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ABSTRACT
The WW domain-containing oxidoreductase (WWOX) spans one of the most active common fragile sites (CFSs) involved in cancer, FRA16D.

WWOX encodes a 46-kDa protein that contains two N-terminal WW domains and a central short-chain dehydrogenase/reductase (SDR)

domain. Through its WW domain, Wwox interacts with its partners and modulates their functions. Our data indicate that Wwox suppresses the

transactivation function of several transcription factors implied in neoplasia by sequestering them in the cytoplasm. Work from our

laboratory and other research groups have demonstrated that Wwox participates in a number of cellular processes including growth,

differentiation, apoptosis, and tumor suppression. Targeted deletion of the Wwox gene in mice causes increased spontaneous and chemically

induced tumor incidence supporting bona fide tumor suppressor function of WWOX. Moreover, generation of the Wwox-deficient mice

uncovers, at least in part, some of the physiological in vivo functions of the WWOX gene. This review focuses on recent progress that

elucidates Wwox functions in biology and pathology. J. Cell. Biochem. 108: 737–745, 2009. � 2009 Wiley-Liss, Inc.
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M alignant transformation is a complex multistep process

that consists of different combinations of genetic altera-

tions. The genome of an early transforming cell acquires activated

alleles of oncogenes, mutated or lost tumor suppressor genes, and

alterations of other genes responsible for genome stability [Hanahan

and Weinberg, 2000]. These combinations of genetic abnormalities

generate cells that divide more rapidly or evade cell death, thus,

liberating them from growth control and cell cycle checkpoints.

Mammalian cells have multiple safeguards to protect them against

these genetic changes and only when several genes are defective

does a cancer develop. Thus, cancer is the result of a multistep

process involving sequential genetic alterations. The initiating

genetic alterations are extremely important to uncover since

development of malignancy depends on these specific genetic

alterations. Targeting the initiating event should be therefore among

the first priorities in the development of rational therapies. Other

genetic alterations take place during tumor progression which likely

result in heterogeneity of tumors. This tumor heterogeneity has a

great clinical impact due to the differences in clinical behavior and

responses to treatment of tumors of the same diagnostic type.

Most common epithelial tumors such as breast, prostate, stomach,

and others are often characterized by homozygous deletion and loss

of heterozygosity (LOH) involving the long arm of chromosome 16
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In addition, the chromosomal region 16q23.2 contains one of the

most common human fragile sites, FRA16D, and four translocation

breakpoints associated with multiple myeloma [Chesi et al., 1998;

Mangelsdorf et al., 2000; Paige et al., 2000]. Therefore, it has been

suggested that a tumor suppressor gene is located in this region. In

2000, the WW domain-containing oxidoreductase (WWOX) gene,

also known as fragile site FRA16D oxidoreductase (FOR), was cloned

and found to span FRA16D [Bednarek et al., 2000; Ried et al., 2000].

Genomic analysis reveals that WWOX is a very large gene spanning

�1.11 Mb consisting of nine small exons separated by large

introns (Fig. 1). Alternative splicing of WWOX generates transcript

variants that encode seven different isoforms containing two WW

domains and a central short-chain dehydrogenase/reductase (SDR).

The predominant and ubiquitously expressed full-length WWOX

transcript variant is �1.2 kb and codes for a 414 amino acids that

form a protein of 46.6 kDa [Bednarek et al., 2000; Ried et al., 2000].

Subsequent studies demonstrate that WWOX expression is lost or

reduced in a variety of human malignancies making WWOX the

fragile gene target of genomic alterations at 16q23.2. Since 2000,

worldwide interest in the WWOX gene has grown steadily, a trend

reflected in the increase in publication on the topic, which number

more than 130 to date.
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Fig. 1. The WWOX gene and its gene product. The human WWOX gene maps to chromosome 16q23 and spans 1.1 Mb. The full-length WWOX contains nine exons coding for

1,245 bp mRNA transcript that encodes for 414 amino acids. The protein contains two N-terminal WW domains and a central short-chain dehydrogenase/reductase domain

(SDR). Alternative splicing of WWOX mRNA generates seven transcripts, though protein isoforms are not well documented. [Color figure can be viewed in the online issue, which

is available at www.interscience.wiley.com.]
LOSS OF WWOX IN MOST COMMON
HUMAN CANCERS

