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Abstract The fragile WWOX gene, encompassing the

chromosomal fragile site FRA16D, is frequently altered in

human cancers. While vulnerable to DNA damage itself,

recent evidence has shown that the WWOX protein is

essential for proper DNA damage response (DDR). Fur-

thermore, the gene product, WWOX, has been associated

with multiple protein networks, highlighting its critical

functions in normal cell homeostasis. Targeted deletion of

Wwox in murine models suggests its in vivo requirement

for proper growth, metabolism, and survival. Recent

molecular and biochemical analyses of WWOX functions

highlighted its role in modulating aerobic glycolysis and

genomic stability. Cumulatively, we propose that the gene

product of FRA16D, WWOX, is a functionally essential

protein that is required for cell homeostasis and that its

deletion has important consequences that contribute to the

neoplastic process. This review discusses the essential role

of WWOX in tumor suppression and genomic stability and

how its alteration contributes to cancer transformation.
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Introduction

Fourteen years ago, three research groups reported the

cloning and mapping of WWOX (WW domain-containing

oxidoreductase). The Aldaz group [1] followed by the

Richards group [2] demonstrated that WWOX (also known

as FOR) spans a chromosome region at 16q involved in

cancer. This observation was then followed by cloning the

murine WOX1 sequence by the Chang group [3]. The

protein product, WWOX, contains two WW domains at its

N-terminus and a central domain homologous to the short-

chain dehydrogenase/reductase (SDR) family. Through its

WW1 domain, WWOX binds with proline-tyrosine (PY)

motifs-containing proteins and acts as an adapter protein

regulating transactivation and localization (reviewed in

[4]). Early evidence demonstrated that overexpression of

WWOX in WWOX-negative cancer cells promotes apop-

tosis and suppresses tumorigenicity (reviewed in [5, 6]).

Characterization of Wwox mouse strains revealed its

essential role for proper growth, survival, steroidogenesis,

and metabolism. Wwox-deficient mice die within

3–4 weeks with metabolic defects [7–10], precluding adult

tumor analysis. Nevertheless, analysis of heterozygous

mice revealed increased incidence of tumor development

[7, 11, 12]. New conditional mouse models have recently

been established that can be used to study specific in vivo

roles of WWOX in development and tumorigenesis [13,

14].

The WWOX gene spans the common fragile site

FRA16D, a genomic region that is involved in chromo-

some translocation in multiple myeloma and in homo and

hemizygous deletions in cancer and cancer-derived cell

lines [2]. Common fragile sites (CFS) have been defined

cytogenetically as gaps or breaks on metaphase chromo-

somes in cells treated with DNA replication inhibitors,
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such as aphidicolin [15, 16]. CFS are preferential targets of

replication stress in preneoplastic lesions [17] and emerg-

ing evidence suggests that they represent early warning

sensors for DNA damage [18–20]. Both genetic and epi-

genetic factors are thought to regulate the fragility of CFS

[21, 22] (see also B. Kerem and M. Debatisse chapters in

this issue). Recent profiling studies of CFS provide evi-

dence that the fragility of CFS is tissue specific [23–25].

Altogether, these observations suggest complex regulation

of CFS.

Chromosomal instability, including structural and

numerical changes, is the most common type of genomic

instability in non-inherited human cancers [26]. Defects in

DNA replication, impaired checkpoint responses, and

oxidative stress contribute to chromosomal instability

during all stages of neoplastic progression. Importantly,

CFS correlate with chromosomal breakpoints in tumors and

are considered preferential hot spots for chromosomal

instability [27, 28]. While the FRA16D is highly suscep-

tible to DNA damage, its product, the WWOX protein,

behaves as a tumor suppressor. The mechanism of tumor

suppression of WWOX involves apoptosis [29, 30], mod-

ulation of the extracellular matrix [31], and modulation of

cell bioenergetics [32, 33]. Strikingly, recent evidence also

revealed that the WWOX gene product functions as an

upstream component of the DDR and is essential for proper

activation of the DNA damage checkpoint-signaling path-

way [34]. The findings that gene products of CFSs, such as

WWOX (this review) and FHIT (see K. Huebner chapter in

this issue), have driving roles in carcinogenesis argue

against CFS being inert structures that are passenger events

in cancer development. This review will discuss the

emerging tumor suppressor functions of the WWOX pro-

tein and its implication for neoplastic progression.

