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Background: P14ARF is capable of triggering p53/Bax-independent mitochondrial apoptosis.
Results: Expression of p14ARF in p53/Bax-deficient cells causes the deprivation of anti-apoptotic Mcl-1 and Bcl-xL.
Conclusion: P53/Bax-independent apoptosis induced by forced expression of p14ARF is facilitated by de-repression of Bak.
Significance:Derepression of Bak following deprivation ofMcl-1 and/or Bcl-xL by p14ARFmay be sufficient to induce apoptosis
in the absence of BH3-only protein activation.

The p14ARF tumor suppressor plays a central role in regulating
cell cycle arrest andapoptosis.We reportedpreviously that p14ARF

is capable of triggering apoptosis in a p53-independent manner.
However, themechanism remainedunclear.Herewedemonstrate
that the p53-independent activation of themitochondrial apopto-
sis pathway by p14ARF is primarily mediated by the pro-apoptotic
Bax-homolog Bak. Expression of p14ARF exclusively triggers a
N-terminal conformational switch of Bak, but not Bax, which
allows formitochondrial permeability shift, release of cytochrome
c, activationof caspases, andsubsequent fragmentationofgenomic
DNA. Although forced expression of Bak markedly sensitizes
toward p14ARF-induced apoptosis, re-expression of Bax has no
effect. Vice versa, knockdown of Bak by RNA interference attenu-
ates p14ARF-induced apoptosis, whereas down-regulation of Bax
has no effect. Bak activation coincides with a prominent, caspase-
independent deprivation of the endogenous Bak inhibitors Mcl-1
and Bcl-xL. In turn, mitochondrial apoptosis is fully blocked by
overexpression of either Mcl-1 or Bcl-xL. Taken together, these
data indicate that in the absence of functional p53 andBax, p14ARF

triggers mitochondrial apoptosis signaling by activating Bak,
which is facilitated by down-regulating anti-apoptotic Mcl-1 and
Bcl-xL. Moreover, our data suggest that the simultaneous inhibi-
tion of two central endogenous Bak inhibitors, i.e.Mcl-1 and Bcl-
xL, may be sufficient to activate mitochondrial apoptosis in the
absence of BH3-only protein regulation.

The p14ARF (p19ARF in the mouse) tumor suppressor was
originally identified as the second product of the INK4A gene
locus, which also encodes the cyclin-dependent kinase-inhibi-

tor p16 (1–4). ARF and p16 share common exons 2 and 3.
However, as transcription of ARF initiates at a separate first
exon, i.e. exon 1�, and proceeds in an alternative reading frame,
ARF and p16 are both structurally and functionally unrelated.
ARF plays a key role in mediating stress signals elicited by cel-
lular or viral oncogenes, DNA damage, or starvation (5–11).
Hardly detectable under normal conditions, ARF is rapidly up-
regulated by appropriate stimuli and counteracts Hdm-2
(Mdm-2), the natural antagonist of p53. Thereby, ARF indi-
rectly launches a p53-driven response, which, depending on the
cellular context, leads to cell cycle arrest, apoptosis, or senes-
cence (12, 13). More recently, ARF has been implicated in the
induction of autophagy as well (14, 15).
The Bcl-2 family of proteins plays a central role in regulating

the intrinsic apoptosis signaling machinery (16, 17). Function-
ally, Bcl-2 proteins can be divided into pro- and anti-apoptotic
family members. Depending on the presence or absence of spe-
cific Bcl-2 homology (BH)2 domains, the former group is sub-
divided into the multidomain proteins, including Bax and Bak,
and the BH3-only subfamily, which shares homologies only in
the BH3-domain (16, 18, 19). Bax andBak facilitate the permea-
bilization of the outer mitochondrial membrane, presumably
by forming pore-like structures, which allows for the release of
cytochrome c and the subsequent activation of the caspase cas-
cade. BH3-only proteins are essential initiators of apoptotic cell
death and primarily act as up-stream regulators of Bax and Bak.
Functionally, BH3-only proteins constitute a life/death-switch
that integrates the diverse pro- and anti-apoptotic signals.
Their apoptosis-promoting activity is held in check by anti-
apoptotic Bcl-2 proteins such as Bcl-2, Bcl-xL, or Mcl-1.
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We reported previously that in p53-proficient cells, apoptosis
induction by ARF is preferentially executed via a Bax-mediated
mitochondrial cell death pathway (20, 21). The pro-apoptotic
BH3-only protein Puma is a critical mediator of ARF-induced
apoptosis in this setting. Puma is rapidly up-regulated following
expression of p14ARF in p53-proficient human cancer cells.
Although loss of Puma blocks the activation of its downstream
effector Bax and, thereby, almost completely abrogates ARF-
inducedmitochondrial cell death, the functional reconstitution
of Puma in Puma-deficient cells fully resensitizes toward
p14ARF-induced apoptosis (22).Whether Puma or other “direct
activator” BH3-only proteins bring Bax into action directly
(“direct activator model”) or rather indirectly, i.e. by sequestra-
tion of anti-apoptotic Bcl-2 proteins that keep Bax in an inac-
tive state (“inhibitor/derepressor model”), remains controver-
sial (18, 23, 24). Nonetheless, these data delineate that ARF,
Hdm-2/p53, Puma, and Bax act in a sequential manner.
A number of reports, including some of our group, indicate

that p14ARF is capable of inducing mitochondrial apoptosis in
p53-deficient cancer cells as well (25–29). However, the signal-
ing pathways involved remained unclear. Therefore, we inves-
tigated the role of pro- and anti-apoptotic Bcl-2 family proteins
in regulating mitochondrial apoptosis signaling in response to
the forced expression of the p14ARF tumor suppressor.

