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Abstract. The WW domain-containing oxidoreductase
(WWOX) gene which encompasses the common human fragile
site FRA16D has been proposed as a putative tumor suppressor
gene, and loss of WWOX expression has been found in several
types of solid cancer. As the role of WWOX in human leukemia
has not yet been fully elucidated, the present study examined
the expression of WWOX in patients with different types of
leukemia as well as in leukemia-derived cell lines. Based on
the data, WWOX mRNA (WWOX) and protein (Wwox) were
significantly reduced or absent in the leukemia patients as well
as in the cell lines. In addition, a recombinant expression vector,
pGC-FU-WWOX, was constructed and transfected WWOX
cDNA into Jurkat cells (acute T-lymphoblastic leukemia) and
K562 cells (chronic myeloid leukemia in erythroid crisis) which
all lack endogenous Wwox. In vitro experiments indicated that
restoration of Wwox in Jurkat and K562 cells significantly
suppressed proliferation and colony formation. Of note, apop-
tosis was also induced by Wwox restoration. Furthermore, we
traced the mechanisms underlying this process and found that
Wwox restoration could trigger the mitochondrial pathway in
leukemia. Our data provide evidence that WWOX exerts a role
as a tumor suppressor gene in leukemia, possibly by inhibiting
proliferation and promoting apoptosis via the mitochondrial
pathway.

Introduction

The WW domain-containing oxidoreductase (WWOX) gene
is located at a chromosome region, 16q23.3-24.1, that spans
the second most common human fragile site, FRA16D (1). The
WWOX gene has nine exons and encodes a Wwox protein with
a molecular weight for 46 kDa. The Wwox protein contains
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two N-terminal WW domains and one C-terminal short-chain
dehydrogenase domain known as SDR (1,2). WW domains are
characterized by their interactions with proline-containing
ligands, which is a basis for protein-protein interactions (3),
while the SDR domain is located in the central region of the
Wwox protein and is shared by steroid-hormone-metabolizing
enzymes and characterized by its high frequency loss or altera-
tion implicated in numerous types of carcinomas (3,4).

To date, numerous studies have shown either a reduction
or loss of WWOX expression in a variety of carcinomas,
including breast, esophagus, pancreas and thyroid cancer (5-9).
Significantly, a restoration or upregulation of WWOX in tumors
such as lung and breast cancer can sensitize them to apoptosis
both in vitro and in vivo (10,11). Studies of WWOX animal
models suggest that an inactivation of one allele for WWOX
accelerates the predisposition of normal cells to malignant
transformation (12). In addition, WWOX knockout mice also
showed a shortened life span and defects in bone metabolism,
as well as other deficiencies (11,13). These studies indicate that
WWOX may function as a tumor suppressor gene.

All the results cited above verified the functional role of
WWOX or its protein product in tumorigenesis in leukemia,
particularly aberration or absence of WWOX expression in
primary hematopoietic malignancies has also been reported
(14,15). This prompted us to hypothesize that WWOX may
function as a tumor suppressor in leukemia, also due to its
special location on FRA16D which is susceptible to activation
by carcinogens. Studies on the biological role of WWOX in
tumorigenesis have shown that its function in tumor cellular
metabolism is likely to modulate cell viability by interacting
with factors involved in cell apoptosis control such as Bcl-2,
Bcl-xL and caspase (16-19), which suggests a close relationship
between WWOX and the apoptosis signal pathways. However,
this relationship remains to be confirmed.

In the present study, we first evaluated the expression
of WWOX in 38 cases of primary leukemia patients and
10 leukemia cell lines. With a reduced or absent expression of
WWOX observed in our results, we restored Wwox expression
in its negative cell lines as Jurkat and K562 cells by trans-
fecting them with pGC-FU-WWOX lentiviral plasmid, and we
observed that the Jurkat and K562 cells all underwent viability
inhibition and apoptosis following the restoration in vitro. To
elucidate the underlying mechanisms, we further examined



CUI et al: ROLE OF THE WWOX GENE IN LEUKEMIA

whether WWOX regulates cell death via the mitochondrial
pathway, and we found an activation of the mitochondrial
pathway in WWOX-mediated apoptosis in human leukemia.