Alteration of WWOX in cancer

Aberrant expression of WWOX in cancer is a common

event (reviewed in [35]). Various reports have associated

WWOX loss or low expression with numerous types of

cancer, including breast [36, 37], prostate [38], gastric [39],

lung [40, 41], and pancreatic [42, 43] carcinomas. WWOX

aberrant expression was also reported in osteosarcomas

[44, 45] as well as in hematopoietic malignancies [46, 47].

WWOX’s alteration in these cancers is mainly due to

genomic modifications as a result of chromosomal dele-

tions and translocations [35]. Additional mechanisms

include hypermethylation of the regulatory element [48]

and protein degradation [49]. Initial studies to investigate

WWOX expression in cancer focused on RT-PCR analysis

and revealed the presence of many forms of WWOX trun-

cated variants in clinical samples [50, 51]. These forms

exhibited deleted exons 5, 6, 7, and 8, the later corre-

sponding to the core of FRA16D. These data were initially

interpreted as random genomic deletions, however

emerging evidence suggests that other mechanisms could

be involved. For example, in one study, it was demon-

strated that the splicing factor hnRNP A2/B1 regulates

tumor suppressor genes splicing, including WWOX, in

glioblastoma [52]. Although the presence of these aberrant

transcripts or isoforms was evident in multiple cancer

types, truncated protein expression in these cancers was

rarely detected.

The protein expression of WWOX was also studied in a

broad spectrum of cancers using immunohistochemistry. In

most cases, the absence or reduction of cytoplasmic

WWOX was associated with advanced stages of cancers

[35]. However, some reports also documented increased

levels of WWOX, suggesting a complex regulation of

WWOX in cancer [53, 54]. Whether this increase in

WWOX level is of any advantage to the neoplastic process

is unlikely, but it remains to be determined. This latter

phenomena could also be an artifact resulting from the

expression of truncated forms or cancer-specific isoforms

that are detected by immunohistochemistry but not detec-

ted by immunoblotting. Alternatively, WWOX expression,

if retained, could be induced in certain contexts or as a

result of specific stimuli during the neoplastic process.

A recent comprehensive analysis of somatic copy

number alterations in a large sample of cancer specimens

[27] and cancer cell lines [28] revealed that the WWOX

locus is among the most statistically significant common

sites of the whole genome affected by homozygous and

hemizygous deletions. More recently, novel somatic

mutations in the WWOX sequence, which likely abrogates

its protein function, were identified in various tumor types.

This was revealed by next generation sequencing and

TCGA data analysis (reviewed in [55]). These data further

confirm that deregulation of the WWOX gene has an

advantage for the cancer cell.

Mouse models of WWOX

The fact that WWOX loss is a common event in human

cancer led to the development of mouse models that mimic

this loss in order to characterize the in vivo requirement of

WWOX for development and tumorigenesis. In 2007, the

development of the first Wwox-knockout mouse model was

reported [7]. Phenotypic analysis of these mice revealed

that WWOX ablation results in growth retardation, meta-

bolic defects, and postnatal lethality within 3–4 weeks of

age. Despite this postnatal lethality, juvenile Wwox-

knockout mice display focal lesions along the diaphysis of

their femurs resembling early osteosarcomas (reviewed in
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[56]). Since hemizygous deletion of the human WWOX

gene is common in human tumors, Wwox-heterozygous

(Wwox?/-) mice were also monitored for spontaneous

tumor development. It was reported that the incidence of

tumor formation in Wwox?/- mice is significantly higher

than in wild-type (Wwox?/?) mice [7]. The spontaneous

tumors in Wwox?/- mice (B6-129 genetic background)

were mainly lung papillary carcinomas [7]. In a subsequent

study, it was shown that half of female Wwox?/- on the

C3H genetic background develops spontaneous mammary

tumors [11]. In many cases, no staining of WWOX was

observed in these tumors, suggesting loss of heterozygosity

[11]. However, in some other cases WWOX expression

was retained [7, 12], implying haploinsufficiency as in the

case of other well-known tumors suppressors, e.g., PTEN

and p53 [57].

