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Abstract

The WWOX gene, an archetypal fragile gene, encompasses a chromosomal fragile site at 16g23.2,
and encodes the approximately 46-kDa Wwox protein, with WW domains that interact with a
growing list of interesting proteins. If the function of a protein is defined by the company it keeps,
then Wwox is involved in numerous important signal pathways for bone and germ-cell development,
cellular and animal growth and death, transcriptional control and suppression of cancer development.
Because alterations to genes at fragile sites are exquisitely sensitive to replication stress-induced
DNA damage, there has been an ongoing scientific discussion questioning whether such gene
expression alterations provide a selective advantage for clonal expansion of neoplastic cells, and a
parallel discussion on why important genes would be present at sites that are susceptible to
inactivation. We offer some answers through a description of known WWOX functions.
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WWOX gene & gene product

The WWOX gene spans a genomic locus of more than 1 Mbp encompassing nine exons
encoding an open reading frame of 1245 bp; the protein sequence includes two WW domains
and a short-chain dehydrogenase/reductase (SDR) domain homologous to 17p-hydroxysterol
reductase 3, which may be involved in sexsteroid metabolism. The gene spans the fragile site
FRA16D and includes a genomic region involved in chromosome translocation in multiple
myelomas and in hemi- and homozygous deletions (HDs) in cancers and cancer-derived cell
lines; in addition, the WWOX promoter region is frequently hypermethylated in cancers
(reviewed in [1-3]). Most cancer cell lines with FRA16D HDs also exhibit deletions in
FRA3B and the FHIT gene, consistent with the finding that common fragile loci are highly
susceptible to DNA damage and recombination. The mouse ortholog, Wwox, at murine
chromosome 8E1, is also fragile and highly homologous to the human locus [4]. WwoxX is
expressed in most organs, but is expressed at highest levels in hormonally regulated, secretory
epithelial cells such as those of breast, ovary, testes and prostate [1-3].

Wwox binds the proline-rich ligand PPxY and a number of proteins have been demonstrated
to interact with its first WW domain; among these ligand-containing proteins are p73, Ap2a,
Ap2y, ErbB4, Jun and Runx2, which are described in more detail.

Characterization of mouse strains with targeted Wwox gene knockout has led to important clues
to the roles of Wwox in tumorigenesis and metabolism (reviewed in [5]). At birth, homozygous
Wwox-deficient (Wwox /") pups were indistinguishable from wild-type (WT) or heterozygous
littermates; at 3 days, homozygous pups were smaller than littermates and all Wwox ™/~ mice
died by 4 weeks after birth with severe metabolic defects [6-8]. Macroscopic and histological
examination of the organs confirmed atrophy of organs, gonadal abnormalities and bone
growth retardation in Wwox/~ mice [8]. A Wwox hypomorphic mouse has also been produced
and demonstrated to have increased susceptibility to tumor induction [9]. In this mouse strain,
it was difficult to demonstrate expression of Wwox protein, though some protein must be
produced in multiple organs or these mice would not be normal. Testes from the homozygous
males had high numbers of atrophic seminiferous tubules and reduced fertility compared with
WT mice, and the hypomorphic allele led to a shorter lifespan.

Wwox expression in common human cancers

There are now approximately 100 reports concerning the correlation of the loss of Wwox
expression with cancer development, including some reporting association of Wwox absence
with poor prognosis and outcome in various cancer types (Figure 1 summarizes findings for
cancers of many organs) [10-26]. Ectopically overexpressed Wwox has been reported to
promote apoptosis, tumor suppression, suppression of anchorage-independent growth and
colony formation in Matrigel™ (BD Biosciences, NJ, USA) [1-3]. Since many of these studies
have been reviewed previously, we will highlight the most recent studies evaluating the role
of Wwox in specific cancers.

Very recently, Gourley et al. demonstrated that stable transfection of WWOX into human PEO1
ovarian cancer cells exhibiting WWOX HDs abolished tumorigenicity, but did not alter in
vitro growth [27]. Rather, WWOX restoration or Wwox overexpression in ovarian cancer cells
resulted in reduced attachment and migration on fibronectin, an extracellular matrix component
linked to peritoneal metastasis. Conversely, siRNA-mediated knockdown of endogenous
WWOX in ovarian cancer cells increased adhesion to fibronectin. There was not a WWOX-
dependent difference in cell death in adherent cells but WWOX-transfected suspension cultures
demonstrated enhanced apoptosis. WWOX expression also led to reduced membrane-
associated integrin-a(3) protein, which mediates adhesion of ovarian cancer cells. The authors
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suggested a role for WWOX loss in dissemination of ovarian cancer, a function that may be
amenable to therapeutic intervention [27].