Materials and methods

Samples, cell lines and cell culture. Thirty-eight diagnosed
leukemia patients at Fujian Medical University Affiliated
Xiehe Hospital from September 2010 to June 2011 were
enrolled in the study. These patients included 9 cases of acute
lymphoblastic leukemia (ALL), 18 cases of acute myelogenous
leukemia (AML) and 11 cases of chronic myelogenous leukemia
(CML). Mononuclear cells purified from 20 healthy volunteers
were used as controls. Human Jurkat (acute T-lymphoblastic
leukemia), K562 (chronic myelogenous leukemia in erythroid
crisis), NB, (promyelocytic leukemia), HL-60 (acute myelog-
enous leukemia), U937 (promonocytic leukemia), CEM (acute
T-lymphocyte leukemia), U266 (human myeloma), KAR
(K562 resistance to doxorubicin), ADR (HL-60 resistance to
doxorubicin) and CA46 (human Burkitt's lymphoma) cell lines
were all purchased from the cell bank of the Chinese Academy
of Medical Sciences and maintained in RPMI-1640 supple-
mented with 10% fetal bovine serum (FBS) (Gibco, USA), and
cultured at 37°C in a 5% CO, humidified atmosphere.

Reverse transcription-PCR analysis. Total RNA was
extracted with TRIzol Reagent (Invitrogen, USA) and was
reverse transcribed into cDNA using a commercial kit
(Fermentas, USA). We then amplified 6-8 exons of WWOX
with the primers (20). The primers of an internal control gene,
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), were:
forward, 5'-CAAGGTCATCCATGACAACTTTG-3' and
reverse, 5'-GTCCACCACCCTGTTGCTGTAG-3'. PCR was
performed using a PCR kit (Biomed, Beijing, China) under the
recommended conditions at an initial denaturation for 5 min
at 94°C followed by 30 cycles of 94°C for 30 sec, 55°C for
30 sec, 72°C for 30 sec, and a final extension for 7 min at 72°C.
Quantified data were normalized to GAPDH.

In vitro lentiviral transduction and growth condition observa-
tion. The pGC-FU-WWOX lentiviral vector was constructed
by our laboratory, amplified and titrated based on the manu-
facturer's instructions (Genechem, Shanghai, China) (21).
A pGC-FU-GFP vector served as negative control (mock
lentiviral vector only encoding GFP). Cells were seeded at a
density of 1x10°/ml in 6-well plates and infected with pGC-
FU-WWOX at appropriate multiplicities of infection (MOI).
The transduction efficiency and growth conditions were evalu-
ated by visualization of green fluorescent protein (Wwox-GFP
fusion protein) and cell morphological features every 24 h
following infection using a fluorescence microscope (Nikon,
Tokyo, Japan).

Proliferation assay. Proliferation inhibition ratio was assessed
by CCK-8 assay (Dojindo, Japan). Briefly, 5x10° cells/well were
seeded with a total volume of 100 ul in 96-well plates. Cell
infection followed the procedures above. Every 24 h following
incubation, 10 ul CCK-8 was added to each well followed by
incubation for another 3 h at 37°C in a 5% CO, humidified
atmosphere. The optical density (OD) value was measured by
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a microculture plate reader (BioTek Instruments, USA) using
double-wavelength (450 and 630 nm). Growth inhibition ratio
(%) = (1 - Mean OD value of lentivirus infected cells/Mean OD
value of non-treated cells) x 100%. Each assay was performed
in triplicate.

Colony-forming assay. Briefly, GFP-expressing cells were
sorted by flow cytometry using Vi-Cell counter (Beckman
Coulter, Fullerton, CA, USA), and 300 cells/ml were seeded
in 24-well plates. Methylcellulose dissolved in RPMI-1640
containing 30% FBS was added to each well with a concentra-
tion of 0.8 g/1. The colonies containing >50 cells were counted
on Day 14. Each assay was performed in triplicate.

