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WWOX-mediated apoptosis in A549 cells mainly
involves the mitochondrial pathway
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Abstract. The human WWOX gene, known as WW domain-
containing oxidoreductase, is located on 16q23.3-24.1, a
chromosome region that spans the common fragile site,
FRA16D. Abnormal transcripts or even loss of expression are
frequently found in a number of cancer cell types, including
breast, ovarian, prostate and lung cancer cells. It has therefore
been proposed that the WWOX gene encodes a candidate
tumor suppressor, possibly a pro-apoptotic protein. However,
the mechanism behind this is not entirely clear. In the present
study, we examined the pro-apoptotic action of WWOX using
transient expression in A549 cells. We observed that the ectopic
expression of WWOX caused apoptosis in A549 cells. We
further observed procaspase-3 and procaspase-9 activation and
the release of cytochrome C from the mitochondria in A549
cells transfected with pcDNA3.0-WWOX. These data indicate
that WWOX induces apoptosis in A549 cells via the mitochon-
drial pathway.

Introduction

Human WW domain-containing oxidoreductase (WWOX)
is located on 16q23.3-24.1, a chromosome region that spans
the common fragile site, FRA16D (1). The wild-type WWOX
gene encodes a 46-kDa protein, containing 2 N-terminal
WW domains, a nuclear localization sequence (NLS) and
a C-terminal short-chain alcohol dehydrogenase/reductase
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(ADH/SDR) domain (1). The human WWOX gene has 9 exons.
To date, seven alternatively spliced WWOX protein variants
have been identified. The aberrant expression of WWOX has
been reported in various cancer cell types including breast
(2), ovarian (3), prostate (4), gastric (5) and hepatic cancer (6),
osteosarcoma (7), and lung cancer (8).

Nunez et al reported that in the tissue of 38 human
ovarian carcinomas, one third of the cases showed extremely
reduced or absent WWOX protein expression (9). Ageilan
et al analyzed a set of 55 patient samples with gastric
adenocarcinoma using immunohistochemical staining. Their
results revealed that 65% of the samples were negative for
the WWOX protein (5). Yendamuri ef al also examined the
WWOX protein expression pattern in non-small cell lung
cancer. Their studies revealed that transcripts lacking WWOX
exons were detected in 7 primary tumors (7 of 27; 25.9%) and
loss of heterozygosity at the WWOX locus was observed in
10 primary tumors (10 of 27; 37.0%) (10). Due to the low or
even undetectable level of wild-type WWOX gene expression
and frequent appearance of variants in these tumor cells, the
WWOX protein is considered to be a tumor suppressor.

Two classic pathways for the induction of apoptosis have
been identified to date: the first of these is elicited by a death
receptor in the plasma membrane (extrinsic pathway) and
the second involves mitochondria (intrinsic pathway). The
mechanism by which WWOX induces apoptosis is far from
clear. Analysis has produced the hypothesis that WWOX has
no N-terminal signal peptide (1); therefore, its localization
is possibly in the cytoplasm. In addition, the mitochondrial
targeting sequence is mapped within the ADH domain (11).
The Tyr33 in the first WW domain sequence is the key amino
acid that can be phosphorylated (12). Phosphorylated WWOX
can be considered to be an activated form, which is essential
for its migration to the mitochondria from the cytoplasm (12).
Apoptotic stress results in the release of ‘activated” WWOX
from the mitochondria and subsequent nuclear transloca-
tion (13).

From these data, we speculated that WWOX performs a
pro-apoptotic role in the mitochondria. In this study, to investi-
gate the mechanisms by which WWOX induces apoptosis, we
focused on those data concerning the mitochondrial apoptotic
pathway. The pro-apoptotic action of WWOX was examined
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using transient expression in A549 cells. Our results revealed
the release of cytochrome C and the activation of caspase-3
and caspase-9.

Materials and methods

Cell lines and culture. The A549 human lung adenocarci-
noma cell line [American Type Culture Collection (ATCC)],
was grown in monolayer culture at 37°C and 5% CO, in
Dulbecco's modified Eagle's medium (DMEM) (Gibco BRL,
Gaithersburg, MD, USA) supplemented with 10% fetal calf
serum (HyClone, Waltham, MA, USA), 100 U/ml of penicillin
(Gibco) and 100 pg/ml of streptomycin (Gibco).

Plasmid constructs and transient transfections. Full-length
WWOX cDNA was obtained from human fetal spleen total
RNA by RT-PCR, using the following primers: forward,
5'-ACGAAGCTTTTGGAGCGGGAGTGAGT-3'; and
reverse, 5" AGCGGATCCGTTGGAGGGACATTTGG-3'.
HindlIII and BamHI sites are shown in bold. The PCR condi-
tions were as follows: 95°C for 3 min, 30 cycles at 94°C for
1 min, 56°C for 1 min, 72°C for 1.5 min and a further 72°C
for 10 min. The mammalian expression plasmid, pcDNA3.0-
WWOX, was constructed by ligating the WWOX PCR
products and the pcDNA3.0 vector, which were digested
with HindIIl and BamHI. pcDNA3.0 was used as the control
plasmid. Overexpression of the proteins was achieved by
transient transfection with Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) reagent according to the manufacturer's
instructions.