EXPERIMENTAL PROCEDURES

Cell Culture—DU145 prostate carcinoma cells and SAOS-2
osteosarcoma cells were obtained from Deutsche Sammlung
für Mikroorganismen und Zellkulturen (Braunschweig, Ger-
many) or the ATCC. Cells were grown in DMEMmedium sup-
plemented with 10% FCS, 10,000 units/liter penicillin, and 0.1
g/liter streptomycin (all from Invitrogen). DU145 cells stably
expressing Bax were generated and cultured as described (20).
The generation of DU145 Bax-GFP andDU145 Bak-GFP trans-
fectants is described elsewhere (30).
Adenoviral Vectors and Infection—A recombinant, replica-

tion-deficient adenoviral vector expressing a human p14ARF
cDNA (Ad-p14ARF) was established as described (25). An
adenoviral vector expressing �-galactosidase (Ad-lacZ) was
used as a control. Cells were infected with adenoviral vectors in
DMEM/high glucose in the absence of FCS or antibiotics for 2 h
at 37 °C.
Measurement of Apoptotic Cell Death—Apoptotic DNA

fragmentation was determined on the single cell level by meas-
uring the DNA content of individual cells as described (25).
Data are given in percent hypoploidy, i.e. the percentage of cells
with a sub-G1 DNA content, which reflects the percentage of
apoptotic cells with fragmented genomic DNA.
Measurement of Mitochondrial Permeability Transition—

Mitochondrial permeability transition was determined by
using 5,5�,6,6�-tetrachloro-1,1�,3,3�-tetraethyl-benzimidazolyl-
carbocyanin iodide (JC-1;Molecular Probes, Leiden, TheNeth-
erlands) as described (31) and quantified by flow cytometric
detection of cells with decreased red fluorescence, indicating
mitochondriawith a loweredmembrane potential (��m).Data
are given in % cells with low ��m.
Quantitative Polymerase Chain Reaction—RNA extraction,

reverse transcription, and quantitative PCR were performed

according to standard procedures as described (32). Quantita-
tive PCR was performed using the ABI Prism 7000 sequence
detection system (Applied Biosystems, Weiterstadt, Germany)
using Abelson murine leukemia viral oncogene homolog as an
internal reference.
Antibodies—Mouse monoclonal antibodies against p14ARF

(NeoMarkers, Fremont, CA), p53 (BD Biosciences), cyto-
chrome c (BD Biosciences), or GFP (Santa Cruz Biotechnology,
Santa Cruz, CA) were used at a dilution of 1:1,000. Antibodies
against Bax (Trevigen, Gaithersburg, MD) or Bad (BD Biosci-
ences) were mouse monoclonal antibodies used at a dilution of
1:10,000 or 1:500. Rabbit polyclonal antibodies against actin
(Sigma-Aldrich, St. Louis, MO), Bcl-x (BD Biosciences), or Bak
(Dako Cytomation, Glostrup, Denmark) were used at a dilution
of 1:1000, 1:200, or 1:100. Anti-Bid is a rabbit polyclonal anti-
body from R&D Systems (Wiesbaden, Germany) used at a dilu-
tion of 1:100. Anti-Mcl-1, anti-Puma, and anti-Bimwere rabbit
polyclonal antibodies from Santa Cruz Biotechnology used at a
dilution of 1:200. Antibodies against Noxa or Nbk were goat
polyclonal antibodies from Santa Cruz Biotechnology and used
at a dilution of 1:200. Secondary goat-anti-mouse IgG and goat-
anti-rabbit IgG antisera coupled to HRP were from Southern
BiotechnologyAssociates (Birmingham, AL) and used at a dilu-
tion of 1:10,000 in PBS-T (PBS supplemented with 0.05%
Tween-20). A rabbit polyclonal antibody specifically detecting
Bax protein that has undergone a N-terminal conformational
change (BaxNT*) was from Upstate Biotechnology (Lake
Placid, NY) and was used at a final concentration of 1 �g/ml. A
monoclonal mouse antibody specifically detecting Bak protein
that has undergone a N-terminal conformational change anti-
body (BakNT*) was from Calbiochem (Darmstadt, Germany).
SDS-PAGE and Western Blot Analysis—Cells were har-

vested, washed, and lysed as described (25). Equal amounts of
protein (25 �g/lane) were separated by SDS-PAGE. Immuno-
blotting and visualization of the proteins were performed using
enhanced chemiluminescence (25). Equal loading was con-
firmed by reprobing with an antibody against actin.
Detection of Cytochrome c Release—Cytosolic extracts were

prepared as described (30). Briefly, cells were lysed in 40 �l of
hypotonic buffer (20 mM HEPES (pH 7.4), 10 mM KCl, 2 mM

MgCl2, 1 mM EDTA) supplemented with 1 mM PMSF and 0.75
mg/ml digitonin (all fromSigma-Aldrich) for 3min.Thereafter,
debris was pelleted by centrifugation, supernatants were sub-
jected to SDS-PAGE, andWestern blot analysis was performed
as described above.
Detection of Caspase Activation on the Single-cell Level—Ac-

tivation of caspase-9-like (LEHDases) activitieswas determined
by using a cell-permeable, carboxyfluorescein (FAM)-labeled
derivative of LEHDfmk from Immunochemistry Technologies
(Bloomington, MN) according to the manufacturer’s protocol
as described (21). Caspase-9-like (LEHDases) activities were
quantified by flow cytometry.
Detection of Bax and Bak N-terminal Conformational