The region that the WWOX gene spans has attracted the interest of

several research groups due to the fact that it contains a common

fragile site (CFS) [Mangelsdorf et al., 2000; Ried et al., 2000]. CFSs

are large genomic regions that are susceptible to chromosomal

translocations, rearrangements, sister chromatid exchange and to

site-specific gaps or breaks in metaphase chromosomes [Glover,

2006]. Expression of CFS occurs under conditions that inhibit DNA

replication such as treatment with chemical agents that interfere

with DNA synthesis such as aphidicolin [Glover, 1998]. In fact,

fragile sites are demonstrated to be regions with a high density of

Alu repeats, in which DNA replication is delayed and/or markedly

slowed down. Failure to complete replication of CFS sequences

before condensation of chromatin into metaphases chromosomes

may give rise to the chromosomal breaks and gaps characteristic of

fragile sites [Palakodeti et al., 2004; Glover, 2006]. Recently, the

second most highly expressed CFS in human cells, FRA16D, has

been mapped to the 16q23.2 region, coinciding with the region of

homozygous deletions found in various malignancies [Mangelsdorf

et al., 2000; Paige et al., 2000]. The region of instability is located

within the large intron eight spanning �750 kb of the WWOX gene

[Ried et al., 2000] (Fig. 1).

Loss of WWOX expression has been identified in a variety of

tumors including breast, esophageal, lung, ovarian, colon, prostate,

and gastric carcinomas [Bednarek et al., 2000; Paige et al., 2001;

Driouch et al., 2002; Kuroki et al., 2002; Yendamuri et al., 2003;
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Aqeilan et al., 2004a]. In one study, Driouch et al. [2002] reported

WWOX truncated variants in clinical breast cancer specimens as

well as in cell lines. These forms contained deleted exons 6,7, and 8

corresponding to the SDR domain of WWOX. Aberrant transcripts

missing exons 5,6,7, and 8 were also detected in lung and gastric

carcinoma cell lines [Yendamuri et al., 2003; Aqeilan et al., 2004a].

Although point mutations are not detected, LOH is common in

almost one-third of tumor samples analyzed [reviewed in Aqeilan

and Croce, 2007]. Moreover, biallelic deletions, resulting in homo-

zygous loss of FRA16D sequences, have been detected in adeno-

carcinomas of stomach, colon, lung, and ovary [Paige et al., 2000;

Ried et al., 2000; Finnis et al., 2005]. Altogether, these data imply

that WWOX, spanning the second most-active CFS, is the target of

genomic aberration at 16q23.2, and that its loss is a common event

in cancer development.

Presumably, the genomic location of WWOX in CFS makes it

susceptible to breakage, to LOH, and to homozygous deletions when

exposed to carcinogens (Fig. 2). Thus, WWOX alterations could also

be common in cancers caused primarily by carcinogen exposure.

This is supported by evidence that WWOX alterations are common in

esophageal [Kuroki et al., 2002] and lung carcinomas [Yendamuri

et al., 2003; Donati et al., 2007], both of which are associated

with tobacco and alcohol use. Additionally, WWOX expression is

altered in gastric carcinoma [Aqeilan et al., 2004a] that is strongly

associated with exposure to environmental and dietary carcinogens.

Generally, carcinogens can cause DNA damage that can lead to

inactivation of tumor suppressor genes, such as WWOX, that may

have a role in DNA repair processes. Therefore, its loss could
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 2. Regulation of WWOX expression in cancer cells. WWOX alterations in human cancer could be due to genomic, epigenetic and post-translational modifications. Due to

its location in FRA16D, the second most active common fragile site, WWOX is susceptible to genomic aberrations such as LOH or homozygous deletions, resulting in gene

inactivation. In many cancer types, Wwox loss is associated with promoter hypermethylation that leads to chromatin condensation and gene silencing. Finally, Wwox protein can

be degraded due to polyubiquitination by Ack1 tyrosine kinase. Ack1 phosphorylates Wwox on tyrosine 287, which promotes its degradation.
promote progressive accumulation of mutations or other genetic

alterations that then lead to tumor initiation and progression.