Cell proliferation. Cell proliferation was determined using the
methyl thiazolyl tetrazolium (MTT) assay. A549 cells (1x10%)
were planted in 96-well plates 24 h prior to transfection. At
24, 48 and 72 h post-transfection with pcDNA3.0-WWOX or
the control plasmid pcDNA3.0, the MTT reagent was added to
each well. After 4 h of incubation at 37°C, DMSO was used to
dissolve the resulting formazan crystals and absorbance was
recorded at 540 nm in a microplate reader (Sunrise).

Apoptosis assay. For cell apoptosis analysis, A549 cells
(1x10°) in 6-well plates were harvested 24 h post-transfection.
The cell pellets were washed twice with cold PBS buffer,
then re-suspended in 1 ml Annexin V binding buffer. The
solution mentioned above (100 ul) was transfered to another
culture tube and incubated with 5 1 Annexin V-FITC and 5 ul
propdium iodide (PI) (BD Pharmingen, San Diego, CA, USA)
for 15 min at room temperature in the dark. The cell suspen-
sion was diluted with 400 ul PBS buffer and 1x10° cells were
assayed in FACSCalibur (BD Biosciences) as soon as possible.

Western blot analysis. Total proteins were extracted from
pcDNA3.0 or pcDNA3.0-WWOX-transiently transfected A549
cells in a 6-cm dish for pro-caspase activation detection. The
cytosolic proteins were obtained using differential centrifuga-
tion. Briefly, the cells were suspended in a buffer containing
0.25 M sucose, 50 mM HEPES, 0.1 mM EDTA (pH 7.4),
10 mM NaCl, 2 mM DTT and protease inhibitor cocktail
(Sigma, St. Louis, MO, USA) on ice for 10 min, homogenized
by 40 passes in an ice-cold Dounce grinder and centrifuged
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at 700 x g for 10 min. After removing the debris, the resulting
supernatant was further centrifuged at 10,000 x g for 30 min
at 4°C. The supernatants were collected as cytosolic fractions.
These proteins were identified using a BCA protein assay kit
(Pierce, Rockford, IL, USA). Protein (20 ug) was resolved
by 15% SDS-PAGE and transferred to PVDF membranes
(Millipore, Billerica, MA, USA). The membrane was blocked
with blocking buffer [5% non-fat dry milk in 20 mM Tris-
buffered saline (pH 7.5) with 0.1% Tween-20] for 2 h at room
temperature followed by incubation with appropriate primary
antibodies at the dilutions of 1:2000 overnight at 4°C. The
membrane was then incubated with appropriate secondary
antibody for 2 h and examined using the enhanced chemilu-
minescence western blotting detection kit (Pierce). Rabbit
polyclonal antibody to human WWOX was purchased from
Chemicon International Inc. (Billerica, MA, USA). Rabbit
polyclonal antibodies to human caspase-9, caspase-3 and
cytochrome C were purchased from Cell Signaling Technology
(Beverly, MA, USA). 3-tubulin was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA).

Results

WWOX inhibits cell proliferation. The effects of WWOX
protein expression on the proliferation of A549 cells were
measured by MTT assay. A significant anti-proliferative effect
was observed in the cells exposed to pcDNA3.0-WWOX
transfection. At 24, 48 and 72 h, the results showed that the
WWOX protein reduced cell proliferation. The cell prolif-
erative percentage decreased to 85.62+3.27, 75.47+3.15 and
73.04+1.79% at 24,48 and 72 h, respectively (Fig. 1). Data are
presented as the means + SEM.

WWOX induces cell apoptosis. To investigate whether the
WWOX-mediated apoptosis resulted in the decreased prolifera-
tive ratio of A549 cells, we examined the early apoptotic cells
using Annexin V-FITC/PI staining analysis 24 h post-transfec-
tion. Cells transfected with pcDNA3.0-WWOX exhibited an
early apoptotic rate of 16.64+3.04% represented in the low-right
quadrant, which was significantly higher than the 3.0+0.48%
observed in the control cells (Fig. 2). Data are presented as the
means + SEM.

WWOX triggers the release of cytochrome C from mitochon-
dria. The release of cytochrome C from the mitochondria to
cytosol was measured by western blot analysis as described
above. Cells transfected with pcDNA3.0-WWOX or control
plasmid were assayed at 24 h post-transfection. The analysis
revealed a marked elevation in the level of cytosolic cyto-
chrome C of the cells transfected with pcDNA3.0-WWOX
compared to that of the control cells (Fig. 3).