Change—N-terminal conformational change of Bax (BaxNT*)
or Bak (BakNT*) was analyzed as described previously (22).
Briefly, cells were permeabilized by incubation in PBS-supple-
mented 0.5% paraformaldehyde and were incubated with anti-
bodies specifically detecting BaxNT* or BakNT*. Thereafter,
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cells were incubated with a secondary FITC-labeled goat anti-
rabbit antibody or a FITC-labeled anti-mouse antibody. Detec-
tion of BaxNT* or BakNT* was performed by flow cytometry
using unlabeled cells or cells incubated with either primary or
secondary antibodies as negative controls.
Analysis of Bak and Bax Clustering—Bax and Bak oligomer-

ization was determined by fluorescence microscopy in DU145
cells stably expressing GFP-Bax or GFP-Bak as described (30).
Treatment with cisplatin (10 �g/ml) served as a positive con-
trol. Bax and Bak localization and clustering were studied using
a Zeiss Axiovert 200 microscope (Carl Zeiss, Jena, Germany).
Images were acquired by using the Openlab Deconvolution
Software (Improvision, Coventry, UK).
RNA Interference—On-target plus siRNA against Nbk,

Puma,Noxa, and control siRNAwere purchased fromDharma-
con(Lafayette,CO).TransfectionwasperformedusingDharma-
FECT according to the instructions of the manufacturer as
described (33). After 24 h, cells were infected with adenoviral
vectors as described above.
Stable Transfection and Establishment of Single Cell Clones—

A Mcl-1 cDNA was introduced into the pRTS1 vector in the
right origin under the control of the Tet-On system to achieve
conditional expression in the presence of doxycycline (tetracy-
cline). DU145WT cells were transfected with the pRTS1-Mcl-1
construct (10 �g) by using DharmaFECT transfection reagent.
Clones were selected with 500 �g/ml hygromycin B (Calbi-
ochem). Selected cells were induced for 24 h with doxycycline,
andGFP-positive cells were sorted by FACS. DU145 cells stably
transfectedwith a vector expressing a full-length humanBcl-xL
cDNA were described earlier (34).

RESULTS

Expression of p14ARF Triggers p53/Bax-independent Mito-
chondrial Apoptosis—We showed previously that forced
expression of p14ARF by adenovirus triggers p53-independent
apoptosis in the Bax-mutated human prostate cancer cell line
DU145 (25). As shown in Fig. 1, re-expression of functional Bax
does not alter the propensity of p14ARF to induce a breakdown
of the mitochondrial potential (��m) (Fig. 1A), the release of
cytochrome c into the cytosol (B), as well as a dose-dependent
activation of caspase-9-like (LEHDase) activities (data not
shown). Consequently, adenovirus-mediated expression of
p14ARF induces apoptoticDNA fragmentation in a dose-depen-
dent manner, regardless of the presence or absence of func-
tional Bax (Fig. 1C). As shown in Fig. 1D, apoptotic DNA frag-
mentation was detectable as early as 48 h after infection with
Ad-ARF, further increased to 72 h, and remained stable there-
after. Although not fully redundant, a number of previous
reports indicate that the pro-apoptotic Bax Homolog Bak may
compensate for the loss of Bax to activate the mitochondrial
apoptosis signaling cascade in response to diverse stimuli (20,
35–37). Therefore, we reasoned that Bak, which is readily
expressed in Bax-mutated DU145 cells (Fig. 1B), mediates
mitochondrial permeability shift and apoptosis upon expres-
sion of p14ARF in these cells. Like Bax, activation of Bak is ini-
tiated by a N-terminal conformational change (NT*), which
precedes the formation of oligomeric clusters and allows for the
permeabilization of the outer mitochondrial membrane (38,

39). As shown in Fig. 1E, expression of p14ARF by adenovirus
(50 m.o.i.) resulted in an NT* of Bak (BakNT*) in both Bax-
deficient and Bax-reconstituted DU145 cells at 48 h. To our
surprise, expression of p14ARF did not trigger an NT* of Bax
(BaxNT*) (Fig. 1F). In contrast, treatment of Bax-proficient
DU145 cells with epirubicine induced an NT* of both Bak (Fig.
1E) andBax (F). Taken together, these results underline that the
activation of themitochondrial apoptosis signaling cascade fol-
lowing forced expression of p14ARF is fully independent from
Bax and coincides with the activation of Bak in p53-deficient
DU145 cells (20, 25).