DAPI fluorescence staining and DNA fragmentation analysis.
For DAPI fluorescence staining, cells were collected and
washed 2 times with PBS and stained by DAPI (Beyotime,
Shanghai, China) in a concentration of 2 mg/ml for 3-5 min,
then washed 2 times with PBS. Morphological changes of the
stained cells were examined using the fluorescence micro-
scope. DNA fragmentation analysis was performed according
to the protocols of a commercial DNA Fragmentation Kit
(Beyotime), followed by agarose gel electrophoresis: each
sample containing equal amounts of extracted DNA (2 pg) in
1.0% agarose gel with a constant voltage 18 V for 4-6 h.

Immunofluorescence staining. In brief, cell monolayers
were fixed with 4% paraformaldehyde, and incubated at 4°C
overnight with rabbit anti-human Wwox, 1:500, and mouse
monoclonal anti-human cytochrome c, 1:500 (Abcam, USA).
FITC-conjugated goat anti-rabbit and Cy3-conjugated goat
anti-mouse IgG (Beyotime) were all diluted in 1:1,000. DAPI
was used to stain the nucleus. Stained cell monolayers were
washed 2 times with PBS and observed under the fluorescence
microscope.

Real-time PCR analysis. Real-time PCR was enabled using a
SYBR-Green PCR Master Mix (Roche Diagnostics GmbH,
Germany) under the recommended conditions. The primer
sequences for Bcl-2 and Bax were described previously (22),
and for GAPDH they were: forward, 5'-GAAGGTGAAG
GTCGGAGT-3' and reverse, 5-GAAGATGGTGATGGGA
TTTC-3'. The comparative Ct method to GAPDH was used to
calculate the relative expression level of Bcl-2 and Bax.

Western blot analysis. A Cell Mitochondria Isolation Kit
(Beyotime) was used in the isolation of proteins from the
nucleus, cytoplasm and mitochondria of the cells. The primary
antibodies and the dilutions were: rabbit anti-human Wwox,
1:1,000; anti-Bcl-2 (1:500; Abcam, USA); anti-caspase-9
(1:300; Santa Cruz, Biotechnology, Inc., Santa Cruz, CA,
USA); anti-caspase-3 (1:500; Beyotime). Mouse monoclonal
anti-human fB-actin and anti-tubulin (Beyotime) were all
diluted in 1:1,000 and used as controls.

Statistical analysis. Data are expressed as the means =+ stan-
dard deviation (SD), and analyzed by Student's t-test, or
non-parametric test using the SPSS 13.0 (SPSS Inc., Chicago,
IL, USA). P<0.05 was considered to indicate a statistically
significant difference.
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Figure 1. Expression of WWOX in leukemia patients and cell lines. The expression level of WWOX mRNA and Wwox protein in leukemia patients and cell
lines was assessed by RT-PCR and western blot analysis. (A) RT-PCR analysis. RNA was extracted from mononuclear cells purified from 38 leukemia patients,
and 20 healthy volunteers were used as controls. (B) Western blot analysis. Protein was also extracted from mononuclear cells, and controls were the same as

in RT-PCR.

Results

Expression of WWOX is reduced or absent in leukemia. We
examined the expression level of WWOX mRNA and the
Wwox protein in leukemia patients and cell lines via RT-PCR
and western blot analysis. Twenty-eight of the 38 leukemia
cases (74%) showed reduced or lost expression of WWOX,
and included 11 AML (39%), 8 ALL (29%) and 9 CML (32%)
patients (Fig. 1A). For Wwox, only 6/38 cases (16%) had a posi-
tive expression (Fig. 1B). Similarly, 7/10 leukemic cell lines
(70%) showed absent or reduced WWOX expression; Jurkat
and KAR cells were negative, while K562, CEM, U266, CA46
and ADR cells had a low expression level, and only HL-60,
NB, as well as U937 cells exhibited a high expression level
similar to the normal controls (Fig. 1A). Endogenous Wwox
in all leukemic cells was undetectable (Fig. 1B). All controls
exhibited a high expression level of both WWOX mRNA and
Wwox protein (Fig. 1).

