member of the Bcl-2 homology (BH)3-only Bcl-2 family pro-
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teins, also known as Bcl-2 binding component 3, is a direct
transcriptional target of the p53 (Han et al., 2001; Nakano
and Vousden, 2001; Yu et al., 2001; Chipuk et al., 2005).
PUMA is localized in the mitochondria and induces apopto-
sis by activating caspases through mitochondrial dysfunc-
tion (Nakano and Vousden, 2001; Yu et al., 2001, 2003). The
expression of PUMA is low at normal conditions but in-
creases markedly if cells are exposed to DNA-damaging
agents, such as chemotherapeutic drugs or ionizing and UV
irradiation. The activation of PUMA by DNA damage is
dependent on p53 and is mediated by the direct binding of
p53 to the PUMA promoter region (Nakano and Vousden,
2001; Yu et al.,, 2001; Wang et al., 2007). PUMA plays an
essential role in cell apoptosis induced by a variety of stimuli
(Yu and Zhang, 2003). Previous studies have shown that
PUMA was necessary and sufficient for endoplasmic retic-
ulum stress-induced apoptosis and that it also was activated
in cells subjected to proteasome inhibition (Reimertz et al.,
2003; Concannon et al., 2007). Cells lacking PUMA are resis-
tant to several death stimuli (Clarke et al., 1993; Strasser et al.,
1994; Jeffers et al., 2003; Villunger et al., 2003; Yu ef al., 2003).
Furthermore, PUMA expression results in potent growth
suppression of lung cancer cells, whereas down-regulation
of PUMA promotes oncogenic transformation, suggesting
PUMA plays an important role in tumor suppression
(Hemann et al., 2004; Yu et al., 2006).

Several lines of recent evidence suggest that Bcl-2 family
members play a critical role in regulating apoptosis initia-
tion through the mitochondria (Green and Reed, 1998;
Vander Heiden and Thompson, 1999; Wang, 2001; Cory et
al., 2003; Danial and Korsmeyer, 2004; Yu and Zhang, 2004).
Bcl-2 family members can be subdivided into three main
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groups based on regions of BH domains and function:
multidomain antiapoptotic (Bcl-2, Bcl-X;, Bcl-w, Mcl-1,
and Bfl-1/A1), multidomain proapoptotic (Bcl-2-associated
X protein [Bax] and Bak), and BH3-only proapoptotic (Bid,
Bim, Bad, Bik, Noxa, PUMA, Bmf, and Hrk) (Certo et al.,
2006). The multidomain antiapoptotic Bcl-2 members, such
as Bcl-X; and Bcl-2, inhibit cytochrome release by blocking
the activation of the multidomain proapoptotic proteins Bax
and Bak (Adams and Cory, 2001). The BH3-only proteins
function in two models, either by directly activating pro-
apoptotic proteins (the direct binding model) or by antago-
nizing antiapoptotic proteins (the displacement model) to
induce the oligomerization of Bax and/or Bak, resulting in
mitochondrial outer membrane permeabilization (MOMP)
(Luo et al., 1998; Desagher et al., 1999; Kuwana et al., 2002;
Letai et al., 2002; Cartron et al., 2004; Chen et al., 2005;
Kuwana ef al., 2005; Willis et al., 2005, 2007; Zhong et al.,
2005; Ming et al., 2006). MOMP can trigger a cascade of
downstream events to initiate apoptosis, including the re-
lease of proapoptotic factors such as second mitochon-
dria-derived activator of caspases, apoptosis-inducing
factor, cytochrome ¢, and the activation of caspase cascade
(Wang, 2001; Danial and Korsmeyer, 2004; Dejean et al., 2005).

Our previous studies demonstrate that Bax translocation
induced by UV irradiation is a p53 transcription-dependent
event (Wu et al., 2007). That means PUMA, as the direct
target gene of p53, may play a critical role in Bax transloca-
tion and apoptosis induced by UV irradiation. However, the
molecular mechanism through which PUMA regulates ap-
optosis is unclear. To further elucidate it, in this study, based
on real-time single-cell analysis, we investigated the tripar-
tite nexus among PUMA, Bax, and Bcl-X; in living cells. We
found PUMA promotes Bax translocation both by directly
interacting with Bax and by competitive binding to Bcl-X; in
UV-induced apoptosis.

MATERIALS AND METHODS

Materials

DMEM was purchased from Invitrogen (Carlsbad, CA). Pifithrin-a (a p53
inhibitor) was purchased from BioVision (Mountain View, CA). Lipo-
fectamine reagent was purchased from Invitrogen. A DNA extraction kit was
purchased from QIAGEN (Valencia, CA). Green fluorescent protein express-
ing plasmid (pGFP)-PUMA and pGFP-PUMA-ABH3 were kindly supplied by
Dr. Jian Yu (Yu et al., 2001). pGFP-Bax was kindly supplied by Richard J.
Youle (Nechushtan et al., 1999); pYFP-Bax, pYFP-Bcl-X;, and pCFP-Bcl-X;,
were kindly supplied by Dr. A. P. Gilmore (Valentijn et al., 2003); and
pDsRed-Mit was kindly supplied by Dr. Y. Gotoh (Tsuruta et al., 2002). Other
chemicals were mainly from Sigma-Aldrich (St. Louis, MO).