In a high-throughput retroviral insertion site screen in mice, for mutations collaborating with
p53 or p19 deficiency, Uren et al. identified 20 genes specifically mutated in p19-deficient,
p53-deficient or WT mice, including candidate tumor suppressor genes [28]. Comparison with
allele copy number data from human cancer cell lines revealed candidate tumor suppressors
Wwox and Arfrp2 as retroviral insertion targets, suggesting that Wwox inactivation can
cooperate with so called “classical’ tumor suppressor loss in tumor development.

Recent additional evidence appears to define Wwox as a central player in many physiological
and pathological states, through connection of Wwox to the central Wnt—catenin signaling
pathway. Bouteille et al. reported that Wwox physically interacts with the Dvl family signaling
elements involved in the Wnt—catenin pathway, inhibiting the Wnt—catenin pathway
transcriptional activity; the SDR domain was reportedly essential and sufficient for this
inhibitory effect [29]. Wwox did not inhibit the Wnt—catenin pathway by disrupting the
interaction of DvI-2 with the B-catenin-degradation complex but by sequestering Dvl proteins
in the cytoplasmic compartment, thereby inhibiting their function in p-catenin stabilization
(illustrated in Figure 2). Aberrant activation of the Wnt—catenin pathway plays an important
role in the development and progression of many human cancer types (reviewed in [30]); thus,
negative regulation of this pathway by Wwox could have an inhibitory effect on both tumor
initiation and progression towards an invasive phenotype.

Wwox WW domains & protein interactions

The Wwox N-terminal WW modules [31,32] mediate protein—protein interactions. WW
domains are among the smallest modular domains known that mediate complexes associated
with signaling pathways implicated in a variety of cellular processes, such as transcriptional
regulation and protein stability [33]; they are composed of 35-40 amino acids that include two
signature tryptophan residues, spaced approximately 20 amino acids apart, that are important
in domain structure and function [33]. Based on ligand predilection, WW domains fall into
two major and two minor groups. Major group | binds polypeptides with the minimal core
consensus, PPxY, such as dystrophin, Nedd4 WW-3 and Yap [34], and major group Il binds
ligands with PPLP motif [35,36]. Group 111 WW domains select poly-P motifs flanked by
arginine or lysine [37], whereas Group IV domains bind to short sequences with phosphoserine
or phosphothreonine, followed by P, in a phosphorylation-dependent manner [38].

To “fish’ for Wwox partners in vitro, Hu et al. developed a biochemical approach to map WW
domain peptide—protein interactions and determined that Wwox WW domains associated with
PPxY-containing peptides [39]. Our in vivo validation studies confirmed these results and
demonstrated that the first Wwox WW domain belongs to Group | WW [40], as previously
reported [41]. Other laboratories have also reported and confirmed these results [9,42].
Although Wwox contains an SDR domain that is predicted to be involved in oxidation/
reduction processes, Wwox signaling functions examined thus far are mainly determined by
interaction of its WW domains with PPxY maotifs in its partners.

