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Abstract

WWOX; a gene that spans the second most common chromosomal fragile site (FRA16D), often
exhibits homozygous deletions and translocation breakpoints under multiple cellular stresses
induced by extrinsic or intrinsic factors, such as hypoxia, UV, and DNA damage regents. Loss of
WWOX is closely related to genomic instability, tumorigenesis, cancer progression and therapy
resistance. WWOX heterozygous knockout mice show an increased incidence of spontaneous or
induced tumors. WWOX can interact via the WW domain with proteins that possess proline
PPxY motifs and is involved in a variety of cellular processes. Accumulating evidence has shown
that WWOX that contains a short-chain dehydrogenase/reductase (SDR) domain is involved in
steroid metabolism and bone development. Reduced or lost expression of WWOX will lead to
development of metabolic disease. In this review, we focus on the roles of WWOQOX in metabolic
disorders and tumors.

Key words: WW domain-containing oxidoreductase; metabolic disorders; tumorigenesis; endo-

crine and chemotherapy.

Introduction

Fragile sites (FSs) are chromosome regions that
exhibit an increased occurrence frequency of gaps or
breaks when exposed to extrinsic or intrinsic DNA
replication inhibitors such as BrdU, 5-azacytidine,
aphidicolin and hypoxia [1, 2]. FSs are subdivided
into common and rare fragile sites according to their
occurrence frequency in the human population.
Common fragile sites (CFS) are seen in all individuals,
while rare fragile sites (RFS) are found in less than 5%
of the human population [3].

CFSs are components of normal chromosome
structure and are not the result of the expansion of
repeat sequences. FRA3B (3p14.2), FRA16D (16q23.2)
and FRAXB (Xp21.1) are currently the most charac-
teristic CFSs. FRA16D, the second highly expressed
CFS, encompasses the WWOX gene encoding a WW

domain-containing oxidoreductase. The WWOX gene
spans a genomic locus of more than 1 Mbp encoding
an open reading frame of 1.2 Kb, and consists of 9
coding exons in a region of approximately one million
base pairs [4, 5].

The full-length WWOX, which encodes a 414
amino acid protein, possesses two typical N-terminal
WW domains (first domain, amino acids 17-49;
second domain, amino acids 58-90), a C-terminal
short-chain dehydrogenase reductase (SDR) domain,
and a nuclear localization sequence (NLS) (Fig.1). The
first N-terminal WW domain is needed for the
classical WW-PPXY interaction. The proteins with the
SDR domain are involved in oxidation and reduction
of various substrates such as lipid hormones, sugars,
alcohols and retinoids [6].
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Figure 1.Domains and phosphorylation of human WWOX protein.

b
Y3287

NLS SDR

Endogenous WWOX remains in mitochondria in
cultured normal cell lines such as epidermal
keratinocytes and mammary gland cells, and is
translocated to nuclei under tumor necrosis factor-a
(TNFa) stimulation [7, 8]. The subcellular localization
and function of WWOX are regulated by its
phosphorylation. WWOX Tyr33 phosphorylation can
be stimulated by steriod hormone 17p-estradiol (E2)
independent of the estrogen receptor (ER) [9]. WWOX
can also be translocated into the nucleus upon Tyr33
phosphorylation induced by anisomycin or UV light
at the first N-terminal WW domain of WWOX in L929
fibroblasts and other «cell lines. Activated
Cdc42-associated kinase (ACK1) can phosphorylate
WWOX at Tyr33 and Tyr287, and the Tyr287
phosphorylation process is associated with WWOX
polyubiquitination and degradation. However, the E3
ubiquitin ligase needed for WWOX ubiquitination has
not been identified [7, 8, 10].

Numerous studies have shown that WWOX is an
important tumor suppressor and that loss or deregu-
lation of WWOX contributes to development of vari-
ous tumors. In addition, WWOX is involved in steroid
hormone metabolism [11]. The focus of this review is
to summarize the roles of WWOX in metabolic dis-
eases and tumor development.

The wild-type WWOX protein contains 414
amino acids and possesses two N-terminal WW
domains (first domain, amino acids 17-49; second
domain, amino acids 58-90) and a C-terminal
short-chain alcohol dehydrogenase reductase (SDR)
domain. A nuclear localization sequence (NLS) is
located between the two WW domains. Tyr(33) and
Tyr(287) are the known sites of WWOX
phosphorylation.

WWOX dysregulation is associated with
metabolic disorders

Steroid metabolism disorders

The WWOX protein with a classcial SDR domain
is associated with oxidation and reduction of lipid
hormones. Meanwhile, WWOX has been found to be
highly expressed in hormone-dependent tissues, such

as the prostate, mammary gland and ovary, and se-
cretory epithelial cells of endocrine and exocrine tis-
sues [12]. The WWOX distribution patterns lead to the
speculation that this protein is perhaps involved in
regulation of the activities of metabolic steroids or
steroid receptors.