Cell Culture and Treatments

The human lung adenocarcinoma cell line (ASTC-a-1) was obtained from the
Department of Medicine (Jinan University, Guangzhou, Guangdong, People’s
Republic of China). Cells were cultured in DMEM supplemented with 15%
fetal calf serum, penicillin (100 U/ml), and streptomycin (100 mg/ml) in 5%
CO, at 37°C in a humidified incubator. Transfections were performed with
Lipofectamine 2000 reagent (Invitrogen), according to the manufacturer’s
protocol. The medium was replaced with fresh culture medium after 5 h. Cells
were examined at 24-48 h after transfection. For UV treatment, medium was
removed and saved. The cells were rinsed with phosphate-buffered saline
(PBS) and irradiated, and the medium was restored. Unless otherwise spec-
ified, cells were exposed to UV irradiation at a fluence of 120 mJ/cm? and
observed at the times indicated.

Time-Lapse Confocal Fluorescence Microscopy

GFP, cyan fluorescent protein (CFP), yellow fluorescent protein (YFP), and
red fluorescent protein (DsRed) fluorescence were monitored confocally using
a commercial laser scanning microscope (LSM 510/ConfoCor 2) combination
system (Carl Zeiss, Jena, Germany) equipped with a Plan-Neofluar 40X /1.3
numerical aperture (NA) oil differential interference contrast (DIC) objective.
Excitation wavelength and detection filter settings for each of the fluorescent
indicators were as follows: GFP fluorescence was excited at 488 nm with an
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argon ion laser, and emission was recorded through a 500- to 520-nm band
pass filter. CFP fluorescence was excited at 458 nm with an argon ion laser,
and emission was recorded through a 470- to 500-nm band pass filter. YFP
fluorescence was excited at 514 nm with an argon ion laser, and emission was
recorded through a 535- to 545-nm band pass filter. DsRed fluorescence was
excited at 543 nm with a helium-neon laser, and emitted light was recorded
through a 560-nm long pass filter. MitoTracker fluorescence was excited at 633
nm with a helium-neon laser, and emitted light was recorded through a
650-nm long pass filter.

For time-lapse imaging, culture dishes were mounted onto the microscope
stage that was equipped with a temperature-controlled chamber (Carl Zeiss).
During control experiments, bleaching of the probe was negligible.

GFP-Bax Translocation Assay

To monitor GFP-Bax translocation in living cells, ASTC-a-1 cells were cotrans-
fected with pGFP-Bax and pDsRed-Mit. Using an LSM 510 confocal micro-
scope (Carl Zeiss), we imaged both the distribution pattern of GFP-Bax and
that of DsRed-Mit simultaneously during UV-induced apoptosis. Bax redis-
tribution was assessed by the matching fluorescence of GFP-Bax and DsRed-
Mit emission. The cells exhibiting strong punctate staining of GFP, which
overlapped with the distribution of DsRed, were counted as the cells with
mitochondrially localized Bax.

Fluorescence Resonance Energy Transfer (FRET) Analysis

FRET was performed on a commercial laser scanning microscopes (LSM510/
ConfoCor2) combination system (Carl Zeiss). For excitation, the 458-nm line
of an argon-ion laser was attenuated with an acousto-optical tunable filter,
reflected by a dichroic mirror (main beam splitter HFT458), and focused
through a Plan-Neofluar 40X /1.3 NA oil DIC objective (Carl Zeiss) onto the
sample. CFP and YFP (FRET acceptor) emission were collected through 470-
to 500- and 535- to 545-nm band pass filters, respectively. GFP and YFP (a
FRET acceptor) emissions were collected through 500- to 520- and 535- to
545-nm band pass filters, respectively. The quantitative analysis of the fluo-
rescence images was performed using Zeiss Rel3.2 image processing software
(Carl Zeiss). After background subtraction, the average fluorescence intensity
per pixel was calculated. During control experiments, bleaching of the probe
was negligible.

For monitoring the redistribution of YFP-Bax, YFP fluorescence was excited
at 514 nm with an argon-ion laser, and the emission was collected through a
535- to 545-nm band bass filter simultaneously.

Cell Viability and Apoptosis Assays

ASTC-a-1 cells were cultured in 96-well microplate at a density of 5 X 103
cells/well for 24 h. The cells were then divided into five groups and exposed
to UV irradiation at fluence of 0 (control), 80, 100, 120, and 150 mJ/cm?. Cell
viability was assessed with Cell Counting Kit-8 (CCK-8; Dojindo Laborato-
ries, Kumamoto, Japan) at 0, 3, 6, 9, and 12 h posttreatment, according to the
manufacturer’s instructions. ODy,s, the absorbance value at 450 nm, was read
with a 96-well plate reader (DG5032; Hua dong, Nanjing, China) to determine
the viability of the cells.

For analysis of apoptosis by nuclear staining, ASTC-a-1 cells were cultured
on the coverslip of a chamber, rinsed with PBS, and then 500 ml of DMEM
containing 5 ug of Hoechst 33342 was added and the mixture was incubated
at 37°C with 5% CO, for 15 min. Apoptosis was assessed through microscopic
visualization of condensed chromatin and micronucleation.