Wwox—p73 association enhances apoptosis

The first Wwox partner to be identified was the p53 homolog, p73 [40]. A peptide derived
from p73 (*82PPPPY488) hound with high affinity to the first WW domain of Wwox, as
predicted by Hu etal. [39], and co-immunoprecipitation results demonstrated strong complexes
between Wwox and both p73a and B [40]. Under the same conditions where p73 interacts with
Wwox, we were unable to recapitulate p53 binding to Wwox reported by another group [43],
a discrepancy that is possibly related to different experimental conditions. Mutagenesis of
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Y487 of p73p abolished the Wwox—p73p interaction and p73 lacking a PPPY motif failed to
bind Wwox. Furthermore, a mutation in Y33 in the first Wwox WW domain, but not Y61 in
the second WW domain, abolished the interaction, indicating a specific association between
the first WW domain and the PPPY motif in p73. Moreover, phosphorylation of Y33 by Src
kinase enhanced Wwox—p73 interaction. Upon binding to Wwox, p73 is sequestered in the
cytoplasm, whereas more p73 is translocated to the nucleus when Wwox is silenced by siRNA.
In accordance with these findings, we observed a significant decrease in p73-transactivation
ability upon Wwox co—expression, as well as a decrease in p21 protein level, due to decreased
transcriptional activation of the gene encoding p21 by p73. This sequestration enhanced
proapoptotic activity; Saos2 cells coexpressing Wwox and p73f exhibited an increased sub-
G1 fraction, compared with Wwox or p73 alone, indicating that p73 binding to Wwox
increases apoptotic activity independent of p73 transcriptional activity. While p73-dependent
apoptosis seems to be primarily regulated by its ability to transcriptionally activate proapoptotic
p53 target genes [44], some studies have suggested transactivation-independent apoptosis
[45,46]. Therefore, it is possible that Wwox enhances p73 cytoplasmic apoptotic function.
Another possibility is that Wwox can compete with other WW domain-containing proteins that
bind and degrade p73 to potentiate or diminish p73 transcriptional and apoptotic activity
[46]. Indeed, we have found that Wwox inhibits coactivation of p73 by Yap, while expression
of Yap2 did not affect this suppression. When Wwox is in the nucleus together with p73, it
still inhibits its association with Yap and thus prevents its coactivation, indicating that the effect
of Wwox expression is superior to that of Yap. Recently, a caspase-cleaved p73 fragment was
demonstrated to localize to the mitochondria and enhance TRAIL-induced apoptosis [45]. It
is thus possible that following association with Wwox, p73 is cleaved in the cytoplasm and
enhances transcription-independent apoptosis. Just as Wwox competes with Yap for p73, it
may compete with Yap in the interaction with RUNX2 and determine its biological function.

Wwox—Ap2 complexes in breast cancer

Another candidate peptide was derived from Ap2 (°6PPPYFPPPY?®4), which bound with high
affinity to the first WW domain of Wwox [39,47]. We demonstrated that Ap2a and y interact
with the first Wwox WW domain via their prolinerich motif PPPY. Like p73, Wwox sequesters
the Ap20/f3 transcription factors in the cytoplasm, suppressing transactivation ability. Ap2o/

vy function modulation by Wwox may have clinical relevance. Ap2s comprise a family of highly
homologous proteins (reviewed in [48]) that recognize and bind GC-rich DNA sequences of

target genes, mediating both activating and repressing stimuli. Transcriptional activity of Ap2
factors is highly determined by interacting molecules such as SP1, p53 and Myc [49-51]. Our
data suggest that non-DNA-binding factors such as Wwox may also contribute to regulation

of Ap2a/y transcriptional function.

Although clinical studies concerning Ap2y in breast cancer are controversial, recognition of
its importance in breast carcinogenesis came from studies demonstrating it to be an essential
regulator of breast-cancer-related genes in vitro [52,53]; also, the chromosomal locus of the
AP2y gene is known to be amplified in breast cancer and elevated expression of the gene
encoding Ap2y is associated with poor prognosis in breast cancer [54,55]. Ap2y is reportedly
overexpressed in breast cancer and overexpression correlates with poor prognosis [55,56].
Thus, reduced Wwox expression could result in increased Ap2y activity and increased
tumorigenicity. In a study designed to examine the correlation between Wwox interactor
sequestration in the cytoplasm and tamoxifen resistance, it was found that lost or reduced
expression of Wwox and high-level expression of Ap2y and Her2 were significantly correlated
with tamoxifen resistance, and Wwox and Ap2y were independent markers of tamoxifen
resistance. While Wwox expression was better than progesterone receptor in prediction of
resistance, in high-risk patients, nuclear Ap2y expression was better than Her2, especially in
low-risk patients [57]. Another study assessed the relation of the basal-like phenotype to
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expression scores for Fhit, Wwox, Ap2a and Ap2y and observed a highly significant
association of the basal-like phenotype with very low expression of Fhit and Wwox and high
expression of Ap2y. According to the authors, nuclear Ap2a/y expression was also more
frequent in basal-like tumors, perhaps partially because of Wwox reduction, which would
release these factors from cytoplasm to act as transcriptional regulators in the nucleus [58].