The WWOX gene alternatively knocked out in
mice is commonly used to study the roles of WWOX
in steroid metabolism. WWOX deficient mice are born
with gonad abnormalities, including failure of Leydig
cell development in testis and reduction of theca cell
proliferation in ovary. Loss of WWOX induces re-
duced levels of the testosterone and affects the normal
functions of the prostate [11]. Knockout (KO) mice
may suffer from impaired mammary branching
morphogenesis due to the haploinsuffisiency of
WWOX in the mouse mammary gland [13]. Thus,
WWOX is essential for gonadal development and
function.

WWOX-/-mice show reduced expressions of key
steroidogenesis enzymes, including Cypllal (cyto-
chrome P450, family 11, subfamily A, polypeptide 1),
Cypl7al (cytochrome P450, family 17, subfamily A,
polypeptide 1), and Hsd3b6 (3p-hydroxysteriod de-
hydrogenase). It has been reported that reduced ex-
pression of key steroidogenesis enzymes is the main
reason for abnormal Leydig cells and decreased level
of testosterone in WWOX~/- mice [11]. Therefore,
WWOX may regulate steroid metabolism by regula-
tion of activities of key steroidogenesis enzymes.

Bone metabolism disorders

Mice with a homozygous deletion of WWOX
show reduced serum calcium, hypoproteinuria, and
hypoglycemia, leading to development of metabolic
bone diseases [14, 15]. WWOX-/- mice also suffer a
disorder of skeleton development and increased os-
teoclast activity, characterized by thinner cortical
bones and decreased mineral density and bone vol-
ume [16]. WWOX may affect the bone development
via interaction with RUNX2 (Runt-related transcrip-
tion factor 2). RUNX2 is a principal transcriptional
regulator of osteoblast differentiation [14] and has
been found to be responsible for metabolic bone ab-
normalities of WWOX-/- mice. Loss of WWOX ex-

http://www.ijbs.com



Int. J. Biol. Sci. 2014, Vol. 10

144

pression activates RUNX2-mediated transcription
activity, enhances the expression levels of down-
stream target genes, including VEGF and osteocalcin
[17, 18], and induces bone metabolic defects.

Taken together, reduced or lost expression of
WWOX will lead to development of metabolic dis-
eases due to the role of the SDR domain-containing
protein WWOX in steroid metabolism and bone
development.

WWOX is a tumor suppressor

WWOX expressions are decreased in tumor
tissues and cancer cells

Loss or deregulation of WWOX expression is
associated with the development of various cancer
types and cancer cell lines, including pancreatic ade-
nocarcinoma, renal cell carcinoma and endocrine and
exocrine carcinomas [19, 20] (Tab.1).

Immunohistochemical staining has shown
strong WWOX expression in the normal human
ovarian tissue, but lack of or barely detectable WWOX
expression in 37% of tumors [21]. Eighty-four percent
of prostate cancers have down-modulated WWOX

Table 1. Dysregulation of WWOX expression in various cancers.

[22]. Esophageal squamous cell carcinoma, non-small
cell lung cancer and breast cancer show a high loss of
heterozygosity (LOH), a low mutation rate and the
expression of aberrant transcripts of the WWOX gene.
Northern blot and RT-PCR analyses of the breast and
ovarian cancer cells have revealed that the presence of
transcripts of smaller sizes represents abnormally
spliced  versions of WWOX [20]. DNA
hypermethylation in the regulatory region has been
found to be the cause of down-modulation of WWOX
expression in prostate cancer-derived cells. The
WWOX mRNA and protein expressions in prostate
cancer cells can be increased by 5-aza-2-deoxycytidine
(AZA), a DNA methytransferase inhibitor [22].

The WWOX expression is associated with the
hormone receptor status. ER or PR positive cancer has
a higher level of WWOX expression than ER or PR
negative cancer [23]. Reduced WWOX expression
demonstrates a significant correlation with the clinical
stages of the cancer, negative ER status and poor sur-
vival. Thus, the expression status of WWOX has an
effect on cancer progression and prognosis [21, 24].