Antibodies and Western Blotting

The antibodies used for Western blotting include antibodies against PUMA
(Epitomics, Burlingame, CA), Bax, Bcl-X;, (Cell Signaling Technology, Dan-
vers, MA), and GFP (GenScript, Piscataway, NJ). At the indicated times after
UV irradiation, cells were harvested and washed twice with ice-cold PBS, pH
7.4, and lysed with ice-cold lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM
NaCl, 1X Triton X-100, and 100 ug/ml phenylmethylsulfonyl fluoride) for 30
min on ice. The lysates were centrifuged at 12,000 rpm for 5 min at 4°C, and
the protein concentration was determined. Equivalent samples (30 ug of
protein extract was loaded on each lane) were subjected to SDS-PAGE on 12%
gel. The proteins were then transferred onto nitrocellulose membranes and
probed with the indicated antibody, followed by IRDye 800 secondary anti-
body (Rockland Immunochemicals, Gilbertsville, PA). Detection was per-
formed using the Odyssey infrared imaging system (LI-COR, Lincoln, NE).

Immunofluorescence

For Bax activation, MitoTracker Red (0.5 M; Invitrogen) was added into the
medium, and cells were incubated at 37°C for 30 min. Slides were fixed in 4%
paraformaldehyde for 15 min at room temperature and then washed five
times with PBS. Samples were incubated in blocking buffer (10% bovine
serum albumin in PBS) for 1 h at room temperature, followed by incubation
with anti-Bax antibody 6A7 (5 ug/ml in blocking buffer; Abcam, Cambridge,
United Kingdom) at 4°C overnight. Cells were washed five times for 5 min
each, after which Alexa Fluor 488-conjugated rabbit anti-mouse secondary
antibody (diluted 1:400 in blocking buffer; Invitrogen) was added for 1 h at
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room temperature. After five additional washes with PBS, slides were mounted
and analyzed by confocal microscopy. For PUMA localization, cells were
treated in a similar manner, except that samples were incubated with anti-
PUMA antibody (diluted 1:200 in blocking buffer) overnight at 4°C, at which
point samples were washed and incubated with a mixture of Alexa Fluor
555-conjugated goat anti-rabbit secondary antibody (diluted 1:400 in blocking
buffer) for 1 h before mounting and visualization.

Coimmunoprecipitation

At the indicated time after UV irradiation, cells were harvested and washed
twice with ice-cold PBS, pH 7.4, and lysed with ice-cold lysis buffer [10 mmol
of HEPES, pH 7.4, 150 mM NaCl, 1% 3-[(3-cholamidopropyl)dimethylammo-
nioJ-1-propanesulfonate, and 1% protease inhibitors] for 30 min on ice. For
immunoprecipitation (IP), ~4 ul of IP antibodies was added to 400 ul of cell
lysates. The mixtures were mixed on a rocker at ambient temperature for 2 h.
The immunocomplexes were captured by the addition of protein G/A-aga-
rose (Roche Applied Sciences, Indianapolis, IN) mixed at 1:10 ratio, followed
by incubation at ambient temperature for 1 h. The beads were washed three
times by PBS and then collected by centrifugation at 12,000 rpm for 5 s. After
the final wash, the beads were mixed with 60 ul of 2X Laemmli sample buffer,
heated at 100°C for 5 min, and analyzed by Western blotting.

RESULTS

Cell Apoptosis Induced by UV Irradiation Is Dose and
Time Dependent

To establish a proper UV irradiation dose to induce apopto-
sis, ASTC-a-1 cells were treated with various fluences of UV
irradiation. Cell viability was analyzed using CCK-8 at 0, 3,
6, 9, and 12 h after UV irradiation. Treated cells showed a
decrease in viability with increasing radiation dose, and a
correlation was observed with posttreatment period, which
indicates that the effect of UV irradiation on cell apoptosis
was dose and time dependent (Figure 1A).

To evaluate the status of cell apoptosis directly, morpho-
logical examination was performed with Hoechst 33342
staining. As shown in Figure 1B, chromatin condensation
was observed 12 h after the cells exposure to 120 J/cm? UV
irradiation, indicating the occurrence of apoptosis. These
results (Figure 1, A and B) indicate that 80-150 mJ/cm? UV
irradiation could cause obvious cell apoptosis. Then, we
chose the 120 mJ/cm? UV irradiation for the further exper-
iments.

Real-Time Detection of Bax Translocation Induced by UV
Irradiation

To determine the distribution of PUMA, Bax, and Bcl-X; in
cells, ASTC-a-1 cells were transiently transfected with GFP-
Bax, YFP-Bcl-X;, and GFP-PUMA, respectively. The DsRed-
Mit (a marker for mitochondria) also was transfected into
ASTC-a-1 cells to label the mitochondria. The results show
that GFP-Bax had a diffuse distribution in the whole cell,
whereas GFP-PUMA partly coincided with DsRed-Mit and
YFP-Bcl-X; coincided with DsRed-Mit near completely (Fig-
ure 2A).