Wwox regulates ErbB4 localization & stability in breast cancer cells

Wwox also interacts with the ErbB4 tyrosine receptor kinase through its PPxY motifs and
sequesters it in the cytoplasm, suppressing transcriptional coactivation by its intracellular
domain (ICD), mediated by Yap [59]. ErbB4 plays an important role in cellular differentiation
and proliferation [60], suggesting involvement in the pathogenesis and progression of various
types of cancer [60-62]. Moreover, the prognostic value of ErbB4 in breast cancer is unclear;
some studies report correlation with good clinical outcomes, and others with poor ones [60].
In an attempt to assess the clinical significance of the Wwox—ErbB4 association, we found that
membranous expression of ErbB4, together with Wwox expression, is associated with
favorable survival when compared with expression of membranous ErbB4 in the absence of
Wwox [63]. This may be explained by the fact that Wwox prevents translocation of ErbB4
ICD into the nucleus and stabilizes the full-length ErbB4 at the cell membrane. This favors
signaling via the full-length ErbB4 as opposed to nuclear ErbB4, defining a subgroup of breast-
cancer patients with a favorable outcome. Recent evidence has suggested that sequestration of
ICD in the cytoplasm is an important effector of tamoxifen-induced apoptosis of breast tumor
cells [64]. Authors demonstrated that by disrupting the growth-promoting ErbB4/estrogen
receptor-a, coactivator complex in the nucleus, ErbB4-ICD accumulates within mitochondria
and can trigger apoptosis through the activity of an intrinsic cell-killing BCL-2 homology 3
domain. Thus, it is possible that Wwox plays a role in breastcancer response to tamoxifen by
sequestering ErbB4 ICD in the cytoplasm and enhancing its entry to mitochondria to induce
apoptosis.

Analysis of Wwox-ErbB4 association also revealed that Wwox can compete with other WW
domain-containing proteins, Yap and Itch, for binding common target proteins, such as ErbB4
and p73, hence determining functional outcomes. In one study, it was demonstrated that
whereas Yap coactivates ICD transactivation function [65], the presence of Wwox, by
competing for interaction with ICD, suppresses this coactivation [59]. In another study, it was
demonstrated that Itch ubiquitylates ErbB4 CYT-1 isoform and promotes its degradation
[60]. Therefore, it is possible that the different WW domain-containing proteins regulate the
expression, localization and function of common partners, depending on their affinity of
interaction and expression profiles in different contexts.

In the same manner, Wwox appears to regulate the HGF/Met system [66]. It has been
demonstrated that Wwox expression stabilized the full-length Met in MDA-MB231 cells and
prevented nuclear accumulation of the Met C-terminal fragment (CTF), likely impairing
constitutive Met transcriptional activity. It was suggested that this effect of Wwox on the HGF/
Met signal pathway reduces MDA-MB231 cell migration, prompting the hypothesis that
Wwox could be involved in tumor progression towards a metastatic phenotype (see Figure 2
for summary of Wwox signal pathways). Moreover, the authors suggested that endogenous
Yaps maintained Met CTF-constitutive transactivating activity in MDA-MB231 cells, and that
Met activity in MCF-7 cells was the reverse, because of elevated endogenous Wwox;
exogenously expressed Yapl and 2 increased Met CTF transactivating activity. This study
gives another example of Wwox—Yap antagonistic effects; while Yaps maintain constitutively
activated nuclear Met fragments that act as transcription factors, likely regulating genes
modulating the motile phenotype, Wwox does the opposite.
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Wwox associates with Jun following UV irradiation

Wwox was also defined as a partner of the transcription factor Jun, suppressing its
transactivation ability. The two proteins physically interact, and overexpression of Mekk1 or
UV radiation, which activate Jnk1, causing phosphorylation and activation of Jun [67],
significantly enhances Wwox-Jun complex formation. Complex formation was abrogated by
mutation of the first Wwox WW domain or the tyrosine in the Jun PPVY domain. Wwox
sequesters Jun in the cytoplasm, suppressing the transcriptional activity mediated through Jnk
activation. The Jun oncoprotein is extremely responsive to environmental signals, such as UV
[68], while Wwox expression is reportedly reduced following UV radiation, perhaps owing to
WWOX localization within a fragile site [69,70]. Given the role of Wwox as a tumor suppressor
and potent regulator of Jun, its loss through UV exposure could be a novel mechanism for
transformation and skin carcinogenesis.