Intriguingly, a statistically significant correlation between the

expression of Wwox and Fhit protein is reported in cancer generally

[Aqeilan et al., 2004a; Guler et al., 2005]. The FHIT gene

encompasses the most active CFS, FRA3B [Ohta et al., 1996], and

is sensitive to intragenic alterations by DNA damaging agents

[Huebner and Croce, 2003]. This can lead to allelic loss in the

preneoplasia that coincides with activation of a DNA damage

checkpoint [Bartkova et al., 2005; Gorgoulis et al., 2005]. This

suggests that alteration of CFSs takes place in an early stage of

cancer transformation, thus, leading to the loss of expression of

genes localizing within their boundaries, such as WWOX and FHIT.

Other mechanisms including epigenetic and post-translational

modifications have also been demonstrated to be responsible for the

regulation of WWOX levels in cancer cells (Fig. 2). Hypermethyla-

tion-mediating silencing of WWOX has been reported in several

types of cancer including pancreatic [Kuroki et al., 2004], breast, and

lung carcinomas [Iliopoulos et al., 2005]. Furthermore, restoration

of WWOX expression using epigenetic modulation approaches

suppresses tumorigenecity both in vitro and in vivo [Cantor et al.,

2007]. Another mechanism possibly regulating Wwox protein levels

in cancer cells is Wwox polyubiquitination. Mahajan et al. [2005]

have demonstrated that Ack1promotes Wwox polyubiquitination,

thus, leading to its degradation. Ack1 is a tyrosine kinase that is

upregulated in prostate cancer cells; therefore, its overexpression

can lead to downregulation of Wwox in prostate cancer [Qin et al.,

2006]. These data indicate that loss of Wwox expression in cancer

cells could be due to genomic, epigenetic, and post-translational

modifications (Fig. 2).
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TUMOR SUPPRESSOR ACTIVITY OF WWOX

The deregulation of WWOX expression in human cancer is a

common event [O’Keefe and Richards, 2006; Aqeilan and Croce,

2007] suggesting that WWOX functions as a tumor suppressor.

In an attempt to explore the tumor suppressor behavior of WWOX,

Bednarek et al. [2001], have shown that restoration of WWOX in

breast cancer cells lines, harboring low expression of endogenous

WWOX, results in inhibition of anchorage-independent growth

and suppression of tumorigenecity in vivo. In a subsequent study,

Fabbri et al. [2005] demonstrate that viral-mediated overexpression

of WWOX in lung cancer cell lines enhances apoptosis mediated by

caspase-3 activation and leads to inhibition of tumorigenecity in

vivo. Overexpression experiments in breast [Iliopoulos et al., 2007],

prostate [Qin et al., 2006], and pancreatic [Nakayama et al., 2008]

cancer cells also support tumor suppressor function of WWOX.

These findings also suggest that loss of Wwox expression is asso-

ciated with a growth advantage of cancer cells and that restoration

of WWOX in these cells sensitizes them to apoptosis. However, these

data do not provide direct evidence for the association of Wwox with

tumor suppressor function.

An important step in the functional characterization of a given

gene is the generation of animal models that resemble its alteration

in human cancers. Since WWOX is inactivated in most human

cancers and exhibits tumor suppressor activity in various cell lines, a

Wwox knockout mouse can provide a good tool for studying Wwox

anti-tumor function. The murine Wwox gene is similar to its human

homologue; it spans a CFS Fra8E1 [Krummel et al., 2002] and

induces apoptosis in mouse cell lines [Chang et al., 2001]. Therefore,

the mouse Wwox gene is an appropriate model for studying the
WWOX IN BIOLOGY AND PATHOLOGY 739



tumor suppressor function of the human WWOX gene. In 2007,

we developed a mouse strain lacking Wwox expression [Aqeilan

et al., 2007c]. Targeted ablation of the murine Wwox gene led to

post-natal lethality thus precluding adult tumor analysis. Never-

theless, juvenile mice, by age of 3 weeks, developed focal lesions

along the diaphysis of their femurs resembling early osteosarcomas.

More than 30% of Wwox null mice develop periosteal osteosarcoma.

Unfortunately, it was not possible to follow the progression of

such tumors due to post-natal lethality. Nevertheless, biochemical

analysis of Wwox partners reveals that physical and functional

association of Wwox with the master transcription factor

specific for osteoblast differentiation, Runx2, might be responsible

for the development of osteosarcoma in Wwox-deficient mice

(see below).