To detect the GFP-Bax redistribution during UV-induced
apoptosis in real time, ASTC-a-1 cells were transiently co-
transfected with GFP-Bax and DsRed-Mit and then treated
with 120-mJ/cm? UV irradiation. As the result shown in
Figure 2C, upon UV stimulation, almost all the GFP-Bax
translocated from cytosol to mitochondria, indicating the
activation of Bax, at ~7 h after UV irradiation. By the con-
trast, GFP-Bax had a diffuse distribution in the whole cell for
>12 h in the control group (Figure 2B).

Generally, the activation of Bax is inferred by its translo-
cation from cytosol to mitochondria. To directly detect Bax
activation, ASTC-a-1 cells were treated with 120-mJ/cm? UV
irradiation, and then cells were fixed and subjected to im-
munofluorescence staining for active Bax by using a confor-
mation-specific anti-Bax monoclonal antibody (6A7) that se-
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Figure 1. UV irradiation induces apoptosis in ASTC-a-1 cells. (A)
Cells viability was analyzed using Cell Counting Kit-8 at 0, 3, 6, 9,
and 12 h after various fluences of UV irradiation. Data represent the
mean * SD of four independent experiments. (B) Hoechst 33342
morphological examination of UV irradiation-inducing apoptosis.
ASTC-a-1 cells were treated with 120-mJ/cm? UV irradiation and
incubated for 12 h and then stained with Hochest 33342 (right). The
fluorescence images were collected via a C-Apochromat objective
(40%, 1.3 NA; Carl Zeiss).

Control

lectively recognizes only the activated /proapoptotic form of
Bax, and mitochondria were stained with MitoTracker Red.
As shown in Figure 2D, active Bax was not identified in
untreated cells (control) but was readily detectable in cells
after 7 h of UV irradiation. The yellow color in the overlay
indicates the presence of conformationally changed acti-
vated Bax colocalized with mitochondria. These results can
clearly demonstrate that Bax activation is accompanied by
its translocation to mitochondria, suggesting the transloca-
tion of Bax means the activation of it.

PUMA Interacts and Promotes Bax Translocation
Directly during UV-induced Apoptosis

It has been reported that Bax is required for PUMA-medi-
ated apoptosis (Yu et al., 2003). However, how PUMA func-
tions to activate Bax after UV irradiation is unclear. To
determine whether PUMA can activate Bax directly, the
dynamic interaction between PUMA and Bax was per-
formed in living single cells by using FRET. ASTC-a-1 cells
were transiently cotransfected with GFP-PUMA and YFP-
Bax and then treated with 120-mJ/cm? UV irradiation. The
typical time course images of GFP-PUMA, FRET, and the
ratio of FRET/GFP in cells after UV irradiation are shown in
Figure 3A. The fluorescence images show that the emission
in the GFP channel decreased, whereas the emission in the
FRET channel and the ratio of the FRET/GFP channel in-
creased, indicating that the interaction between PUMA and
Bax increased. This result also was confirmed by the quan-
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titative analysis of GFP, FRET fluorescence emission inten-
sities, and the ratio of FRET/GFP in the whole cell (Figure
3B). More interestingly, YFP-Bax translocated and colocal-
ized with GFP-PUMA (Figure 3C). The results of immuno-
fluorescence show that the endogenous activated Bax colo-
calized with the endogenous PUMA (Figure 3D), indicating
that Bax translocated to mitochondria after UV irradiation,
because PUMA is largely localized in the mitochondria.
Together, these results suggest that PUMA interacted with
Bax directly, resulting in Bax conformational modification
and subsequent translocation to mitochondria after UV stim-
ulation.

To further confirm the above-mentioned results, West-
ern blotting and coimmunoprecipitation were used to
investigate the interaction between PUMA and Bax. West-
ern blotting displays that the expression of both PUMA
and Bax increased gradually after UV irradiation (Figure
3E), indicating that UV irradiation could up-regulate the
expression of PUMA, probably due to the transcription
activation mediated by p53. The results of coimmunopre-
cipitation show that the amount of Bax binding to PUMA
increased markedly after UV irradiation (Figure 3F). In
addition, when we transfected GFP-PUMA into ASTC-a-1
cells, we found that both endogenous PUMA and GFP-
PUMA have evident interaction with Bax, suggesting that
GFP-PUMA has a equivalent function with endogenous
PUMA and that they activate Bax together (Figure 3G).
However, GFP and GFP-PUMA-ABH3 (BH3 domain-de-
leted PUMA) have no interaction with Bax at all (Figure

H), which indicates that the BH3 domain of PUMA is
indispensable for activating Bax. These results were con-
sisted with the former FRET analysis and further revealed
that PUMA can activate Bax directly during UV-induced
apoptosis.
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were transiently cotransfected with GFP-Bax,
YFP-Bcl-X;, or GFP-PUMA and DsRed-Mit (a
marker for mitochondria). (A) Distribution of
GFP-Bax, YFP-Bcl-X;, and GFP-PUMA in
ASTC-a-1 cells. (B) GFP-Bax typically dis-
played a diffuse, cytoplasmic localization in
the untreated cell. (C) GFP-Bax translocated to
mitochondria noticeably after UV irradiation.
The image in the mark frame was the zoom-in
image of the frame indicated region. (D) Mi-
tochondrial localization of conformationally
activated Bax in cells treated by UV irradia-
tion. Similar results were obtained from three
independent experiments. Bar, 5 um.