Wwox associates with Runx2 & regulates osteoblast differentiation

Targeted ablation of the murine Wwox gene led to postnatal lethality, although by 3 weeks of
age mice developed focal lesions along the diaphysis of their femurs resembling early
osteosarcomas. Biochemical analysis of Wwox partners suggested that physical and functional
association of Wwox with the master transcription factor specific for osteoblast differentiation,
Runx2, might be responsible for development of osteosarcoma in Wwox-deficient mice [8].
This association suppresses Runx2 transactivation function. Interestingly, we observed
impaired differentiation in osteoblasts isolated from Wwox-null mice, suggesting that
osteosarcoma formation 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 [8]. Runx2 levels increased in Wwox-deficient
mice both in clavaria and femur bones. Since Wwox seems to have a central role in osteoblast
differentiation, its loss might promote osteosarcoma formation. Of note, Runx2 is a target of
other WW domain-containing proteins, including coactivators and ubiquitin ligases [71].
Therefore, in the absence of Wwox, the balance between the different WW domain adaptor
proteins and Runx2 may determine the functional outcome of Runx2 expression. Interestingly,
Wwox, which contains a nuclear localization signal [72] but is predominantly in the cytoplasm,
interacts with Runx2 in the nucleus when the transcription factor is already bound to chromatin,
and inhibits its transcriptional activity. Since Runx2 is upregulated in osteosarcoma [73], we
speculate that Wwox loss may be partly responsible for this altered expression.

Other Wwox partners & functions

In addition to its role in transcriptional control and apoptosis induction, Wwox participates in
other signaling functions. It has been reported that Wwox physically interacts with ezrin. The
interaction was mediated through the first Wwox WW domain and the ezrin PPxY motif, and
PKA-mediated phosphorylation of ezrin was essential and sufficient for the apical localization
of Wwox protein. The disruption of this ezrin-Wwox interaction blocked remodeling of the
apical membrane cytoskeleton associated with the translocation and insertion of H,K-ATPase
into the apical membrane. Therefore, the authors speculated that the interaction between
phosphoezrin and Wwox may mediate the apical membrane transformation from a resting to
secreting state by facilitating proton pump H,K-ATPase recruitment to apical membrane during
parietal cell activation [74]. Ezrin is the most ubiquitous ezrin/moesin/radixin (ERM) protein
in epithelial cells and is thought to play a role in progression of several cancers. Ezrin is a
member of the ERM family that acts as a linker between the plasma membrane and the actin
cytoskeleton and generates propulsive forces driving cell migration. It has been reported that
ezrin modulates remodeling of actin cytoskeleton and is implicated in tumor-cell migration
and progression of certain tumors [75-77]. Thus, Wwox regulation of this protein may be a
key event in preventing tumor progression.
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Other Wwox-interacting partners, independent of the WW domain and PPxY motifs, have also
been suggested. The murine Wwox (also called Wox1) protein reportedly interacts with p53
[78], Jnk1 [79], Tau [80] and Mdm2 ([43], reviewed in [72]).

Conclusion Wwox & fragility

Though we have not dealt with mechanisms of fragility (reviewed in [81]), location of the
WWOX gene at one of the most active human chromosome fragile sites has had a major
influence on the frequency of loss or reduction of Wwox expression in cancers (summarized
in Figure 1). It seems highly unlikely that the frequent loss of Wwox expression does not
contribute to a selective advantage for clonal expansion of cells within specific organs in some
contexts, though the contexts have not been fully defined. Loss of Wwox expression is
frequently correlated with hypermethylation of its regulatory regions in many cancers, rather
than with allele deletion [1,3,82], a mechanism of silencing not known to be associated with
susceptibility of fragile loci to replication stress.

The WWOX gene, like other fragile genes, has large introns, so that some replication stress-
induced small deletions may fall entirely within introns, as has been observed for the FHIT
locus, and may not contribute to clonal expansion, supporting arguments against a tumor
suppressor role for fragile gene products. The WWOX locus has thus far not been examined in
enough detail to precisely delineate deletion end points and will require further investigation
to determine if such intron-only deletions occur.

The size of fragile loci, with large introns, could make the genes impervious to inactivation by
some genetic alterations, such as exogenous DNA integration, or possibly to the use of fragile
sites as targets for chromosomal evolution during speciation, as has been proposed [83]. It is
also possible that fragile chromosome regions may serve as early warning systems for DNA

damage [84-86]; when fragile sites are damaged, the cells must activate DNA damage response
checkpoints, blocking further replication until errors are repaired. If some fragile site damage
is not completely repaired in a few cells of some organs, no harm is done in the evolutionary
sense, since such damage may not have consequences until well past reproductive age.