FIGURE 1. P14ARF-induced cell death is Bax-independent and coincides
with activation of Bak. A, p53-mutated, Bax-deficient (mock) or Bax-re-
constituted (bax) DU145 cells were infected with the indicated adenoviral
vectors at an m.o.i. of 50 or mock-treated for 48 h. Loss of the mitochondrial
membrane potential (��m) was determined by flow-cytometry using the
cationic dye 5,5�,6,6�-tetrachloro-1,1�,3,3�-tetraethyl-benzimidazolylcarbo-
cyanin iodide. The relative number of cells displaying ��m is given. B, DU145
cells were infected with the indicated adenoviral vectors (50 m.o.i.) or mock-
treated. Total cellular proteins (25 �g/lane) were separated by SDS-PAGE and
subjected to Western blot analysis using the indicated antibodies. C and D,
cells were infected with Ad-p14ARF or mock-treated for 72 h. Apoptosis was
determined by flow cytometric detection of fragmented nuclear DNA. Cells
displaying a sub-G1 DNA content were less than 10% upon infection with an
Ad-lacZ control adenovirus (50 m.o.i., data not shown). E and F, DU145 cells
were infected with Ad-ARF or Ad-lacZ (50 m.o.i.) or mock-treated (Co) for 48 h.
In parallel, cells were exposed to epirubicine (Epi, 1 �g/�l) as a positive con-
trol. An N-terminal conformational change of Bax (BaxNT*) (E) or Bak (BakNT*)
(F) was studied by flow cytometry using conformation-specific antibodies.
Error bars represent mean � S.D. from triplicates.
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Apoptosis Induction by p14ARF Is Mediated by the Bax Hom-
olog Bak—To further investigate the role of Bax and Bak in
mediating the activation of themitochondrial apoptosis signal-
ing cascade following expression of p14ARF, Bax or Bak coupled
to GFP were stably introduced into DU145 cells (30). As shown
in Fig. 2A, Western blot analysis revealed comparable levels of
either GFP-Bax or GFP-Bak in the respective cell line as com-
pared with untransfected parental DU145 cells. Overall, levels
of GFP protein are higher in the GFP-Bax cells as compared
with the GFP-Bak cells, which may explain their more intense
background fluorescence pattern. As shown in Fig. 2B, expres-
sion of p14ARF by adenovirus (50m.o.i.) inDU145 cells express-
ing GFP-tagged Bak (a–d) induced the formation of Bak clus-
ters, indicated by the occurrence of a punctuated fluorescence

pattern, as compared with mock-treated or Ad-lacZ control
vector-infected cells. In contrast, expression of p14ARF did not
trigger Bax-clustering in DU145 cells expressing GFP-tagged
Bax (Fig. 2B, e–h). As expected, treatment with cisplatin
resulted in clustering of both Bak and Bax (Fig. 2B, d and h).
Similar data were obtained at later time points (72 h, data not
shown), which underscores that mitochondrial apoptosis in
p53-deficient DU145 cells following expression of p14ARF pri-
marily depends on Bak but not Bax. To test whether the
enforced expression of Bak sensitizes toward p14ARF-induced
apoptosis in DU145 cells, DU145 cells stably transfected with
GFP-Bak were infected with either Ad-ARF or Ad-lacZ (both
50 m.o.i.) or treated mock for 72 h. Fig. 2C shows that the pres-
ence of GFP-Bak sensitizes toward p14ARF-induced apoptosis,
as evidenced by an increase in the relative number of cells dis-
playing apoptotic DNA-fragmentation, when compared with
empty vector transduced or mock-treated controls. We next
tested whether the knockdown of functional Bak in the Bax-
deficient DU145 parental cells by RNA interference attenuates
p14ARF-induced apoptosis. As shown in figure 2D, RNA inter-
ference resulted in a substantial reduction of Bak protein as
examined by Western blot analysis. This lead to a marked
decrease in the number of cells displaying apoptotic DNA frag-
mentation following expression of p14ARF as compared with
mock treatment or infection with an Ad-lacZ control adenovi-
rus. However, small amounts of residual Bak appear sufficient
to allow for some apoptotic response. These data corroborate
that p14ARF-induced mitochondrial apoptosis in p53-/Bax-de-
ficient DU145 cancer cells is primarily mediated by Bak
whereas Bax remains inactive.
P14ARF-induced Mitochondrial Apoptosis Is Not Preceded by

Up-regulation of Pro-apoptotic BH3-only Proteins—BH3-only
proteins are the major upstream regulators of pro-apoptotic
Bax and Bak (19, 40, 41). We reported previously that the tran-
scriptional activation of the BH3-only protein Puma in p53-
proficient cancer cells is a prerequisite for triggering a Bax-
mediated mitochondrial apoptosis signaling pathway upon
expression of p14ARF (22). Therefore, p53-independent activa-
tion of one or several distinct BH3-only proteins may trigger
Bak-mediated apoptosis in p53-deficient cells following expres-
sion of p14ARF. To investigate this hypothesis, we systematically
analyzed the BH3-only protein expression at the mRNA level
across the family by the use of quantitative real-time PCR
(qPCR) in DU145 cells following expression of p14ARF. As
shown in Fig. 3A, expression of p14ARF by adenovirus (50m.o.i.)
induced the transcriptional up-regulation of Puma, Nbk, and
Noxa mRNA over time. In contrast, the mRNA levels of Bid,
Bim, or Bad (and, not shown, Hrk, Bmf, Bnip3, and Spike)
remained unaltered. However, Western blot analysis (Fig. 3B)
revealed that p14ARF did not induce the expression of any of the
BH3-only proteins investigated before by qPCR. In particular,
and in contrast to the mRNA data, we did not detect a marked
up-regulation of Puma, Nbk, or Noxa protein following expres-
sion of p14ARF as compared with mock treatment or control
vector infection at 48 h.Consistent resultswere obtained at 72 h
(data not shown), suggesting that the regulation of specific (sets
of) BH3-only proteins is not primarily involved in activating the
mitochondrial apoptosis signaling pathway in p53-deficient