PUMA Promotes Bax Translocation Indirectly by
Competitive Binding to Bcl-X; after UV Irradiation

Previous studies have shown that antiapoptotic members of
the Bcl-2 family, Bel-2 and Bcl-X;, can block Bax- and Bak-
induced apoptosis (Cheng et al., 2001) and that Bcl-X, inter-
acts with Bax and BH3-only proteins through the same
amino acid residues (Wang et al., 1998; Cheng et al., 2001). A
recent study reported that PUMA can dissociate Bax and
Bcl-X; to induce apoptosis in colon cancer cells under the
treatment of adriamycin (Ming et al., 2006), which coincided
with our assumption, because we speculated that PUMA
could also activate Bax translocation indirectly by modulat-
ing the interaction between Bax and Bcl-X; to mediate UV-
induced apoptosis. To test this hypothesis, we studied the
dynamic interaction among PUMA, Bax, and Bcl-X; in living
single cells by using FRET. First, the interaction between
PUMA and Bcl-X; was investigated. ASTC-a-1 cells tran-
siently cotransfected with GFP-PUMA and YFP-Bcl-X; were
treated with 120-m]J/cm? UV irradiation, and then the real-
time GFP, FRET, and FRET/GFP fluorescence images were
collected with LSM. The results show that the emission in
the GFP channel decreased, whereas the emission in the
FRET channel and the ratio of the FRET/GFP channel in-
creased, (Figure 4A), which also was confirmed by the quan-
titative analysis of GFP, FRET fluorescence emission inten-
sities, and the ratio of FRET/GEFP (Figure 4B). These results
indicate that the interaction of PUMA and Bcl-X; increased
during UV-induced apoptosis.

Second, we investigated the dynamic interaction between
Bcl-X; and Bax. ASTC-a-1 cells were transiently cotrans-
fected with CFP-Bcl-X; and YFP-Bax. After UV irradiation,
the emission in the CFP channel increased, whereas the
emission in the FRET channel and the ratio of FRET/CFP
channel decreased (Figure 4C), which was confirmed by
quantitative analysis of CFP, FRET fluorescence emission
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Figure 3. PUMA interacts with Bax directly and activates its translocation after UV irradiation. (A—C) Real-time monitoring PUMA interacts
with Bax and promotes Bax translocation during UV irradiation-induced apoptosis. ASTC-a-1 cells were transiently cotransfected with
YFP-Bax and GFP-PUMA and then treated with UV irradiation. (A) Representative fluorescence image series of GFP, FRET, and FRET /GFP
ratio of the cells. The images of FRET/GFP ratio were processed with pseudocolor technique. (B) Quantitative analysis of GFP, FRET
intensities, and FRET/GFP ratio corresponding to the images in A. The GFP and FRET intensities at the first time point are normalized to
100, and the FRET /GFP ratio is normalized to 1. (C) YFP-Bax translocates and colocalizes with GFP-PUMA after UV irradiation. Fluorescence
images show the distribution of GFP-PUMA and YFP-Bax. The two panels of GFP-PUMA and YFP-Bax are shown separately and merged
to show the overlay. The fluorescence images of YFP emission are shown in red. The image in the mark frame was the zoom-in image of the
frame indicated region. (D) Immunofluorescence analysis for the colocalization of endogenous PUMA and activated Bax. ASTC-a-1 cells were
fixed in 4% paraformaldehyde, after washing with PBS, and cells were incubated with rabbit anti-human PUMA and mouse anti-human Bax
(6A7) antibodies. Alexa Fluor 555-conjugated goat anti-rabbit and Alexa Fluor 488-conjugated rabbit anti-mouse secondary antibodies were
used to visualize PUMA (red) and activated Bax (green) localization patterns. Bar, 5 um. (E) Expression of PUMA increased after UV
treatment. Western blotting was performed to detect the expression of PUMA and Bax at 0, 4, and 7 h after UV irradiation. (F and G) The
interaction between PUMA and Bax increased after UV irradiation. Transfecting GFP-PUMA into ASTC-a-1 cells or not, coimmunoprecipi-
tation with an anti-PUMA antibody or anti-Bax antibody was used to pull down PUMA or Bax. (F) Western blotting for Bax shows the
amount of Bax binding to PUMA. (G) Western blotting for PUMA or GFP-PUMA shows the amount of PUMA and GFP-PUMA binding to
Bax. (H) After transfecting GFP, GFP-PUMA, or GFP-PUMA-ABH3 into ASTC-a-1 cells, coimmunoprecipitation with an anti-GFP antibody
was used to pull down GFP, GFP-PUMA, or GFP-PUMA-ABHS3, respectively, Western blotting was performed to detect Bax in the IP
complexes. Similar results were obtained from three independent experiments.