In order to examine whether inactivation of one allele of the

Wwox gene contributes to tumorigenesis, we also monitored Wwox-

heterozygous (Wwoxþ/�) mice for spontaneous tumor development

[Aqeilan et al., 2007c]. Wwoxþ/� and wild-type (Wwoxþ/þ)

matched-littermate mice were monitored for 2 years. We observed

that the incidence of tumor formation in Wwoxþ/� mice is

significantly higher than in Wwoxþ/þ mice. The spontaneous

tumors in Wwoxþ/� mice included lung and mammary tumors

[Aqeilan et al., 2007c; and unpublished data]. Interestingly,

the second Wwox allele in some cases was intact, suggesting

haploinsufficient features of WWOX. These tumors appeared in

aging mice indicating that loss of one allele of WWOX may

contribute to the evolution of other genetic alterations that lead to

tumor formation. Our findings indicate that inactivation of both

WWOX alleles results in osteosarcomas while inactivation of one

allele contributes to lung and mammary carcinomas.

To define the role of WWOX in tumor progression, Wwoxþ/� and

Wwoxþ/þ mice were treated with chemical carcinogens and the

incidence of tumor formation was evaluated. In one study we

utilized the chemical mutagen ethyl-nitros urea (ENU) [Aqeilan

et al., 2007c]. Forty weeks after administration of ENU, incidence of

tumor formation in Wwoxþ/� mice was 80% whereas it was half of

that in Wwoxþ/þ mice. The tumor spectrum included lymphoblastic

leukemia as well as lung, mammary, and liver tumors. In a second

study, Wwoxþ/� mice were treated with the established esophageal/

forestomach carcinogen N-nitrosomethyl-benzylamine (NMBA),

and the frequency of tumor formation in these mice was compared

with that of Wwoxþ/þ mice [Aqeilan et al., 2007b]. Fifteen weeks

after administration of NMBA, almost all Wwoxþ/� mice had

developed forestomach tumors, which included adenomas and

invasive carcinomas. By comparison, 29% of Wwoxþ/þ mice

developed tumors. Intriguingly, forestomachs from Wwoxþ/� mice

displayed moderately strong Wwox protein staining in the near-

normal epithelium, but weak and diffuse staining in carcinomas in

the same tissue section, suggesting that Wwox was haploinsufficient

for the initiation of tumor development. These findings provide the

first in vivo evidence for the tumor suppressor function of WWOX

in forestomach/esophageal carcinogenesis.

Another support for the tumor suppressor function of Wwox

comes from the work of the Marcelo Aldaz’ laboratory. Ludes-

Meyers et al. generated a hypomorphic mouse strain that had no

detectable Wwox protein in most of the tissues examined. A low
740 WWOX IN BIOLOGY AND PATHOLOGY
level could be detected in some tissues [Ludes-Meyers et al., 2007].

Wwox hypomorphic mice are viable, though, they have a signi-

ficantly shorter lifespan when compared to control wild-type mice.

Importantly, female hypomorphs have a higher incidence of

spontaneous B-cell lymphomas, consistent with a tumor suppressor

function of Wwox.

In summary, evidence demonstrates that alterations of Wwox

expression in mouse models contribute to tumor development

indicating that loss of WWOX in human cancer may be an early

event in transformed cells that provides growth advantages. These

data support a bona fide tumor suppressor function of WWOX.

WWOX MOLECULAR PATHWAYS

Wwox contains two N-terminal WW domains and SDR domain

(Fig. 1) [Bednarek et al., 2000]. The majority of pathways in which

Wwox is implicated reveals that it acts predominantly through its

first WW domain, which binds the proline–tyrosine rich motifs-

PPxY (where P is proline, Y is a tyrosine and x is any amino acid) of

a partner. WW domains are small protein modules ranging from 38–

40 amino acids containing two conserved tryptophan (W) residues

that are spaced apart by 22 amino acids. Based on the recognition of

proline-rich ligands, the WW domains can be resolved into four

groups [reviewed in Sudol et al., 2005]. WW domains have been

identified in a wide variety of signaling proteins and function as

adapter proteins, transcriptional co-activators and as ubiquitin

ligases. For example, the Yes-associated proteins (Yap) functions

as a transcriptional co-activator of several target genes such as p73

[Strano et al., 2001] and ErbB4 [Komuro et al., 2003], while the

E3 ligase Itch regulates the stability of transcription factors such

as c-Jun [Gao et al., 2004], p73 [Rossi et al., 2005], and p63 [Rossi

et al., 2006].