Wwox restoration suppresses cell proliferation and colony
formation in Jurkat and K562 cells. We first examined

whether Wwox was successfully restored in Jurkat and K562
cells via fluorescence microscope and western blot analysis.
The results showed that pGC-FU-WWOX- and pGC-FU-GFP-
infected cells all expressed GFP at 24 h following infection
(Fig. 2B). Cells infected with pGC-FU-WWOX exhibited an
increased expression level of Wwox with time lapse (Fig. 2A),
while pGC-FU-GFP-infected cells had no expression (data not
shown), indicating that Wwox was successfully restored in the
Jurkat and K562 cells. In addition, pGC-FU-WWOX-infected
cells presented anti-proliferation morphological features
characterized by cell shrinkage and colonies decreased with
time lapse (Fig. 2B). Wwox restoration resulted in significantly
reduced cell proliferation with the proliferation inhibition rate
increasing from 9.1% at 48 h to 74.62% at 96 h for Jurkat
cells, and from 3.23% at 48 h to 40.68% at 96 h for K562
cells, all with P<0.05 when vs. pGC-FU-GFP-infected cells
(Fig. 2C). Moreover, colony formation numbers of pGC-
FU-WWOX-infected cell lines were significantly lower than
those of non-treated cells (P<0.01, for both Jurkat and K562
cells), while pGC-FU-GFP-infected cells showed no statistical
significance vs. non-treated cells with P>0.05 (Fig. 2D).



CUI et al: ROLE OF THE WWOX GENE IN LEUKEMIA 2157

L8 I pGC-FU-WWOX-infected Jurkat cells pGC-FU-WWOX-infected K562 cells

=
o

=
L

Wwox-GFP fusion protein level [(f-actin)
e
= =

Wwox-GFP fusion protein level f(f-actin)

Time (h)

Wrox- G R I - o~ GF?
Pactn [ — —

B Jurkat
24h 48h T2h 96 h
*2....

pGC-FU-WWOX

pGC-FU-GFP

Jurkat K562

80% r gpecRewwox 50% r  OpGC-FLWWOX
£ @ pGC-FL-GFP | 2 B pGC-FLLGFP
E 2 q0% |
5 6% g
k- k-l
2 Z 30% |
TE 40% [ ‘E
2 E20% |
£ g
g 20% £ 1w |

0% J:@ L L L | o ) 0% _|:I::::

24 96 96
Time (h) Time {h)
D
25r Jurkat
0 :
=
Ei15t B
= - . 2
PGC-FU-WWOX pGC-FU-GFP  Notreat PGC-FU-WWOX pGé:-EU-GFr No treat

Figure 2. Effects of Wwox restoration on cell proliferation and colony formation on Jurkat and K562 cells. (A) Expression of Wwox-GFP fusion protein in
pGC-FU-WWOX-infected Jurkat and K562 cells at different time points detected by western blot analysis. (B) Expression of GFP at different time points as
well as cell morphological features observed by fluorescence microscope, x200 (bl and b3, ordinary light; b2 and b4, fluorescent light). (C) The proliferation
ratio for lentivirus-infected cells measured by CCK-8 assay. (D) Colony-forming assay. Cell colonies containing >50 cells were counted on Day 14 with a
microscope, x200. Data shown are the means = SD (n=15). “P<0.01, vs. non-treated cells.
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Figure 3. Wwox restoration promotes apoptosis in Jurkat and K562 cells. (A) DAPI fluorescence staining shows the microscopic changes of nucleus for
lentivirus-infected cells at different time points observed by fluorescence microscopy, x400. Red arrows show a typical nucleus morphology of apoptosis
in pGC-FU-WWOX-infected cells. (B) DNA fragmentation analysis using a DNA fragmentation kit. White arrows indicate the ‘DNA ladders’ in pGC-FU-

WWOX-infected cells with time lapse.