intensities, and the ratio of FRET/CFP in the whole cell
(Figure 4D), indicating the interaction between Bcl-X; and
Bax decreased after UV treatment. These results (Figure 4,
A-D) demonstrate that PUMA releases Bax and promotes its
translocation by competitive binding to Bcl-X; during UV-
induced apoptosis.
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In parallel, coimmunoprecipitation was performed to ana-
lyze the effect of PUMA (both exogenous and endogenous) on
the interaction between Bcl-X; and Bax. The results display
that the amount of PUMA binding to Bcl-X; increased mark-
edly, whereas the amount of Bax binding to Bcl-X; reduced
evidently after UV irradiation. In addition, except for the en-
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Figure 4. PUMA activates Bax indirectly by competitive binding to Bcl-X after UV irradiation. (A and B) Single-cell imaging analysis
of PUMA interacts with Bcl-X; during UV irradiation-induced apoptosis. ASTC-a-1 cells were transiently cotransfected with YFP-Bcl-X;
and GFP-PUMA and then treated with UV irradiation. (A) Representative fluorescence image series of GFP, FRET, and FRET/GFP ratio
of the cells. (B) Quantitative analysis of GFP, FRET intensities, and FRET/GFP ratio corresponding to the images in A. The GFP and
FRET intensities at the first time point are normalized to 100, and the FRET/GFP ratio is normalized to 1. (C and D) Real-time
monitoring Bcl-X; interacted with Bax during UV irradiation-induced apoptosis. ASTC-a-1 cells were transiently cotransfected with
CFP-Bcl-X| and YFP-Bax, followed by UV irradiation. (C) Representative fluorescence image series of GFP, FRET, and FRET/GFP ratio
of the cells. The images of FRET/CFP ratio were processed with pseudocolor technique. (D) Quantitative analysis of GFP, FRET
intensities, and FRET/GFP ratio corresponding to the images in A. The CFP and FRET intensities at the first time point are normalized
to 100, and the FRET/CFP ratio is normalized to 1. Bar, 5 um. (E) Interaction between PUMA and Bcl-X; increased, whereas the
interaction between Bcl-X; and Bax decreased. After transfecting GFP-PUMA into ASTC-a-1 cells, coimmunoprecipitation with an
anti-Bcl-X antibody was used to pull down Bcl-X;, and Western blotting was performed to detect PUMA, GFP-PUMA, and Bax. (F)
After transfecting GFP, GFP-PUMA, or GFP-PUMA-ABH3 into ASTC-a-1 cells, coimmunoprecipitation with an anti-GFP antibody was
used to pull down GFP, GFP-PUMA, or GFP-PUMA-ABHS3, respectively, Western blotting was performed to detect Bcl-X; in the IP
complexes. Similar results were obtained from three independent experiments.

GFP-PUMA has interaction with Bcl-X; , whereas GFP or GFP-
PUMA-ABHS3 does not (Figure 4F), indicating the BH3 domain
is essential for PUMA binding to Bcl-X;. These results were

dogenous PUMA, the GFP-PUMA also could interact with
Bcl-X (Figure 4E). When transfecting GFP, GFP-PUMA, or
GFP-PUMA-ABH3 into ASTC-a-1 cells, we found that only
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of four independent experiments.

consistent with our FRET analysis and further confirmed that
PUMA can neutralize Bcl-X; to promote Bax translocation
indirectly.

PUMA-mediated Bax Translocation and Cell Apoptosis
Induced by UV Irradiation Are Inhibited by Pifithrin-a
and Cycloheximide (CHX)

The expression of endogenous PUMA was up-regulated by
UV irradiation, and increased PUMA competitive binding to
Bcl-X;, resulting in the decrease of the interaction between
Bcl-X; and Bax (Figures 3E and 4). To further confirm this
conclusion, pifithrin-a (a p53 inhibitor) and CHX (an inhib-
itor of protein biosynthesis) were used in our experimental
model, and we investigated whether the interaction between
Bcl-X; and Bax changed after UV treatment. First, Western
blotting was performed to detect the expression of PUMA in
the presence of pifithrin-a or CHX. As a result, the ex-
pression of PUMA increased markedly when cells were
treated with UV irradiation only, whereas in the presence
of pifithrin-a or CHX, the expression of PUMA did not have
an obvious increase up to 12 h after UV irradiation (Figure 5A).

Vol. 20, July 1, 2009

Then, we used FRET to investigate the dynamic interac-
tion between Bcl-X; and Bax in the presence of pifithrin-a or
CHX. ASTC-a-1 cells were transiently cotransfected with
CFP-Bcl-X; and YFP-Bax, added with pifithrin-a« or CHX 1 h
before UV irradiation. The typical time course images of
CFP-Bcl-X;, FRET, and the ratio of FRET/CFP channel in
ASTC-a-1 cells are shown in Figure 5, B and C. The fluores-
cence images show that the emission in CFP, FRET, and the
ratio of FRET /CFP channel did not change significantly. The
quantification of FRET/CFP fluorescence emission intensi-
ties after UV treatment show that the ratio decreased mark-
edly when cells were treated with UV irradiation only,
whereas in the presence of pifithrin-a or CHX, the ratio
remained nearly unchanged in the whole course (Figure 5D).
Together, these data suggest that pifithrin-a and CHX could
inhibit the expression of endogenous PUMA, so the amount
of PUMA was insufficient to neutralize Bcl-X; , which inhib-
ited the decrease of the interaction between Bcl-X; and Bax
after UV irradiation.