Several partners have been reported for the Wwox protein

(Table I). Initially, AxCell Biosciences has developed a biochemical

approach to map WW domain peptide–protein interactions and

determined that WW domains of Wwox associate with PPxY

containing peptides [Hu et al., 2004]. Our in vivo validation studies

confirmed these preliminary results and demonstrated that the first

WW domain of Wwox belongs to Group I WW domains [Aqeilan

et al., 2004c]. This finding was subsequently followed by a report

showing that Wwox interacts preferably with PPxY containing

proteins [Ludes-Meyers et al., 2004]. Using the Wwox WW domains

as a probe, Ludes-Meyers et al., screened high-density protein arrays

and identified five candidate-binding partners including WW

binding protein 1 (WBP-1), small membrane protein of the

lysosome/late endosome (SIMPLE), NF-kB activating protein, and

COTE1. The common feature of these partners is that they contain

the PPxY motif; though the functional relevance of these

associations is still unknown.

The first partner of the WW domain of Wwox to be identified was

the p53 homologue, p73 [Aqeilan et al., 2004c]. Wwox, via its first

WW domain, associates with the C-terminal PPxY motif of p73.

We found that Wwox binds p73 mainly in the cytoplasm thus

suppressing p73-transactivation function. This sequestration,

however, enhances Wwox pro-apoptotic activity; Soas2 cells
JOURNAL OF CELLULAR BIOCHEMISTRY



TABLE I. Wwox Partners

Wwox interacting partner Function Refs.

p73 Pro-apoptotic transcription factor Aqeilan et al. [2004c]
SIMPLE Small membrane protein of the lysosome/late endosome.

Mutation of the SIMPLE gene is the molecular basis of
Charcot–Marie–Tooth disease type 1C (CMT1C)

Ludes-Meyers et al. [2004]

Ap2a and g Transcription factors involved in mammary cell proliferation
and development, frequently overexpressed in breast tumors

Aqeilan et al. [2004b]

ErbB4 intracellular domain (ICD) Receptor tyrosine kinase. Ligand binding induces a variety
of cellular responses including mitogenesis and differentiation

Aqeilan et al. [2005]

Ack1 Cdc42-regulated kinase. Its overexpression is associated with tumorigenesis Mahajan et al. [2005]
c-Jun Transcription factor that together with c-Fos, forms AP1.

Regulates proliferation, differentiation, and apoptosis in multiple cell types
Gaudio et al. [2006]

Ezrin Membrane cytoskeletal cross-linker that participates in cell adhesion,
motility, and cell survival

Jin et al. [2006]

Runx2 Principal transcriptional regulator of osteoblast differentiation
and skeletal morphogenesis

Aqeilan et al. [2008]

Dvl-2 Involved in non-canonical Wnt signaling pathway, stabilizes
b-catenin eliciting proliferation and cell growth

Bouteille et al. [2009]

p53, Mdm2 non-PPxY dependent Transcription factor involved in DNA repair, growth arrest, and apoptosis Chang et al. [2007]
Jnk (c-jun N-terminal kinase)

non-PPxY dependent
Member of MAP kinases, elicits pro- and anti-apoptotic functions Chang et al. [2003]

Tau non-PPxY dependent Tau gene mutations have been associated with several
neurodegenerative disorders such as Alzheimer’s disease

Sze et al. [2004]
co-expressing Wwox and p73b have an increased percentage of

sub-G1 population as compared with Wwox or p73b alone. A point

mutation in the first WW domain of Wwox, namely replacement of

tyrosine (Y) 33 by arginine (R) (WwoxY33R), abrogates these

functions, suggesting a specific association between Wwox and p73.

Importantly, this tyrosine is necessary, though not essential, for

this association. Our data also reveal that Y33 is a target for

phosphorylation by the Src kinase family; Src-mediating phos-

phorylation of Wwox enhances its interaction with p73 [Aqeilan

et al., 2004c]. The significance of Wwox-p73 location in the

cytoplasm remains to be elucidated. Recently, a caspase-cleaved

p73 fragment was demonstrated to localize to the mitochondria,

and enhances TRAIL-induced apoptosis [Sayan et al., 2008]. It

is thus possible that following association with Wwox, p73 is

cleaved in the cytoplasm and enhances transcriptional-independent

apoptosis.