WWOX activates caspase-9 and caspase-3. The activation of
caspase-9 and caspase-3 was involved in the mitochondrion-
mediated apoptotic pathway. In the pcDNA3.0-WWOX
transfected cells, we observed the full-length caspase-9 accom-
panied by an increase in the 35- and 37-kDa cleaved protein
bands representing a subunit of activated caspase-9. A parallel
increase of a 17-kDa cleaved protein band was also observed in
caspase-3 activation analysis (Fig. 4).
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Figure 1. Effect of WWOX on the cell proliferation of A549 cells. MTT assay
was performed after 24, 48 and 72 h of transfection. Cellular viability was
determined as an absorbance at 570 nm. The cell proliferative percentage
decreased to 85.62+3.27%, 75.47+3.15% and 73.04+1.79% at 24,48 and 72 h,
respectively. Data are presented as the means = SEM.
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Figure 2. Induction of apoptosis in the A549 cell line by WWOX. Flow cytom-
etry analysis was used to examine the apoptotic cells 24 h post-transfection.
(A) Cells transfected with pcDNA3.0-WWOX had an early apoptotic rate of
16.64+3.04%, whereas the control cells had an early apoptotic rate of only
3.0+0.48%. Data are presented as the means + SEM. (B) Representative FCA
graph of cells at early apoptosis (Annexin-V-positive and PI-negative).

Discussion

In this study, we provide evidence that the mitochondrial
apoptotic pathway is activated in A549 cells in the WWOX-
mediated apoptosis. In our experiments, we examined the
pro-apoptotic action of WWOX using transient expression in
A549 cells. When expressed, WWOX induced cell apoptosis in
conjunction with pro-caspase-3 and pro-caspase-9 activation
and cytochrome C release from the mitochondria. These data
indicate that WWOX induces apoptosis via the mitochondrial
pathway.

The WWOX protein has several functional domains:
2 N-terminal WW domains and a C-terminal alcohol dehy-
drogenase domain (ADH domain). The enzymatic function
of the ADH domain is related to oxidation/reduction of lipid
hormones and metabolic mediators, such as androgens and
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Figure 3. Release of cytochrome C from the mitochondrion to the cytosol
triggered by WWOX. Cells transfected with pcDNA3.0-WWOX or con-
trol plasmid were homogenized in proper buffer 24 h post-transfection
respectively, and the same amount of cytosolic fraction was examined for
the released cytochrome C. Western blot analysis showed increased cyto-
chrome C expression in the cytosol in pcDNA3.0-WWOX-transfected cells
compared to the control cells. 3-tubulin was used as the internal control.
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Figure 4. Activation of caspase-9 and caspase-3 by WWOX. Cells transfected
with pcDNA3.0-WWOX or control plasmid were lysed 24 h post-transfection
and the same amount of lysate was examined for the activated form of cas-
pase-9 and caspase-3 by western blot analysis. The full-length caspase-9
was 47-kDa. We detected the 35- and 37-kDa bands representing the cleaved
fragment of caspase-9 in the cells transfected with pcDNA3.0-WWOX. The
full-length caspase-3 was 35-kDa. The 17- and 19-kDa bands indicating the
cleaved fragment of caspase-3 were detected in the cells transfected with
pcDNA3.0-WWOX. None of these cleaved fragments were observed in the
control cells. B-tubulin was used as the internal control.

estrogens (14). This corresponds to the abundance of WWOX
mRNA in hormone-regulated tissues, including breast, ovary,
testis and prostate tissue. However, as regards the induction of
cell apoptosis, the function of the ADH domain is considered
to be as a location effector in the mitochondria, based on a
mitochondrial targeting sequence within the ADH domain
(11). Chang et al examined endogenous WWOX localiza-
tion by antibodies against various regions in WWOX and
fluorescent fusion protein technology and confirmed that
WWOX is clustered in the mitochondria (12). We therefore
speculated that WWOX translocates to the mitochondrion in
response to apoptotic stress, affecting the mitochondrial inter-
membrane stability. When the mitochondrial intermembrane
pores open, procaspase-3, procaspase-9, cytochrome C and
apoptosis-inducing factor are released from the mitochondrial
intermembrane space to the cytoplasm. This may initiate/
trigger the mitochondrial apoptotic pathway.

p53 is a well-known apoptosis-inducing protein. The WW
domains in WWOX have the function of interaction with the
proline-rich motif in p53. The proline-rich motif is the essential
region for p53-mediated apoptosis (15). Chang et al determined
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that WWOX is the key factor of p53 in apoptosis (11). WWOX
may therefore enhance the apoptosis-inducing activity of p53
(6).In addition, A549 is a pS3-positive cell line. Previous studies
have shown that exogenous WWOX clearly induces A549
cell apoptosis (16). The induction of A549 cell apoptosis by
WWOX is therefore partly involved in the enhancement of the
apoptosis-inducing ability of p53. There are 2 Tyr (Tyr33 and
Tyr61) in the first WW domain, which can be phosphorylated.
The phosphorylation of these 2 Tyr is considered to be the key
step in mediating migration to the mitochondria. Chang er al
also observed the elimination of apoptosis induced by WWOX
with replacement of the Tyr33 to Arg33 (17). Moreover, they
observed the phosphorylation of WWOX with a specific anti-
body against phosphor-Tyr33 peptide corresponding to the first
WW-domain sequence in WWOX (11).

In conclusion, our data show that WWOX is involved in
cell apoptosis, mainly through the mitochondrial pathway.
Understanding the mechanism of WWOX-induced apoptosis
may provide novel targets in cancer gene therapy.
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