Wwox restoration promotes apoptosis in Jurkat and K562
cells. As shown in Fig. 3A, there were apparent microscopic
changes of nucleus in pGC-FU-WWOX-infected cells with
a morphology of chromatin condensation and shrinkage
in phase IIb of apoptosis exhibited by DAPI staining. DNA
degradative fragments were detected by DNA ladder electro-
phoresis, which also showed typical increased apoptosis ‘DNA
ladders’ in pGC-FU-WWOX-infected cells with time lapse
when compared with the controls (Fig. 3B).

Bcl-2, Bax, caspase-3 and -9 are involved in WWOX-mediated
apoptosis. To investigate whether WWOX restoration could
induce apoptosis-related factors, we assessed the changes
of Bcl-2, Bax, caspase-3 and -9 in both protein and mRNA
levels. Real-time PCR results indicated that Bcl-2 mRNA in
pGC-FU-WWOX-infected cells decreased, while Bax mRNA
(only in K562 cells) increased with time lapse, all with P<0.05
when vs. pGC-FU-GFP-infected cells (Fig. 4A). Western blot
analysis revealed similar results for Bcl-2 and Bax. In addition,
the Bax protein in Jurkat cells was undetectable although Bax

mRNA showed positively in it (Fig. 4A and B). Furthermore,
western blot analysis displayed both procaspase-9 and -3 were
cleaved by presenting their spliceosomes: 37 kDa spliceosome
for procaspase-9 and 17 kDa for procaspase-3 were observed
in pGC-FU-WWOX-infected cells (Fig. 4B). Although the
17 kDa spliceosome of procaspase-3 in pGC-FU-WWOX-
infected Jurkat cells was not exposed, procaspase-3 decreased
with time lapse (Fig. 4B).

Release of cytochrome c is a result of WWOX-mediated apop-
tosis in Jurkat and K562 cells. To explore whether WWOX
restoration could trigger the release of cytochrome ¢ from
mitochondria, we employed immunofluorescence staining and
western blot assay. Our results revealed that cytochrome c for
pGC-FU-WWOX-infected cells located in the cytosol with
an increased, dispersive or block-like distribution (Fig. 5A).
Moreover, total cytochrome c¢ protein as well as in the cytosol
for pGC-FU-WWOX-infected cells increased and in mito-
chondria it decreased with time lapse, all with P<0.05 when
compared with pGC-FU-GFP-infected cells (Fig. 5B).
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Figure 4. Expression changes of Bcl-2, Bax, caspase-3 and -9 induced by Wwox restoration. (A) Real-time PCR analysis. RNA was extracted at 72 h following
infection, and the relative quantity was normalized to GAPDH. (B) Western blot analysis. Expression changes for (C) Bcl-2 protein, (D) Bax protein, (E) cas-
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Discussion

In the present study, we first evaluated the expression of
WWOX in 38 cases of primary leukemia patients and in
10 leukemic cell lines, and observed a low expression level
of WWOX in leukemia. Then, we restored Wwox protein
expression in endogenous Wwox-negative cell lines Jurkat
and K562 by utilizing the lentiviral vector pGC-FU-WWOX,
and explored the effects of Wwox expression on biological
properties of these cell lines. Our results exhibited that Wwox
restoration resulted in significant cell viability inhibition and
apoptosis in both Jurkat and K562 cells. We further inves-
tigated the possible mechanism underlying this process and
whether WWOX regulates cell death via the mitochondrial
pathway in leukemia. Finally, we found that restored Wwox
promoted cytochrome c release from the mitochondria and
also activated caspase-9 and -3, indicating that WWOX could
activate the mitochondrial pathway in its antitumor activities
in leukemia.