Subsequent biochemical studies in our laboratory have identified

other Wwox partners including Ap2g and a, intracellular domain

(ICD) of ErbB4 and c-Jun [Aqeilan et al., 2004b, 2005; Gaudio et al.,

2006]. Wwox regulates transactivation ability of these transcription

factors by sequestering them in the cytoplasm [Aqeilan and Croce,

2007]. Again, the first WW domain of Wwox is the main interacting

domain with these partners. The functional and clinical relevance of

these interactions has also been addressed. In collaboration with the

research group of Klaus Elenius, we demonstrate that Wwox-ErbB4

association on the cell membrane or in the cytoplasm correlates with

better prognosis in breast cancer patients [Aqeilan et al., 2007a].

Additionally, we documented that Wwox protects full-length

ErbB4 from degradation and contributes to its stabilization, which

also correlates with improved survival in breast cancer patients.

Therefore, we speculate that in tumors when Wwox is absent, ICD of

ErbB4 freely translocates into the nucleus and mediates survival

signals; a situation that is associated with poor prognosis in breast

cancer patients [Junttila et al., 2005]. In another scenario, Wwox and

Ap2g expression levels correlate with tamoxifen resistance in breast
JOURNAL OF CELLULAR BIOCHEMISTRY
tumors suggesting a functional association between the two proteins

[Guler et al., 2007].

The scope of Wwox partners also includes proteins associated

with cytoskeleton remodeling [Jin et al., 2006]. Wwox associates

with PKA-mediated phosphorylated Ezrin, a cytoskeleton mem-

brane protein. Wwox, via its first WW domain, binds to PPxY of

Ezrin, hence regulating the apical localization of Wwox in parietal

cells [Jin et al., 2006]. Disruption of Ezrin–Wwox interaction blocks

the remodeling of the apical membrane cytoskeleton associated with

the translocation and insertion of H,K-ATPase into the apical

membrane, suggesting a role for Wwox in cytoskeleton biology.

Whether Wwox tumor suppressor function involves its ability to

modulate cell surface structure, adhesion, migration, or organiza-

tion remains to be investigated. Interestingly, all the above-

mentioned partners associate with the first WW domain of Wwox.

So far, no Wwox partners appear to bind through the second

WW domain of Wwox. Although the second WW domain of

Wwox contains a tyrosine (Y) in the place of the second conserved

tryptophan (W), the signature residue directly involved in ligand

binding, the specificity of the ‘‘WY domain’’ toward PPxY core

was not supposed to change [Hu et al., 2004]. Future characteriza-

tion of the ‘‘WY domain’’ partners will help elucidate its biological

function.

Wwox also partners with the Wnt/b-catenin pathway member,

Disheveled (Dvl) [Bouteille et al., 2009]. Recently, Bouteille et al.,

demonstrate a physical and functional association between Dvl2

and Wwox. Interestingly, Dvl proteins contain the PPxY motif,

however, it is not obvious whether WW domain-PPxY is responsible

for this association. Nevertheless, Wwox functions as an inhibitor of

the Wnt/b-catenin pathway through sequestration of Dvl proteins.

In vivo validation of this interaction would clarify its physiological

relevance.

Studies from the Chang laboratory demonstrate several Wwox-

interacting partners independent of the WW domain and PPxY

motifs. For example, hyaluronidase enhanced-TNF cytotoxicity is
WWOX IN BIOLOGY AND PATHOLOGY 741



Fig. 3. Wwox Signaling pathways. Wwox is involved in multiple functions

through its ability to interact with several partners of different pathways.

Wwox, via its first WW domain, is able to associate with a spectrum of PPxY-

containing proteins and modulate their functions. For example, Wwox enhances

p53 and p73 pro-apoptotic activities and decreases the transactivation activity

of transcription factors involved in cell proliferation including ErbB4, c-Jun,

and Runx2. Wwox is able to affect the Wnt/b-catenin pathway by retaining

Dvl-2 in the cytoplasm. Because of its partners, Wwox might have also a role in

DNA damage and in cell trafficking. Wwox-knockout mice display a wide range

of metabolic defects, including hypoglycemia, hypocholesteremia, as well as

morphologic steroidogenesis and bone defects, suggesting Wwox is a key

regulator in different metabolic processes. [Color figure can be viewed in

the online issue, which is available at www.interscience.wiley.com.]
mediated through induction of Wwox, accompanied by an

association with the tumor suppressor p53 [Chang et al., 2001].