To define the role of WWOX in tumor progression,

Wwox?/- and Wwox?/? mice were treated with chemical

carcinogens and the incidence of tumor formation

was evaluated. One study used the chemical mutagen

ethyl-nitrous urea (ENU) [7] and another study used the

established esophageal/forestomach carcinogen N-nitro-

somethyl-benzylamine (NMBA) [12]. In both studies,

increased tumor incidence and multiplicity in Wwox?/-

mice was observed relative to Wwox?/? mice. These

findings provided the first in vivo evidence for the tumor

suppressor function of WWOX.

Additional support for the tumor suppressor function of

WWOX comes from the work of the laboratory of M.

Aldaz. Ludes-Meyers et al. [10] generated a hypomorphic

mouse strain that had no detectable WWOX protein in

most of the tissues examined. Wwox hypomorphic mice are

viable, though they have a significantly shorter lifespan

when compared to control wild-type mice. It is important

to note that female hypomorphic mice have a higher inci-

dence of spontaneous B cell lymphomas, which is

consistent with WWOX functioning as a tumor suppressor.

The early postnatal lethality of conventional Wwox-

knockout precluded phenotypic analysis of WWOX abla-

tion in adult tissues. Therefore, conditional knockout

(CKO) mouse models allowing tissue-specific ablation of

the Wwox alleles were developed. Assessment of these

models using a general deleter transgenic mouse strain

(EIIA-cre) revealed that WWOX ablation in these CKO

mice resembles the phenotypes observed in conventional

Wwox-knockout mice [13, 14]. Subsequent studies aimed to

specifically delete WWOX in mammary gland epithelia

(WwoxMGE-/-). WWOX ablation in these mice was asso-

ciated with transient defects in mammary ductal growth [58,

59]. Nevertheless, no mammary tumor phenotype was

observed in WwoxMGE-/- mice. This phenotype could stem

from the fact that the function of WWOX is non-cell

autonomous since deletion of Wwox alleles was done using

MMTV-cre transgenic mouse, a transgenic line that is

mosaically expressed in the luminal cell compartment of the

mammary gland. Alternatively, WWOX function could be

redundant or compensated by other genes. Another possi-

bility is that WWOX, similar to p53, plays a role in

mammary tumor progression. Specific ablation of p53

alleles in mammary gland epithelium, for example, does not

lead to mammary tumor formation [60]. However, con-

current deletion of different tumor suppressors, such as

BRCA2 or BRCA1, with p53 results in accelerated mam-

mary tumor development [60, 61]. In the same venue,

specific deletion of Rb, a well-known tumor suppressor, in

mice has also no tumor phenotype in almost all tissues,

except in pituitary gland [62]. Whether targeted deletion of

Wwox cooperates with loss of other tumor suppressors to

accelerate or promote tumorigenesis is yet to be determined.

Emerging functions of the WWOX protein

The localization of the WWOX gene at one of the most

active human CFSs has had a major influence on the fre-

quency of its loss or reduction in cancers [2]. Nevertheless,

loss of WWOX has also been associated with hyperme-

thylation of its promoter [48] as well as protein degradation

[49]. Therefore, it seems highly unlikely that this frequent

alteration of WWOX expression does not contribute to a

selective advantage for clonal expansion. The WWOX in-

teractome and its ability to associate with multiple protein

networks is among the strongest indications that it plays an

important role in the neoplastic process. This argues against

alteration of WWOX being a passenger event.