Because PUMA could promote Bax translocation directly
and indirectly to mediate apoptosis, we expected to know
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how important PUMA is in this process. To further investi-
gate whether PUMA is indispensable in UV-induced Bax
translocation and cell apoptosis, we next analyzed Bax trans-
location in the presence of pifithrin-a or CHX. ASTC-a-1
cells were transiently transfected with YFP-Bax or cotrans-
fected with CFP-Bcl-X; and YFP-Bax, and DsRed-Mit was
also transfected to label the mitochondria. Then, cells were
treated with UV irradiation in the absence or presence of
pifithrin-a or CHX and incubated for 0, 3, 6, 9, and 12 h. The
percentage of cells showing Bax translocation to mitochon-
dria was assessed by counting the number of cells. As shown
in Figure 5E, pifithrin-o and CHX could significantly inhibit
UV-induced Bax translocation at all the time points we
tested, whereas overexpression of Bcl-X; could not inhibit
this process but only delay it.

Finally, we observed the effects of pifithrin-a and CHX on
UV-induced apoptosis. Pifithrin-o or CHX was added into
cultured cells 1 h before UV irradiation, and then cell via-
bility was analyzed by using Cell Counting Kit-8 at 0 (con-
trol), 3, 6, 9, and 12 h. As shown in Figure 5F, cell viability
increased obviously in the presence of pifithrin-a or CHX
after UV irradiation compared with that of UV treatment
only, indicating that pifithrin-a or CHX could inhibit UV-
induced cell apoptosis.

DISCUSSION

Bcl-2 family members are evolutionarily conserved and es-
sential mediators in the apoptosis of the mitochondrial path-
way. The BH3-only protein PUMA was initially identified as
a downstream target of p53 and subsequently shown to play
a critical role in apoptosis (Oda et al., 2000; Yu and Zhang,
2003). PUMA is induced at the transcriptional level in re-
sponse to DNA damage and other stimuli. Previous studies
have shown that PUMA plays an essential role in apoptosis
induced by a variety of stimuli in many kinds of tissues and
cell types (Yu and Zhang, 2003). Bax is also an executor of
the mitochondrial pathway of apoptosis whose activation
can be prevented by antiapoptotic Bcl-2 family proteins such
as Bcl-X; . Bax translocation from cytosol to mitochondria is
a critical step in many drug-mediated apoptoses (Valentijn et
al., 2003). It is reported that Bax is necessary for UV-induced
apoptosis (Locksley et al., 2001), and our previous studies
have demonstrated that Bax translocation from cytosol to
mitochondria after UV irradiation is a p53 transcription-
dependent event (Wu et al., 2007).

Although the role of PUMA in apoptosis has been well
established, unfortunately, the mechanisms through which
PUMA regulates apoptosis, especially how PUMA activates
Bax in response to UV irradiation, are still controversial. The
previous studies have engendered two models of BH3-only
protein action. One model (the direct binding model) pro-
poses that the BH3-only proteins can directly bind and ac-
tivate Bax/Bak (Kuwana et al., 2002; Cartron et al., 2004;
Kuwana et al., 2005; Certo et al., 2006). The second model (the
displacement model) proposes that Bax/Bak can autoacti-
vate once the inhibition by Bcl-2-like proteins has been
removed by BH3-only proteins but that no direct interaction
between BH3-only proteins and Bax/Bak is required (Chen
et al., 2005; Willis et al., 2005, 2007). However, the two views
about how BH3-only proteins activate Bax/Bak are under
hot debate, and very little research elaborates the interaction
between BH3-only proteins and Bax or Bel-X; in intact living
cells. Here, based on the real-time single-cell analysis, we
investigated the dynamic interaction among PUMA, Bax,
and Bcl-X; in living single cells, and these results contrib-
uted to the general idea that the BH3-only protein PUMA

3084

promoted Bax translocation via both direct and indirect
pathways during UV-induced apoptosis.

The first question is how PUMA functions to activate Bax
translocation directly? To answer this question, the FRET
technique and coimmunoprecipitation were used to investi-
gate the interaction between PUMA and Bax. The typical
time course images show that the interaction between
PUMA and Bax increased markedly (Figure 3, A and B),
with Bax translocating and colocalizing with PUMA after
UV irradiation (Figure 3, C and D). In parallel, the same
results were obtained from the experiment of coimmunopre-
cipitation (Figure 3, F-H). Because PUMA is largely local-
ized in the mitochondria (Nakano and Vousden, 2001; Yu ef
al., 2001, 2003) and interacts with Bax directly (Figure 3, A
and B, and F-H), it may activate Bax translocation directly
through the induction of Bax conformational modification
(Figure 3D). It has been reported that the BH3-only protein
Bid and its BH3 peptides interact with Bax directly in a
“hit-and-run” transient manner, resulting in conformational
change, oligomerization, and activation of Bax to permeabil-
ize the membranes (Kuwana et al., 2002, 2005). In addition,
the BH3 domains of PUMA and Bid or their BH3 peptides
specifically interact with the first helix of Bax (Cartron ef al.,
2004). So, PUMA may have the similar features and play its
function to active Bax translocation directly in the same way
as does Bid. However, which domain of Bax is modified and
has a conformational change should be further studied.