Although p53 does not have a proline-rich motif, it is possible that

the p53bp2, which contains a PPxY motif and associates with Yap

[Espanel and Sudol, 2001], mediates the p53-Wwox observed

association. Wwox also associates with Jnk1 [Chang et al., 2003],

Tau [Sze et al., 2004], and Mdm2 [Chang et al., 2005]. Additional

investigation on the functional and biological relevance of such

interactions is required in order to shed light on the Wwox signaling

pathway. Nevertheless, the nature of the various interacting partners

with which Wwox associates suggest that Wwox plays a central role

in various signal transduction pathways (Fig. 3).

Of note, WW domain-containing proteins may have common

partners, with opposite impact on their functions. For instance,

Yap stabilizes p73 and enhances its DNA damage-mediated pro-

apoptotic function [Strano et al., 2001; Basu et al., 2003; Levy et al.,

2007] whereas the Itch E3 ligase ubiqutylates p73 and enhances its

degradation [Rossi et al., 2005]. Therefore, Wwox might compete

with other WW domain-containing proteins such as Yap and Itch for

binding common target proteins, hence determining their functional

outcome. This scenario has been tested on the ErbB4 tyrosine

receptor kinase. In one study, we demonstrated that similar to Yap,

Wwox associates with the ICD of ErbB4; whereas Yap co-activates

ICD transactivation function [Komuro et al., 2003], the presence of

Wwox, through competing for interaction with ICD, suppresses this

co-activation [Aqeilan et al., 2005]. In another study we showed

that Itch ubiqutylates ErbB4-CYT-1 isoform and promotes its

degradation [Sundvall et al., 2008]. Therefore, it is possible that

the different WW domain-containing proteins regulate the expres-
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sion, localization, and function of common partners depending

on their affinity of interaction and expression profile in different

physiological and pathological contexts.
PHENOTYPIC ANALYSIS OF THE
WWOX-KNOCKOUT MICE

Wwox-deficient mice on the C57bl/6-SVJ129 genetic background

are born with no obvious malformations [Aqeilan et al., 2007c,

2008]. However, these mice display a metabolic disorder character-

ized by hypoglycemia and hypocalcaemia at the age of 2 weeks and

die by age of 3–4 weeks [Aqeilan et al., 2008]. The mice display

growth retardation and have an impaired ratio of organ/body mass

in several tissues including spleen, thymus, and brain [Aqeilan et al.,

2008]. Although Wwox-deficient mice are runted, they do not

exhibit any abnormal behavior or impaired motor skills. At a later

stage, prior to their death, Wwox-knockout mice became lethargic

and show signs of wasting; most likely due to sever metabolic

disorder indicated by the abnormal levels of electrolytes and other

serum chemistries. For example, Wwox-deficient mice have

impaired serum levels of lipids, including hypocholesteremia and

hypotriglyceremia, compared with matched age and sex control

littermates. Intriguingly, Lee et al. [2008] identified a single

nucleotide polymorphism (SNP) in the large intron eight of the

WWOX gene that is associated with low HDL-C levels in

dyslipidemic families suggesting a role of Wwox in HDL

metabolism. The post-natal death of Wwox-knockout mice

precludes investigating the physiological role of Wwox in vivo in

adults. Interestingly, low levels of Wwox expression, as described in

Wwox hypomorphs, rescued mice lethality and allowed monitoring

adult mice for tumor incidence. A recent finding also suggests that a

truncated form of Wwox in rats is associated with epilepsy,

providing evidence for Wwox function in the central nervous

system [Suzuki et al., 2009]. The complexity of the Wwox mutant

mice phenotype supports multiple and unique roles for Wwox

in vivo and suggest that other members of the WW domain- and

SDR-containing proteins cannot compensate for these phenotypes.

The increased incidence of tumor formation reported in Wwox-

knockout mice confirms Wwox oncosuppressor activity. An

example is provided by the fact that mice lacking Wwox display

an increase incidence of osteosarcomas [Aqeilan et al., 2007c].

Osteosarcoma originates from proliferation of undifferentiated

osteoblasts. Interestingly, we observed an impaired differentiation

in osteoblasts isolated from Wwox null mice, suggesting that

osteosarcoma formation in Wwox-knockout mice could be related to

a differentiation defect in the osteoblast compartment. In fact,

Wwox seems to be essential in regulating proliferation and

maturation of osteoprogenitor cells during bone formation [Aqeilan

et al., 2008]. We observed an increase of Runx2 levels in Wwox-

deficient mice both in clavaria and femur bones. This increased level

might allow initiation of osteoblastogenesis, albeit osteoblasts

are not able to produce sufficient bone matrix to compensate

the calcium metabolic defects, thus, causing bone resorption and

leading to loss of bone matrix. Therefore, since Wwox seems to have
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a central role in osteoblast differentiation, its loss might promote

osteosarcoma formation.