FIGURE 2. P14ARF-induced mitochondrial apoptosis is mediated by Bak
but not Bax. A, DU145 cells stably expressing GFP-tagged Bax or GFP-tagged
Bak were generated as described (30). Total cellular proteins (25 �g/lane)
were separated by SDS-PAGE and subjected to Western blot analysis using
the indicated antibodies. B, DU145 Bax-GFP (left column, a–d) or Bak-GFP
(right column, e–h) were either mock-treated (control) or infected with Ad-
ARF or Ad-lacZ (both 50 m.o.i.). Treatment with cisplatin (10 �g/ml) was used
as a positive control. The distribution of GFP-Bak and GFP-Bax was deter-
mined by fluorescence microscopy. In contrast to Bax, Bak shows a more
reticular localization because of its association with mitochondria. In apopto-
tic cells, Bak (c and d) or Bax (h) coalesce into large clusters. Representative
high-power fields at a �400 magnification are shown. Scale bar � 50 �m). C,
control vector (mock) or Bak overexpressing DU145 cells were infected with
Ad-p14ARF or Ad-lacZ (both 50 m.o.i.) or mock-treated (Co), and apoptotic
DNA-fragmentation was assessed by flow cytometry at 72 h after infection. D,
expression of Bak was down-regulated by RNA interference (insert, confirma-
tion by Western blot analysis). 24 h later, cells were infected with the indicated
adenoviral vectors (50 m.o.i.) or treated mock for 48 h. Apoptotic DNA frag-
mentation was determined by flow cytometry. Error bars represent mean �
S.D. from triplicates.
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cancer cells following expression of p14ARF. To functionally
address that neither Puma nor Nbk or Noxa are relevant for
mediating p14ARF-induced apoptosis in this setting, we used
RNA-interference by siRNA. As shown in Fig. 3C, the
siRNA-mediated knockdown of Puma, Nbk, and/or Noxa is

effective as confirmed by qPCR (lower panel). As shown in the
upper panel, knockdown of Puma, Nbk, or Noxa neither alone
nor in combination alters the apoptosis sensitivity of the cells,
asmeasured by apoptotic DNA fragmentation. Taken together,
these results indicate that, in contrast to p53-proficient cells,
the differential regulation of BH3-only proteins appears dis-
pensable formediating p14ARF-inducedmitochondrial apopto-
sis in this setting of p53-deficient human cancer cells.
P14ARF-inducedMitochondrial Apoptosis via Bak Is Facilitated

by Down-regulation of Anti-apoptotic Mcl-1 and Bcl-xL—The
pro-apoptotic activity of Bak is primarily counteracted by the
anti-apoptotic Bcl-2 proteins Mcl-1 and, at least in part, Bcl-xL
(42–45). As DU145 cells do not express relevant levels of Bcl-2
(31, 33), we reasoned that a down-modulation of Mcl-1 and/or
Bcl-xL may be sufficient to allow for the activation of Bak fol-
lowing expression of p14ARF, which has been reported previ-
ously for apoptosis induction by the BH3-only protein Nbk or
following TRAIL exposure (31, 43). Therefore, we examined
whether the expression of p14ARF alters the levels of anti-apo-
ptotic Mcl-1 or Bcl-xL in DU145 prostate cancer cells. As
shown in Fig. 4A, Western blot analysis revealed that both
Mcl-1 and, at least to some extent, Bcl-xL protein in DU145
cells decreases following expression of p14ARF (50 m.o.i.) as
compared withmock-treated or control vector-infected cells at
48 h. Cleavage of Mcl-1 or Bcl-xL by activated caspases was
ruled out by addition of the pan-caspase inhibitor Q-VD-OPh,

FIGURE 3. Expression of p14ARF induces Noxa, Puma, and Nbk mRNA
expression. A, DU145 cells were infected with Ad-p14ARF at an m.o.i. of 50. In
parallel, cells were mock-treated (control) or infected with a control vector
(Ad-lacZ, 50 m.o.i.). Cells were harvested at 24, 48, or 72 h after infection, and
mRNA levels of the indicated BH3-only proteins were analyzed by quantita-
tive PCR. B, DU145 prostate carcinoma cells were infected with the indicated
adenoviral vectors (50 m.o.i.) or mock-treated for 48 h. Total cellular proteins
(25 �g/lane) were separated by SDS-PAGE and subjected to Western blot
analysis using the indicated antibodies. C, upper panel, DU145 cells were
transfected with the indicated siRNA and cultured for 24 h. Thereafter, cells
were infected with either Ad-ARF or Ad-lacZ (both 50 m.o.i.) or mock-treated
(control) for 48 h. Apoptosis was assessed by flow cytometric detection of
fragmented nuclear DNA. Lower panel, cells treated as described above and
mRNA levels of the indicated BH3-only proteins were analyzed by quantita-
tive PCR using cells transfected with control siRNA as reference. Error bars
represent mean � S.D. from triplicates.

FIGURE 4. Expression of p14ARF triggers down-regulation of anti-apop-
totic Mcl-1 and Bcl-xL. A, DU145 cells were either mock-treated or infected
with the indicated adenoviral vectors (50 m.o.i.) in the presence or absence of
the broad-spectrum caspase inhibitor Q-VD-OPh (final concentration 10 �M)
for 48 h. Total cellular proteins (25 �g/lane) were separated by SDS-PAGE and
subjected to Western blot analysis using the indicated antibodies. B, dose
response. Cells were infected with Ad-ARF (10, 25, 50, 100 m.o.i.). In parallel,
cells were either mock-treated or infected with an Ad-lacZ (100 m.o.i.). Total
cellular proteins (25 �g/lane) were subjected to SDS-PAGE and Western blot
analysis with the indicated antibodies.
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which did not prevent the deprivation of Mcl-1 or Bcl-xL pro-
tein following expression of p14ARF. As shown in Fig. 4B, the
decrease in Mcl-1 protein upon expression of p14ARF occurred
in a dose-dependent manner. Similarly, but to a lesser degree,
expression of p14ARF induced a dose-dependent decrease of
Bcl-xL.
To confirm these findings in an independent system of p53-