Material Technique

Breast cancer (invasive) Immunohistochemistry

ER* breast carcinomas Immunohistochemistry
ER-breast carcinomas Immunohistochemistry
Pancreatic cancer RT-PCR/immunoblotting
Ovarian carcinoma
Prostate cancer Immunohistochemistry
Osteosarcoma Immunohistochemistry
Renal cell carcinoma

Oesophageal squamous

Non-small cell lung cancer

sequencing
Immunohistochemistry

Primary hematopoietic RT-PCR/ sequencing

Immunohistochemistry/ immunoblotting 37%

Immunohistochemistry/ immunoblotting/ RT-PCR

Frequency Ref
63.2%-60% (reduction) [25, 26]
27% (negative) [27, 28]
46% (negative)
40% (reduction) [29]
(reduction) [30]
84% (reduction) [22]
58% (reduction) [18]
60.7% (reduction) [31]
39% (LOH) [32]
84.9% (reduction) [33]
51% (reduction ) [34]

WWOX deregulation is associated with
carcinogenesis and metastasis

Reduced WWOX expression is associated with
carcinogenesis and progression of various cancers.
Heterozygous WWOX KO mice have increased inci-
dence of spontaneous tumors. When mice are given a
single dose of ENU (powerful chemical mutagen),
17.2 % (10/58) of the heterozygous WWOX KO mice
develop papillary carcinoma of the lung, compared
with 3.3% (2/60) of the wide type [12]. Abnormal ac-
tivation of Wnt/beta-Catenin signal pathway is
closely related to tumorigenesis and tumor develop-
ment [35]. Bouteille N et al, using the two-hybrid
system and coimmunoprecipitation assay, have veri-

fied that WWOX physically associates with Dishev-
elled (Dvl) proteins, which are involved in the Wnt/
beta-Catenin pathway, and inhibits the nuclear im-
port of Dvl proteins. Inhibition of endogenous
WWOX expression results in stimulation of the tran-
scriptional activity of the Wnt/beta-Catenin pathway
[36]. These findings reveal that WWOX functions as a
tumor suppressor gene and plays a critical role in
inhibition of tumor formation.

Exogenous WWOX expression suppresses can-
cer cell growth and induces apoptosis. Overexpres-
sion of WWOX in DU145/LNCaP/PC-3 (WWOX
negative prostate cancer cell) significantly reduces the
number of cancer cell colonies, leading to apoptosis
through caspase-dependent mechanism [22, 37].
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WWOX is known to be involved in cell cycle and
apoptotic process by interacting with the proteins that
posses PPxY muotifs, including p73 (p53 homologue),
ErbB4 (erythroblastic ~ leukemiavial = ongene
homolog4), AP-2y (activator protein 2y) and C-Jun
(Fig.2). Transient overexpression experiments have
shown that WWOX suppresses the transcriptional
functions of these proteins by sequestering them in
the cytoplasm of cells. It has been demonstrated that
WWOX can physically interact via its first WW do-
main with p73. Src kinase phosphorylates WWOX at
Y33 in the first WW domain and Src-mediated phos-
phorylation of WWOX enhances its binding to p73.
Furthermore, expression of WWOX leads to seques-
tration of p73 from nuclear to cytoplasm and its cyto-
plastic colocalization with WWOX. Cytoplasmic p73
contributes to the apoptotic activity of WWOX [38-42].
WWOX physically interacts with mitogen-activated
protein kinase 1 (MEK1), which is located in the lipid
rafts of the cell membrane. Pro-apoptotic regent

polyubiguitination and
degradation

Figure 2. Regulatory mechanisms acting on WWOX.

nucleus

phorobol myristate acetate (PMA) induces dissocia-
tion of the MEK/ WWOX complex, releases WWOX
to mitochondria and causes apoptosis in Jurkat T cells
[43]. Thus, WWOX suppresses tumorigenicity
through down-regulation of onco-proteins by pro-
tein-protein interaction.

WWOX has a critical role in cancer metastasis
and invasion. WWOX protein expression is lost or
reduced in nearly 100% of metastatic cancer tissues.
Reduced protein level of WWOX increases migration
of cancer cells through the basal membrane [44, 45].
Intergrin a3 is a transmembrane receptor that medi-
ates the attachment between cells and extracellular
matrix (ECM) and plays a vital role in migration and
tumor invasion. Loss of WWOX expression induces
the membranous intergrin a3 protein expression and
modulates the interaction between cancer cells and
ECM, resulting in migration of cancer cells through
the basal membrane [46, 47].

ooge 2200000000
VIDIDIIIID

cytoplasm

WWOX in endocrine therapy and
chemotherapy for cancers

Tamoxifen is the first choice as a selective estro-
gen receptor modulator (SERM) in clinical practice for
endocrine treatment of early and advanced breast