Biochemically, we have demonstrated a physical interaction

between Wwox and Runx2 using co-immunoprecipitation assays

[Aqeilan et al., 2008]. This association suppresses Runx2 transacti-

vation function. Since RUNX2 autoregulates its expression [Stein

et al., 2004], we speculate that absence of Wwox stimulates Runx2

transactivation function and hence upregulates its expression level.

Of note, Runx2 is a target of other WW domain-containing proteins

including co-activators and ubiquitin ligases. Therefore, in absence

of Wwox, the balance between the different WW domain adaptor

proteins and Runx2 may determine the functional outcome of

Runx2. Interestingly, Wwox interacts with Runx2 in the nucleus,

when the transcription factor is already bound to chromatin, and

inhibits its transcriptional activity. It is worth mentioning that

Wwox contains a nuclear localization sequence (NLS) [Chang

et al., 2007]. However, its predominant localization is observed in

the cytoplasm [Aqeilan and Croce, 2007]. Since Runx2 levels

are significantly upregulated in osteosarcoma [Papachristou and

Papavassiliou, 2007], we speculate that Wwox may, at least

in part, be responsible for this altered expression. Further

investigation should uncover the functional role of Wwox-Runx2

in osteosarcoma.

The generation of the Wwox-deficient mice also shed light on the

possible functions of Wwox in steroid metabolism [Aqeilan et al.,

2009]. Analysis of the Wwox expression pattern in mouse tissue

reveals that it has predominant expression in hormonally regulated

tissues such as testis, ovary, prostate, and mammary epithelial cells

[Nunez et al., 2006; Aqeilan et al., 2007c]; thus, we postulated a

possible physiological role of Wwox in steroid metabolism. Indeed,

our data demonstrate that Wwox-knockout mice display some

morphological defects in the male and female reproductive systems;

hypogonadism and impaired levels of steroidogenic enzymes have

been observed [Aqeilan et al., 2009]. Moreover, both mRNA levels of

the follicle-stimulating hormone (Fsh) and luteinizing hormone (Lh)

are downregulated in the pituitary gland of Wwox-knockout mice.

Similarly, testes from Wwox hypomorphic males have a high

numbers of atrophic seminiferous tubules and reduced fertility when

compared with their wild-type counterparts [Ludes-Meyers et al.,

2007]. Since Wwox contains an SDR domain, it is speculated that

this domain might play a critical role in steroid metabolism. Further

delineation of Wwox domains function is required to address this

matter.

CONCLUSIONS

The WWOX gene encodes a tumor suppressor that is altered in

several types of cancer. Inactivation of WWOX in cancer cells could

be due to genomic, epigenetic, and post-translational modifications.

In vivo evidence, using Wwox mutant mice, demonstrate a bona fide

tumor suppressor function of WWOX. The mechanism of action of

Wwox involves apoptosis and, in a recent report, modulation of

the interaction between tumor cells and the extracellular matrix

[Gourley et al., 2009]. Data from several laboratories suggest that

Wwox, via its WW domains, partners with PPxY-containing proteins
JOURNAL OF CELLULAR BIOCHEMISTRY
and modulates their functions. PPxY-independent interactions have

also been reported. Moreover, Wwox can regulate gene expression

by competing with other WW domain-containing proteins, such as

co-activators and ubiquitin ligases, for binding with its targets, thus,

affecting their transactivation and degradation rate. The nature of

the various interacting partners with which Wwox can physically

associate suggests that Wwox plays a central role in different

signal transduction pathways. Wwox-deficient mice display a very

complex profile including post-natal lethality, defects in growth and

impaired function of steroidogenesis and bone metabolism. To

better define Wwox signaling pathway(s), it will be useful to identify

all the possible PPxY-containing proteins that Wwox binds.

Furthermore, characterization of the biochemical function of the

SDR domain would help in better understanding the role of Wwox in

metabolic processes. In summary, further investigation of both

domains should shed light on the role of Wwox in biology and

pathology.
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