deficient human cancer cells, p14ARF was expressed in p53-
deficient, Bax/Bak-proficient SAOS-2 osteosarcoma cells. As
displayed in Fig. 5A, adenovirus-mediated expression of p14ARF
(50 m.o.i.) induced a decrease of both Mcl-1 and, to a lesser
extent, Bcl-xL protein levels as detected byWestern blot analy-

sis as early as 48 h (Mcl-1) or 72 h (Bcl-xL). In analogy to DU145
cells, expression of p14ARF triggered BakNT* (Fig. 5B) as well as
apoptotic DNA fragmentation (Fig. 5C). In turn, and as
depicted in Fig. 5D, knockdown of Bax by RNA interference
does not alter the apoptosis sensitivities of SAOS-2 cells at 72 h
after expression of p14ARF (50 m.o.i.). Similar data were
obtained at 48 h (data not shown).
To address the functional relevance of Mcl-1 and Bcl-xL in

p14ARF-induced apoptosis, we investigated whether overex-
pression of Mcl-1 or Bcl-xL attenuates apoptosis induction in
this setting. To this end, Mcl-1 was conditionally expressed in
DU145 cells by the use of the doxycycline (tetracycline)-induc-
ible (Tet-On) expression vector pRTS1 (46), designated
pRTS1-Mcl-1. As shown in Fig. 6A, addition of doxycycline
(�Dox: On) triggered the up-regulation of Mcl-1 protein
expression, which fully abrogated p14ARF-induced apoptotic
DNA fragmentation as compared with vehicle-treated cells
(-Dox: Off). Likewise, overexpression of Bcl-xL blocked apopto-
sis in DU145 cells following infection with Ad-p14ARF (50
m.o.i.) (Fig. 6B) to background levels. In contrast, expression of
Bcl-2 provides only reduced protection, i.e. a �50% reduction
in apoptotic DNA fragmentation as compared with empty vec-

FIGURE 5. Expression of p14ARF in p53-deficient SAOS-2 cells triggers
Mcl-1 and Bcl-xL deprivation and apoptosis. A, p53-deficient SAOS-2
osteosarcoma cells were infected with indicated adenoviral vectors at
50 m.o.i. or mock-treated (control). Total cellular proteins were separated by
SDS-PAGE and subjected to Western blot analysis after 24, 48, and 72 h. B,
SAOS-2 cells were treated as described in A. An N-terminal conformational
change of Bak (BakNT*) was detected by flow cytometry using a conforma-
tion-specific antibody at 48 h after infection. C, cells were treated as described
in A. Apoptotic cells were analyzed by flow cytometry to detect fragmented
nuclear DNA 72 h after infection. D, expression of Bax was down-regulated by
RNA interference (right panel, confirmation by Western blot analysis). 24 h
later, cells were infected with the indicated adenoviral vectors (50 m.o.i.) or
mock-treated for 48 h. Apoptotic DNA fragmentation was determined by
flow cytometry. Error bars represent the means � S.D. from triplicates.

FIGURE 6. Overexpression of Mcl-1 or Bcl-xL attenuates p14ARF-induced
apoptosis. A, an pRTS1-Mcl-1 vector was stably introduced into DU145 cells
to allow for the conditional expression of Mcl-1 in the presence of tetracycline
(doxycycline, Dox). Cells were infected with indicated adenoviral vectors at
50 m.o.i. or mock-treated (Co). B, DU145 cells stably overexpressing Bcl-xL
were infected with Ad-ARF or Ad-lacZ (both 50 m.o.i.) or mock-treated in
parallel with empty vector-transduced controls (mock). Apoptosis was meas-
ured by flow cytometric detection of fragmented nuclear DNA at 72 h. The
relative number of apoptotic cells is given. Error bars represent mean � S.D.
from triplicates.
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tor transfected cells (data not shown). These results indicate
that the down-modulation of anti-apoptotic Mcl-1 and Bcl-xL
plays a key role in facilitating p14ARF-induced Bak-mediated
apoptosis in p53/Bax-deficient DU145 cancer cells.
DeprivationofMcl-1andBcl-xLExpressionbyp14ARF Involves a

PosttranscriptionalMechanism—Finally, we addressed whether
the down-regulation of Mcl-1 and Bcl-xL resides at the tran-
scriptional or the posttranscriptional level. As shown in Fig. 7A,
quantification of mRNA expression by qPCR does not reveal a
decrease in Mcl-1 or Bcl-xL in mock-treated versus p14ARF-
expressing cells, suggesting that the regulation occurs at the
posttranscriptional level, e.g. by enhanced proteasomal degra-
dation. Therefore, we next testedwhether inhibition of the pro-
teasome attenuates the p14ARF-induced deprivation of Mcl-1
or Bcl-xL. To this end, DU145 cells were infected with Ad-ARF
or Ad-lacZ (both 50m.o.i.), and expression ofMcl-1 and Bcl-xL
was determined by Western blot analysis in the presence or
absence ofMG132 (Fig. 7B). As expected, expression of p14ARF
induces a decrease inMcl-1 and Bcl-xL protein levels at 48 h. In
the presence of MG132, proteasomal degradation of Mcl-1 is
blocked, as indicated by an increase in total and Ser-159/Thr-
163-phosphorylated Mcl-1 protein. Likewise, inhibition the

ubiquitin ligasesARF-BP1/mule or�-TrCP, both ofwhich have
been implicated in the posttranslational regulation/degrada-
tion of Mcl-1 (47–49), by RNA interference does not alter
Mcl-1 protein levels (data not shown), indicating that p14ARF
does not accelerate the proteasomal degradation of Mcl-1. In
contrast, Bcl-xL was somewhat stabilized in MG132-treated
cells expressing p14ARF.