cancers. Tamoxifen functions as a competitive inhibi-
tor of ER and represses the ER transcriptional activity
[49]. To investigate the correlation of WWOX expres-
sion with the outcome of tamoxifen treatment, Goth-
lin EA et al have examined paraffin-embedded tissues
from 912 randomized breast cancer patients. The
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WWOX protein expression level has been analyzed by
using immunohistochemistry and statistic evaluation,
and their results indicate that patients with high ex-
pression of WWOX may gain more benefit from ta-
moxifen treatment [48]. Research has found that the
status of ER and PR in breast carcinomas is correlated
with loss of WWOX expression. 49.2% of ER* breast
carcinomas and 26.6% of ER-cases are strongly posi-
tive for WWOX expression. 26.2% of ER*PR* breast
carcinomas and 50.9% of ER'PR-cases are completely
negative for WWOX expression [50]. The strong asso-
ciation of WWOX expression with ER status suggests
that WWOX may affect tamoxifen endocrine therapy
for breast cancer. However, the underlying mecha-
nism for the regulation of the association between
WWOX and ER status is not clear. The WW domain
binding protein-2 (WBP2) may be a key regulatory
protein. As a coactivator for ER and PR transactiva-
tion pathways, WBP2 physically interacts with
WWOX and activates steroid hormone receptors [51].
It has been reported that WWOX binds to the classic
WW-PPXY motif of WBP2 [52], and suppresses
transactivation pathways by interaction with WBP2.
Loss of WWOX expression may up-regulate ER tran-
scriptional activity and induces tamoxifen resistance.
In addition, loss of WWOX expression induces the
release of Ap2y transcription factor protein to the nu-
cleus and the up-regulation of epidermal receptor-2
(Her2). Increased Her2 enhances the agonistic activity
against endocrine therapy for breast cancer, indicating
that WWOX may mediate tamoxifen resistance via
interaction with Ap2y [50, 53] (Fig.2). Thus, Loss of
WWOX expression may increase tamoxifen resistance
by up-regulating ER and Her2 transcriptional activi-
ties.

Cisplatin is among the most widely used
chemotherapeutic agent for cancers. ANp63a, a tran-
scription factor localized in the nucleus, plays a cru-
cial role in determining cellular sensitivity to chemo-
therapeutic agent [54, 55]. It has been found that
treatment of WWOX/ ANp63a-expressing cancer cells
with cisplatin can increase the cell death by 14 folds,
as compared with treatment of ANpP63 expressing
cells alone. The WWOX-ANp63a interaction leads to
increased chemosenstivity to cisplatin and an in-
creased cell death rate. The underlying mechanism is
probably that WWOX suppresses the transcriptional
ability of ANp63 by sequestering it in the cytoplasm
[42]. Thus, WWOX may help maintain the sensitivity
of cancer cells to chemotherapeutic drugs.

The above literature review shows that WWOX,
as a chromosomal fragile site gene, can increase the
sensitivity to endocrine therapy and chemotherapy
for tumors.

WWOX is involved in cell cycle and apoptotic
process by interacting with the proteins that posses
PPxY motifs, including ANp63a, ErbB4, AP-2y, Run2
and C-Jun. WWOX can sequester them in the
cytoplasm and suppress their transcriptional
functions. WWOX binds to the classic WW-PPXY
motif of WBP2 and may down-regulate ER and PR
transactivation pathways by suppressing the activity
of coactivator WBP2. Tyr287 phosphorylation process
is associated with WWOX polyubiquitination and
degradation.

Conclusions and future directions

CFS gene WWOX has a critical role in steroid
and bone metabolism. The WWOX protein is
associated with oxidation and reduction of lipid
hormones since it contains the classcial SDR domain.
WWOX is highly expressed in hormone-dependent
tissues and perhaps involved in regulation of activi-
ties of metabolic steroids. WWOX can enhance the
activities of key steroidogenesis enzymes transcrip-
tional activity of RUN2. Reduced or lost expression of
WWOX will lead to development of metabolic dis-
eases. Loss or dysregulation of WWOX expression
also leads to genomic instability, tumorigenesis, can-
cer progression and resistance to therapy. WWOX has
been shown to be involved in pro-apoptotic progres-
sion. WWOX may affect tumorigenesis by inhibiting
activities of some proteins, including p73, ErbB4,
AP-2y and other transcription factors. Reduced
WWOX expression is significantly correlated with
clinical stages, negativity for hormone receptors and
poor survival. Therefore, WWOX can be used as a
marker for poor prognosis or unfavorable clinical
outcomes.

Nevertheless, the function of WWOX SDR do-
main is still unclear. Is WWOX SDR domain related to
the functions of hormone receptors and endocrine
therapy resistance? Is WWOX dehydrogen-
ase/reductase activity related to its tumor suppres-
sive function? Answers to these questions will help to
further understand the role of WWOX in metabolic
diseases and tumors. Another future research direc-
tion may be to develop a tissue-specific (for example:
hormone-related tissue) conditional knockout mouse
model for further analysis of the role of WWOX in
tissue development and metabolic diseases and for
description of the biological functions of the SDR
domain in vivo. In addition, the signal network of
WWOX is still unclear. Further research is needed to
elucidate the signaling network to shed light upon the
role of WWOX in metabolic diseases and tumors.
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