Leukemia is an oligoclonal or monoclonal disease, and its
molecular basis remains poorly understood. The WWOX gene
was previously identified from chromosome region 16q23.3-
24.1 which spans the common fragile site FRA16D (1), and low
expression of WWOX has also been reported in various types
of cancer (5-9). The present study also showed that expression
of WWOX (mRNA and protein) was frequently reduced or lost
in different types of primary leukemia patients and cell lines,
but exhibited a high expression level in healthy volunteers.
Recent evidence suggests that loss of heterozygosity, as well
as epigenetic modification of the promoter by methylation, can
reduce WWOX expression in various types of tumor (7,23,24).

Apoptosis plays a key role in tumor viability or develop-
ment, and a lack or failure of cell apoptosis in tumors leads
to their development; thus, inducing cell apoptosis in tumors
could be a candidate strategy for a new therapeutic approach
for oncotherapy. Bednarek et al (1,25) first reported that
ectopic expression of WWOX could inhibit breast cancer
viability both in vitro and in vivo. Gourley et al (26) revealed
that WWOX expression abolishes ovarian cancer tumorige-
nicity in vivo, and Fabbri et al (10) also found an increase
of WWOX in lung cancer cells exhibits marked suppression
of tumorigenicity. Recent publications demonstrated that
ectopic expression of WWOX leads to cell apoptosis in
tumors such as lung cancer, glioblastoma multiforme, hepa-
toma, ovarian and prostate cancer as well (17,19,24,27,28).
Consistent with these findings, we also observed a restora-
tion of Wwox in its absent leukemic cells led to a marked
inhibition of cell growth and colony formation, and apoptosis
effects were exhibited by the microscopic changes of nucleus
in phase IIb of apoptosis accompanied by DNA ladders
appearing in pGC-FU-WWOX-infected cells. Although there
are opposing views regarding the function of WWOX as a
tumor suppressor gene (29), the role of ectopic expression of
WWOX in prohibiting proliferation and promoting apoptosis
in leukemia is examined in this study.

WWOX is closely related to apoptosis-associated factors
including Bcl-2, Bel-xL and caspase in its antitumor activi-
ties (10,16-19), suggesting that WWOX may play a role in
triggering apoptosis-associated pathways. Our study demon-
strated that Wwox restoration could activate the mitochondrial
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pathway in Jurkat and K562 cells, as our results displayed
ectopic expression of WWOX resulted in a promotion of
cytochrome c release from the mitochondria, even a down-
regulation of Bcl-2 and upregulation of Bax (only in K562
cells). Furthermore, both procaspase-3 and -9 were cleaved
as their spliceosomes were detected in pGC-FU-WWOX-
infected cells, although the 17 kDa spliced caspase-3 in Jurkat
cells was difficult to detect, perhaps due to limitations in our
experiment.

Supporting evidence of a possible association between
WWOX and the mitochondrial pathway from Chang's review
showed that overexpression of WWOX in 1929 cells leads to
an upregulation of the proapoptotic p53, as well as a down-
regulation of Bcl-2 and Bcl-xL (18). Fabbri ef al (10) reported
that restoration of WWOX in lung cancer cell lines enhances
apoptosis by activating the intrinsic apoptotic caspase
cascade. Zhang et al (17) recently transfected A549 cells with
pcDNA3.0-WWOX, and found that the ectopic expression of
WWOX not only caused apoptosis in A549 cells, but it also
triggered caspase cascade, as well as a release of cytochrome ¢
from the mitochondria in A549 cells, indicating that the mito-
chondrial pathway is mainly involved in WWOX-mediated
apoptosis in A549 cells. Hu et al (24) recently presented
similar results. Our findings are consistent with these data.

In summary, this study reveals a functional role of WWOX
in human hematopoietic malignancies as well as the molecular
mechanisms of its proapoptotic activities. However, the
number of cases examined in our study may not be sufficient,
and we also did not evaluate the functional role of WWOX
in leukemia in vivo. Clinical characterization of WWOX in
hematopoietic malignancies warrants further study. Further
investigations are also required to provide additional insights
into the mechanism underlying the molecular action of
WWOX in leukemia.
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