DISCUSSION

Human cancer cells deficient for p53 and Bax are highly
resistant toward a broad range of cell death signals, e.g. DNA
damaging agents, ionizing radiation, the death-receptor ligand
TRAIL, or the forced expression of BH3-only proteins such as
Nbk (25, 30, 31, 50–52). Nonetheless, a number of reports indi-
cate that the forced expression of the p14ARF tumor suppressor
triggers the mitochondrial cell death pathway in a p53/Bax-
independentmanner as well (25–27, 29, 53). This is remarkable
and implies that high-level expression of ARF is capable of cir-
cumventing the Hdm-2/p53-mediated induction of Puma and
the subsequent activation of Bax in case any of these signaling
mediators are mutated or functionally inactivated (22). We
show here that the pro-apoptotic Bcl-2 protein Bak not only
complements for the loss of Bax in p53-deficient human cancer
cells, as it does in p53-proficient cells forced to express p14ARF
(20). Rather, our data indicate that Bak is the principalmediator
of mitochondrial apoptosis upon expression of p14ARF in this
setting. This is underscored by the finding that overexpression
of Bak sensitizes toward p14ARF-induced apoptots, whereas re-
expression of Bax has no impact on the apoptosis sensitivity of
the cell upon expression of p14ARF. Vice versa, knockdown of
Bax in p53-deficient, Bax/Bak-proficient cells by RNA interfer-
ence does not attenuate p14ARF-induced apoptosis. In contrast,
knockdown of Bak does, which further underscores that apo-
ptosis induced by p14ARF solely depends on Bak activation irre-
spective of the presence or absence of functional Bax. In fact,
p14ARF fails to trigger exposure of the N-terminal Bax epitope
as well as Bax re-distribution to the mitochondria and oligo-
merization in a p53-deficient cells, which delineates that Bak,
and not Bax, is required for the activation of the mitochondrial
apoptosis pathway upon expression of p14ARF in p53-deficient
human cancer cells. In this regard, our data are in line with
previous reports pointing out the differential regulation of Bak
versus Bax in mediating apoptosis (31, 54–56). In general, our
data underscore that the redundancy of Bax and Bak is dictated
by the type of death stimulus and the cellular context, i.e. cell
type and its developmental stage as well as environmental fac-
tors (57). This may also serve to explain why exogenous p14ARF
does not trigger Bax activation despite low levels of anti-apop-
totic Bcl-2, the main antagonist of Bax, present in DU145 cells
(31, 33). In this regard, we found that re-expression of Bcl-2
provided only limited protection toward p14ARF-induced apo-
ptosis as opposed to what is achieved by overexpression of
Mcl-1 or Bcl-xL. Although we did not specifically address this
point, this suggests that Bax is primarily kept in check by Bcl-2
proteins other than Bcl-2, which may prevent its activation fol-
lowing expression of p14ARF (16, 23). Likewise, overexpression
of Bcl-2 in the absence of Bax may result in Bak inhibition to
some degree.

FIGURE 7. Regulation of Mcl-1 and Bcl-xL. A, DU145 cells were infected with
Ad-p14ARF or Ad-lacZ (both 50 m.o.i.) or mock-treated (control). Cells were
harvested at 24 h or 48 h after infection, and mRNA expression of Mcl-1 (left
panel) or Bcl-xL (right panel) was analyzed by quantitative real-time PCR. B,
DU145 cells were infected with the indicated adenoviral vectors (50 m.o.i.) or
mock-treated for 24 h. Thereafter, cells were cultured in the presence or
absence of the proteasome inhibitor MG132 (final concentration 10 �M). Total
cellular proteins were separated by SDS-PAGE and subjected to Western blot
analysis using the indicated antibodies. Error bars represent the mean � S.D.
from triplicates.
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However, this brings up the question: what determines the
exclusive activation of Bak and not Bax in this situation?
Although Bax and Bak appear functionally equivalent in many
settings (35, 36, 58), our findings support previous reports
delineating that Bax and Bak are not fully redundant. Irrespec-
tive of the model, i.e. direct activator versus “inhibitor/dere-
pressor,” this may be reflected at the molecular level by the fact
that BH3-only proteins preferentially activate (either directly or
indirectly) Bax- or Bak-dependent events. Furthermore, the
activity of Bax and Bak is blocked by distinct (sets of) anti-
apoptotic Bcl-2 proteins (33, 42, 44, 59). In particular, Bak inter-
acts with Mcl-1, which is degraded rapidly at the onset of apo-
ptosis (60, 61). In the same vein, DNA damage was shown to
trigger the dissociation ofMcl-1 (and Bcl-xL) from Bak to allow
for its self-association, i.e. the formation of homo-oligomers
that then trigger the permeabilization of the outer mitochon-
drial membrane (42, 59). Likewise, recent work from our group
(33, 43) illustrates that Mcl-1 and Bcl-xL are major determi-
nants of Bak-dependent apoptosis following expression of Nbk
or exposure to TRAIL. High levels of Mcl-1 or Bcl-xL specifi-
cally guard against the activation of Bak until counteracted by
another BH3-only protein such as Noxa or down-regulated by
small molecules such as sorafenib or roscovitine. In keeping
with these data, we show here that p14ARF-induced mitochon-
drial apoptosis in p53-deficient cells proceeds via Bak and is
facilitated by a simultaneous decrease of Mcl-1 and, to some
degree, Bcl-xL. A model for p53-dependent and independent
induction of apoptosis by p14ARF is depicted in Fig. 8. In fact,
loss of Mcl-1 and Bcl-xL strongly correlates with the apoptosis
sensitivity of the target cells. As such, DU145 cells re-express-
ing Bak, which exhibit a strong reduction in Mcl-1 and Bcl-xL
protein levels following expression of p14ARF, are most sensi-
tive. In contrast, cells exhibiting only a moderate reduction of
Mcl-1 and Bcl-xL are considerably less sensitive. Similar results
were obtained in SAOS-2 cells as an alternativemodel. Further-
more, expression ofMcl-1 or Bcl-xL rescues fromARF-induced
apoptosis. Taken together, this suggests that the de-repression
of Bak through down-regulation of Mcl-1 and Bcl-xL upon
expression of p14ARF is sufficient to activate the mitochondrial
apopotis pathway (59, 62, 63). This is supported by the notion
that conditional knockout of both Mcl-1 and Bcl-xL renders
hepatocytes highly susceptible to spontaneous apoptosis in a
gene dose-dependent manner (45).
The simultaneous activation of two BH3-only proteins, e.g.