Bloom’s syndrome and Fanconi anemia are inherited syndromes associated with extreme
susceptibility to cancer development, through mechanisms that have not been defined in detail.
Both conditions are associated with chromosome instability. In very elegant studies of
chromosome fragile sites, Chan et al. [87] and Naim and Roselli [88] have demonstrated that
the Fanconi anemia proteins FANCD2 and FANCI specifically associate with common fragile
site loci and have proposed that, after replication stress, sister chromatids are inter-linked at
genetic loci with intrinsic replication difficulties, such as fragile sites; in Bloom’s syndrome
cells, poor resolution of DNA linkages at fragile sites leads to increased numbers of anaphase
bridges, micronuclei containing fragile-site DNA and deletions within fragile loci. Chan et
al. proposed that cancer predisposition in Bloom’s syndrome patients may be due to
‘accumulated loss of tumor suppressor function of genes residing at fragile site loci’ [87].

Wwox as a tumor suppressor

Since Wwox protein expression is lost in cancers, rather than gained (gain is another possible
consequence of fragility [89,90]), it was proposed, at its discovery, that it functions as a tumor
suppressor [31]; its replacement in numerous Wwox-negative cancer-derived cell lines caused
reduced cell growth in vitro and tumorigenicity in vivo [1-3].

In addition, analysis of Wwox-mutant mice demonstrated that Wwox functions as a bona
fide tumor suppressor. Spontaneous osteosarcomas in juvenile Wwox 7~ and lung papillary
carcinomas in adult Wwox*/~ mice were observed, and Wwox*/~ mice developed significantly
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more ethyl nitrosourea-induced lung tumors and lymphomas and more N-
nitrosomethylbenzylamine-induced forestomach tumors [6-8] in comparison with WT
littermates. These tumors expressed Wwox protein, suggesting that haploinsufficiency of
Wwox is cancer predisposing.

The mechanism of tumor suppressor function of Wwox involves apoptosis and, according to
a recent report, modulation of the interaction between tumor cells and the extracellular matrix
[27]. Wwox appears to play an important role in tumor progression because it interacts with
and modulates the function of different proteins involved in tumor migration, invasion and
metastasis. These proteins include ezrin, Dvl and Met. It appears also that Wwox, indirectly,
affects cellular interaction with fibronectin [27]. Data from several laboratories suggest that
Wwox, via its WW domains, partners with PPxY-containing proteins and modulates their
functions. PPxY-independent interactions have also been reported. Moreover, Wwox can
regulate gene function by competing with other WW domain-containing proteins, such as
coactivators and ubiquitin ligases, for binding with 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 various signal transduction
pathways. Therefore, when Wwox is lost, in precancerous or cancer cells, many of these
signaling pathways could be altered, contributing to the multistep process of tumorigenesis.

Future perspective

Although the mechanisms of fragility have been investigated through complete sequencing of
many fragile loci, investigation of time of replication during S phase, investigation of matrix
attachment sites, chromosome map position relative to Giemsa light and dark bands, frequency
of repetitive sequences and AT and GC content [81], we still do not fully understand what
causes their extreme susceptibility to replication stress. It will be very important in the near
future to understand thoroughly the chromatin configuration of the most fragile of these regions
for new clues to their fragile nature. Also, it would be interesting to determine if genes at fragile
sites are particular targets of hypermethylation, perhaps after being damaged during replicative
stress.

For specific fragile genes it is important to continue to investigate in detail the relationship
between the sensitivity of specific loci to replication stress and the types of genomic damage
that occur in the associated genes, especially in noncancer-derived cell clones. An investigation
of the biological consequences to ‘normal’ cell clones after surviving replication stress and
carrying deleted WWOX or FHIT genes could be useful in characterization of their roles in
subsequent clonal expansion.