Another question is how PUMA dissociates Bcl-X; and
Bax to promote Bax translocation. To answer this question,
we used FRET to investigate the dynamic interaction among
PUMA, Bax, and Bcl-X; in living cells. The results show that
the interaction between PUMA and Bcl-X; increased notice-
ably, whereas the interaction between Bcl-X; and Bax de-
creased markedly after UV treatment (Figure 4, A-D). This
means PUMA can release Bax by competitive binding to
Bcl-X; and modulate the interaction between Bcl-X; and
Bax. In parallel, coimmunoprecipitation experiments show
the similar results (Figure 4, E and F) and further confirmed
our conclusion. It has been reported that PUMA displaces
p53 from Bcl-X; to activate its mitochondrial apoptotic ac-
tivity through antagonizing Bcl-X; (Chipuk et al., 2005). In
our study, we found that PUMA also could displace Bax
from Bcl-X; in the same way. It is exciting to find that
overexpression Bcl-X; was unable to block Bax translocation
to mitochondria completely (Figure 5E). The reason may be
that endogenous PUMA expression is up-regulated by UV
irradiation (Figures 3E and 5A), and subsequently, the in-
creasing PUMA neutralizes Bcl-X; to release Bax and pro-
mote its translocation.

The above-mentioned results demonstrate that PUMA
promotes Bax translocation via both direct and indirect
pathways. However, which pathway is the main mecha-
nism, the direct or the indirect pathway? This question is
worth thinking about seriously and should be further stud-
ied. We speculated that the direct and indirect pathways
work simultaneously. After UV irradiation, PUMA ex-
pressed much more than the normal level, localizing in the
mitochondria to interact with the nearby Bax monomer and
activate its translocation to mitochondria, which we named
the direct activation pathway. Meanwhile, PUMA also in-
teracted with the complex of Bcl-X; and Bax, dissociating
them to free Bax by competitive binding to Bcl-X;, which we
called the indirect activation pathway. The two processes
might work in dynamic balance to mediate UV-induced
apoptosis.

Finally, we wanted to know whether PUMA is indispens-
able in Bax translocation and UV-induced apoptosis. To
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Figure 6. Schematic representation of UV irradiation-induced apoptotic pathway.

clarify this, pifithrin-a and CHX were used in our experi-
ment model because they could inhibit the expression of
endogenous PUMA (Figure 5A), and then we investigated
whether Bax translocation and cell apoptosis changed. As a
result, the interaction between Bcl-X; and Bax decreased
when cells were treated with UV irradiation only, whereas
this interaction remained nearly unchanged in the whole
course in the presence of pifithrin-a and CHX, indicating
pifithrin-a and CHX did inhibit the decrease of interaction
between Bcl-X; and Bax (Figure 5, B-D). In addition, that
pifithrin-a had the same effect as CHX on inhibiting PUMA
expression (Figure 5A) indicates the expression of PUMA
could be inhibited by blocking the activation of p53; thus,
this process was a p53-dependent event. Furthermore, Bax
translocation was almost completely inhibited by pifithrin-«
and CHX, and cell apoptosis was inhibited, too (Figure 5, E
and F). In conclusion, pifithrin-a or CHX inhibited the ex-
pression of endogenous PUMA, resulting in insufficient
amount of PUMA to activate Bax translocation, which strongly
indicates that PUMA is indispensable in UV-induced Bax
translocation and apoptosis.

More interestingly, pifithrin- and CHX had the same
effect on inhibiting PUMA expression, but CHX had a more
evident effect than pifithrin-a on blocking Bax translocation
(Figure 5, D and E). The reason may be that pifithrin-a
specially inhibited the expression of PUMA through inhib-
iting the activation of p53, which was the direct transcrip-
tional factor of PUMA, whereas CHX could inhibit all of the
endogenous proteins’ expressions, including PUMA and
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other BH3-only proteins such as Bid and Bim. Previous
studies have shown that the expression of Bim is up-regu-
lated by c-Jun NH,-terminal kinase (JNK) and that UV irra-
diation has some effects on JNK activation (Lei and Davis,
2003; Putcha et al., 2003). So, it was possible that Bim plays
a minor role in Bax translocation during the later stage of
UV-induced apoptosis.

For the first time, we demonstrate that PUMA promotes
Bax translocation by both directly interacting with Bax and
by competitive binding to Bcl-X;, and that PUMA is indis-
pensable in UV-induced Bax translocation and apoptosis.
Our results also indicate that PUMA mediates the UV-in-
duced apoptosis through a p53-dependent pathway (Figures
5A and 6). However, a recent study reported that FOXO3a,
a member of the FOXO family of transcription factors, can
up-regulate PUMA expression in response to cytokine or
growth factor deprivation in a p53-independent manner
(You et al., 2006). Further studies are in progress to illustrate
the mechanisms of PUMA up-regulation and how PUMA
functions in response to p53-independent apoptotic stimuli.
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