Noxa and Bad, would allow for the targeting of both Mcl-1 and
Bcl-xL (42, 59). Therefore, and in analogy to our previous
approach by which we identified Puma as a critical player in
activating mitochondrial apoptosis upon expression of p14ARF
(22), we investigatedwhether p14ARF triggers the up-regulation
of BH3-only proteins in a p53-indepedent manner. Moreover,
knockdown ofNoxa, Puma, orNbk by RNA interference, either
alone or in combination by RNA interference, did not alter the
apoptotic response of the target cells upon expression of
p14ARF. Our data suggest that BH3-only proteins are not pri-
marily involved in the activation of Bak in this setting. In turn,
the down-regulation ofMcl-1 and Bcl-xL seems to be themajor
mechanism to facilitate the activation of Bak. This is well in line
with the inhibitor/derepressor model proposed by Willis et al.

(42) where the role of BH3-only proteins would be to rerepress
anti-apoptotic Bcl-2 family members to allow for the activation
of Bax and/or Bak as opposed to the direct activator model,
where BH3-only proteins would be required to physically inter-
act with Bax/Bak to promote their activation. This also indi-
rectly argues against the idea that loss of Bax protects cells from
apoptosis by decreasing the abundance of apoptosis-promoting
BH3-only proteins under a critical threshold (64). Instead, the
decrease in Mcl-1 expression most likely occurs through a
mechanism that interferes with protein synthesis. One key
function of ARF in this regard might be its propensity to mod-
ulate ribosomal biogenesis (65, 66). This may be particularly
relevant for Mc-1, which was reported to have a short half-life
(67). In contrast, transcriptional repression of Mcl-1 or Bcl-xL,
which was described to occur via an NK-�B-dependent path-
way, is not relevant in our model (9). Likewise, we were unable
to detect enhanced proteasomal degradation of Mcl-1 and/or
Bcl-xL in p14ARF-expressing cells. Nonetheless, we cannot for-
mally rule out that BH3-only proteins are fully dispensable for
p14ARF-induced apoptosis in p53/Bax-deficient human cancer
cells. As such, degradation of Mcl-1 and/or Bcl-xL might cause
the release a range of BH3-only proteins that could then
directly or indirectly trigger the activation of Bak, which will
have to be addressed more thoroughly. Further work will be
needed to clarify this issue.
The preferential activation of Bak in p53/Bax-deficient can-

cer cells might have important implications in cancer therapy.

FIGURE 8. Schematic model. Expression of the p14ARF tumor suppressor trig-
gers both p53-dependent (left panel) and p53-independent (right panel) apo-
ptosis signaling cascades. In p53-proficient cells, p14ARF induces the physical
stabilization of p53 and the consecutive up-regulation of the BH3-only pro-
tein Puma (22). Bax and Bak then trigger the permeabilization of the outer
mitochondrial membrane, the release of cytochrome c, and the activation of
caspases such as caspase-9 and caspase-3/7. In p53-deficient cells, p14ARF

triggers mitochondrial apoptosis via down-regulation of the anti-apoptotic
Bcl-2 homologs Mcl-1 and Bcl-xL. This attenuates their inhibitory effect on
pro-apoptotic Bak, which then undergoes an N-terminal conformational
change to allow for the activation of mitochondria in the absence of BH3-only
protein induction.
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Tumor cells frequently lose p53 and Bax duringmalignant pro-
gression, which renders them highly resistant toward antican-
cer therapies such as chemodrugs or ionizing irradiation. In this
regard, the p53-independent effects triggered by ARFmay rep-
resent a putative “fail-safe” mechanism that allows cells to
escapemalignant transformation even in the absence of a func-
tional p53/Bax pathway. In this regard, it will be important to
address the mechanism by which p14ARF represses expression
of Mcl-1 and Bcl-xL, which will have to be addressed in more
detail.
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