The ability of WWOX to interact with a growing list of

interesting proteins is mediated mainly through its first

WW (WW1) domain [5, 6]. WW domains are among the

smallest modular domains that are well known to mediate

protein–protein interaction. They are composed of *35

amino acids that include two signature tryptophan

(W) residues (reviewed in [63, 64]). Based on ligand rec-

ognition, WW domains of WWOX were reported to

interact with PPXY-containing motifs. Several interesting

proteins were identified as WWOX partners and are sum-

marized in Table 1. In general, WWOX acts an adaptor

protein that regulates localization and transactivation of its

partners (reviewed in [4]). For example, WWOX, via its

WW1 domain, interacts with the PY-motifs of the C-ter-

minal fragment (CTF) of ErbB4, sequesters it in the

cytoplasm or cell membrane preventing it from entering the

nucleus, thereby suppressing its transcriptional function

[65]. Interestingly, it was found that expression of WWOX

and membranous ErbB4 is associated with favorable sur-

vival of breast cancer patients, highlighting the clinical

significance of WWOX–ErbB4 interaction [66].

The common fragile site FRA16D gene product 4591
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In a more recent study, mass spectrometry (MS) and

phage display experiments were employed to identify

putative WWOX-interacting partners [67]. The analysis

revealed that WW1 domain of WWOX is indeed the main

functional interacting domain. The study revealed several

known PY-containing partners of WWOX. This included

PPXY containing proteins such as p73 [30], WBP2 [68],

and DVL2 [69]. The MS analysis and phage display study

also indicated that WW1 domain of WWOX binds LPXY-

containing proteins. One such example was the E3

ubiquitin ligase ITCH, which contains two LPXY motifs.

Subsequent analysis demonstrated physical and functional

interaction between WWOX and ITCH. In fact, it was

found that ITCH mediates Lys-63-linked polyubiquitina-

tion of WWOX, leading to its nuclear localization and

increased cell death [67].

Many of the identified WWOX partners are components

of multiprotein complexes involved in molecular pro-

cesses, including apoptosis, transcription, RNA processing,

tight junction, and metabolism [67]. These findings suggest

that WWOX acts as an adapter protein and links several

individual proteins associated with physiologically impor-

tant networks. This also sheds light on new emerging roles

of the FRAD16 gene product in tumor suppression. Few

examples are discussed below.

WWOX modulates function of p53 family proteins

The first WWOX partner to be identified was the p53

homolog, p73 [30]. More recently, our MS analysis also

confirmed that WWOX, via its WW1 domain, associates

with p73 [67]. TP73 is involved in cell cycle regulation and

induction of apoptosis [70, 71]. Like p53, p73 is charac-

terized by the presence of different isoforms of the protein.

This is explained by splice variants, and an alternative

promoter in the DNA sequence [70, 71]. WWOX binds

both p73a and b, but not p73c, which lacks a PY motif

[30]. Upon interacting with WWOX, p73 is sequestered in

the cytoplasm. However, an increased rate of apoptosis was

observed, suggesting that WWOX might regulate p73

transactivation-independent apoptosis. In a more recent

study it was reported that WWOX specifically binds

DNp63a, but not TAp63 [72]. This protein–protein inter-

action stabilizes DNp63a, through antagonizing the

function of the E3 ubiquitin ligase ITCH, inhibits nuclear

translocation of DNp63a into the nucleus, and suppresses

DNp63a transactivation function. Additionally, it was

found that this functional crosstalk reverses cancer cells’

resistance to cisplatin, mediated by DNp63a, and conse-

quently renders these cells more sensitive to undergo

apoptosis [72]. Under the same conditions, where WWOX

interacts with p73 and DNp63a, a direct binding with p53

was not observed. This could be due to a lack of PY motifs

in the p53 sequence or that the interaction is indirect or

is cell type-specific. Perhaps WWOX is similar to YAP

which interacts with p53BP2 [73] that contains a PY motif

and hence bridge WWOX association with p53. Never-

theless, the Chang group has shown that the murine WOX1

binds p53 and synergistically enhances p53-mediated

apoptosis [3, 74]. Cumulatively, these observations indi-

cate that WWOX partners with the members of the p53

family and regulate cell death.