Perhaps most importantly, a more complete characterization of functions of fragile gene
products is necessary to understand the ramifications of loss of expression of these proteins in
normal and preneoplastic cellular contexts for the health of the animal or human individual in
an environment that inevitably allows exposure to endogenous or exogenous genotoxic agents.
For understanding Wwox function this means increasing the focus on discovery of Wwox
interacting proteins, definition of the WW domain interaction networks in specific cell types,
description of the biochemical function of the SDR domain in normal and neoplastic contexts,
and characterization of the consequences of Wwox loss on growth, death or differentiation of
the given cell type. Detailed definition of Wwox functions, through characterization of its
signaling partners and signaling pathways, may lead to identification of new targets for inter
vention in tumor development or progression. Also, characterization of the extent of protection
of fragile loci from genotoxic damage may be a useful surrogate marker for the effectiveness
of antioxidants in cancer prevention.
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Executive summary

¢ The WWOX/FRAL16D locus is a very frequent target of replication stress, leading
to its frequent inactivation in cancers.

¢ More complete characterization of WWOX genome and epigenome alterations in
precancers could contribute to understanding of the role of fragile sites in cancer
development.

e The WWOX promoter is frequently hypermethylated, leading to gene silencing.

e Wwox protein interacts with a number of transcription factors through its WW
domains, sequestering them in the cytoplasm and abrogating their transcriptional
functions, suggesting pathways through which Wwox expression contributes to
suppression of tumors.

e There are numerous other WW-domain-containing proteins, suggesting
hierarchies of competing interactions that determine the outcome of WW domain
signal networks in regulating differentiation and other biological processes.

e The networks must be defined for specific cell and organ types to fully understand
the consequences of modulation of expression of individual WW-domain-
containing proteins in specific cellular contexts.
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Brain: Wwox downregulated
in meningioma (9]

Oral cavity: Wwox loss in
dysplastic lesions and in
neoplasia [10,11]

Osteosarcoma: mouse knockout
susceptible to bone tumors [5]

Breast: expression frequently lost
in hormone receptor-negative Ca,
often through methylation [12-14]

Stomach: loss of expression
in 65% of gastric AdCa [15]
Multiple myeloma: deletion in
WWOX locus associated with
worse overall survival [16]

Pancreas: lost coordinately with
Fhit, early in tumor development
and in preneoplasia [17]

Ovary: reduced expression in
mucinous and clear-cell Ca [18,19]

Figure 1. Alteration of Wwox expression in common human cancers

Summary of studies reporting loss or reduction of Wwox expression or alterations to WWOX
alleles in cancers of many organs of both males and females.

AdCa: Adenocarcinoma; Ca: Carcinoma; HCC: Hepatocellular carcinoma; NSCLC: Non-
small-cell lung cancer; PrCa: Prostrate cancer; PTC: Papillary thyroid carcinoma.
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Figure 2. Wwox participates in multiple cancer-associated signal pathways through protein—
protein interactions

Wwox-partner protein interactions in signal pathways are affected by absence or reduction of
Wwox expression. Wwox, via its first WW domain, binds PPxY domain-containing proteins
and sequesters them in the cytoplasm, suppressing their transcriptional transactivation
functions. Examples of these proteins are Ap2aly, p73, ICD of ErbB4 and juxtamembrane
fragments of Met (CTF). Moreover, Wwox competes with other WW domain-containing
proteins for binding to these interactor proteins; for example, Wwox outcompetes Yap for
binding to the ErbB4 ICD and inhibits the Yap-induced ICD activity. In addition to sequestering
the active ErbB4 and Met fragments, Wwox binds and stabilizes the full-length forms of these
proteins. In osteoblasts and probably in some solid cancer cells, Wwox associates with
chromatin-bound Runx2 and suppresses its transactivation function. Wwox also regulates the
Whnt—B-catenin signaling pathway by preventing the nuclear import of the Dvl protein. In
response to UV stress, the Wwox—Jun complex is significantly enhanced. This sequesters Jun
in the cytoplasm, suppressing its transcriptional activity mediated through Jnk activation.
According to work in Chang’s laboratory, Jnk1 may also bind to murine Wwox, blocking cell-
cycle progression and inhibiting Wwox-mediated cell death [79]. Wwox physically interacts
with ezrin after PKA-mediated phosphorylation of ezrin, facilitating proton pump H,K-ATPase
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recruitment to apical membrane during the parietal cell activation. It is likely that there is tissue
specificity of individual pathways in signaling growth, stasis, cell or substrate interaction,
metabolic activity, differentiation or cell death, with dependence on WW domain networks
active in particular organs or contexts.

CKI: Casein kinase; CTF: C-terminal fragment; GSK: Glycogen synthase kinase; ICD:
Intracellular domain; JNK: Jun N-terminal kinase; PKA: Protein kinase A.
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