Table 1 WWOX partners and functional outcome

WWOX

interacting partner

Readout References

WW-dependent

TP73 Promotes p73 transactivation-

independent apoptosis

[30]

SIMPLE Unknown [100]

AP2a and c Suppresses AP2 transactivation

function

[30, 101]

ErbB4

intracellular

domain (ICD)

Suppresses ErbB4 transactivation

function and regulates its

localization

[65]

c-Jun Suppresses AP-1 transactivation

function

[102]

Ezrin Ezrin mediates the apical membrane

localization of WWOX

[103]

ACK1 ACK1 promotes WWOX

ubiquitination

[49]

RUNX2 Suppresses Runx2-transactivation [8]

DVL-2 Inhibits Wnt/b-catenin signaling

pathway

[67, 104]

DNp63a Suppresses DNp63a transactivation

function and enhances

chemosensitivity

[105]

WBP1, 2 Unknown [67, 68,

100]

HIF1a Destabilizes HIF1a levels and

suppresses its transcriptional

activity

[32]

ATM Activates ATM function and

enhances proper DDR

[34]

Non-WW dependent

JNK1 Inhibits JNK1-mediated anti-

apoptosis

[74]

TP53 Promotes apoptosis [106]

TAU Regulates neurodegenerative

disorder such as Alzheimer’s

disease

[107, 108]

MEK1 Regulates apoptosis (T cell

Leukemia)

[107]

GSK3b Promotes neurite outgrowth

(neuronal differentiation)

[109]

MS study http://wwox-ms.ekmd.huji.ac.il [67]
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WWOX modulates TGFb/SMAD3 signaling in breast

cancer

Ferguson et al. [75] have recently shown that WWOX

knockdown in normal breast cells results in upregulation of

TGFb/SMAD3 target genes. Using co-immunoprecipita-

tions and GST-pulldowns, it was demonstrated that

WWOX directly interacts with SMAD3 and acts as an

inhibitor of SMAD3 transcriptional activity by sequester-

ing it in the cytoplasm. This interaction is mediated by a

WW1 domain-dependent binding of WWOX with the PY

motif of SMAD3. Since TGFb signaling is aberrant in

advanced breast cancers, it is likely that WWOX loss,

which is a common event in these cancers, contributes to

this deregulation [55]. TGFb promote tumor invasion and

epithelial-to-mesenchymal transition (EMT) [76, 77]. It is

therefore of interest to determine whether WWOX modu-

lates EMT of breast cancer cells mediated by TGFb/

SMAD3 signaling and regulates metastasis. Evidence of

WWOX anti-metastatic function is emerging; WWOX

overexpression has been reported to inhibit migration and

invasion of cancer cells [44]. Delineation of WWOX anti-

metastatic function remains to be determined.

WWOX modulates HIF1a signaling and affects cell

bioenergetics

Cumulative evidence supports a role of WWOX in cellular

metabolism. Wwox-deficient mice develop normally, but

succumb to lethal hypoglycemia early in life [7, 13, 14],

suggesting that WWOX might affect glucose homeostasis.

Recent observations in fruit flies have suggested a link

between WWOX and mitochondrial metabolic enzymes

such as isocitrate dehydrogenase and malate dehydroge-

nase [33, 78]. In addition, altered levels of dWwox resulted

in altered levels of endogenous reactive oxygen species

(ROS) [33, 78]. Altogether, these observations led to

hypothesize that WWOX might play a key role in cellular

metabolism.

In light of these studies, WWOX has been recently

identified as a tumor suppressor with emerging roles in

regulation of aerobic glycolysis [32]. WWOX controls

glycolytic genes’ expression through the regulation of

hypoxia-inducible transcription factor 1a (HIF1a) [79].

Specifically, WWOX, via its WW1 domain, physically

interacts with HIF1a and functionally modulates its levels

and transactivation function. Consistent with this

notion, Wwox-deficient cells exhibited increased HIF1a
levels and activity and displayed increased levels of

HIF1a-target genes and glucose uptake. Remark-

ably, WWOX deficiency is associated with enhanced

glycolysis and diminished mitochondrial respiration, con-

ditions resembling the ‘‘Warburg effect’’ [80]. Genetic and

pharmacological inhibition of HIF1a rescued tumorigenic

phenotypes of Wwox-deficient cells both in vitro and

in vivo [32].

The main physiological mechanism of HIF1a stabil-

ization is in response to low levels of oxygen, by which

HIF1a escape the VHL ubiquitination/degradation com-

plex. Oncogenic activation, associated with activation of

the RAS-RAF-MAPK, PI3K, PTEN, or AKT pathways can

also cause accumulation of HIF1a through unknown

mediators. WWOX seems to play a novel role (Fig. 1) by

which it destabilizes HIF1a either by direct interaction [32]

and/or by affecting ROS cellular levels (unpublished data).

An emerging hallmark of cancer cells is their adaptation

of energy metabolism in order to fuel cell growth and

division [81]. These adaptations are directly regulated by

many oncogenes and tumor suppressors. They are required

to support the energetic and anabolic demands associated

with cell growth and proliferation [82]. Intriguingly, it was

found that WWOX expression is inversely correlated with

levels of HIF1a-target gene, GLUT1 (glucose transporter

1), in breast cancer samples. These findings high-

light WWOX as a modulator of breast cancer metabolism

[32]. Increased HIF1a levels have been reported in various

cancer types [83]. Whether this alteration is also associated

with loss of WWOX has yet to be determined. The dis-

covery that WWOX loss activates aerobic glycolysis

indicates WWOX’s pleiotropic functions to suppress tumor

growth, and opens new venues of cancer metabolic

research.

WWOX, DNA damage response, and genomic stability

Genomic instability is a hallmark of almost all cancers and

is thought to play an important role in both cancer devel-

opment and response to therapy [81, 84]. The DNA

damage response (DDR) maintains the integrity of the

genome in response to DNA damage. DDR is a complex

signaling process that either results in cell cycle arrest

followed by DNA repair or apoptosis, if the DNA damage

is too extensive to be repaired [67, 85, 86]. Key mamma-

lian damage response sensors are ataxia telangiectasia

mutated (ATM), ATM and Rad3-related (ATR), and DNA-

dependent protein kinases (DNA-PK) [87, 88]. Disruption

of the DDR machinery in human cells leads to genomic

instability and an increased risk of cancer progression [81,

84].

The fact that WWOX localizes in a CFS has generated a

lot of debate on its function as a tumor suppressor. The

mechanisms of fragility of CFS, in particular FRA16D,

have remained elusive for many years. It is only in recent

years that such mechanisms are being molecularly dis-

sected and discovered (see B. Kerem and M. Debatisse

The common fragile site FRA16D gene product 4593
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chapters in this issue). In the past, this fragility has been

attributed to genetic elements, mainly due to formation of

secondary structures that halt progression of the replication

fork, leading to replication fork collapse and formation of

DNA breaks [22]. Recent work, however, has also shed

light on the epigenetic mechanisms that contribute to the

fragility of FRA16D [21]. Letessier et al. have recently

shown that the fragility of FRA16D and FRA3B result

from a paucity of replication initiation events ([89] also see

chapter by M. Debatisse). These events were shown to be

cell-type specific and likely to be CFS-specific as other

mechanisms could contribute to their fragility. Together,

these findings suggest that a given CFS could be induced in

a given type of cancer but not in another. Whether the

product of CFS will prove to be functionally relevant in a

specific manner, i.e., in one cell type but not in another, is

yet to be determined.

Recently, two studies have catalogued the presence of

large deletions in a large number of human cancer samples

[27] and cell lines [28]. It was concluded that most of these

deletions target CFS and large genes [17, 90]. These

deletions have been linked to the presence of DNA repli-

cation stress. It was in fact suggested that oncogene-

induced DNA replication stress preferentially targets CFS

due to their sensitivity to DNA damage [18, 19]. CFS were

therefore considered as warning sensors since they are the

first to be affected upon DNA damage alerting the DDR

machinery [20]. Furthermore, emerging evidence has

linked products of CFS with genome stability. For exam-

ple, deficiency of the FHIT gene, encompassing FRA3B, as

early as in preneoplastic lesions, induced global genome

instability and clonal expansion [91, 92].

Conflicting results were reported on WWOX expression

upon exposure to DNA damage. In some reports, WWOX

expression was downregulated 24–48 h after UV exposure

[46, 93] but was not affected upon ionizing radiation (IR)

[93]. In contrast, Lai and colleagues demonstrated that

WWOX levels are upregulated upon UV and that it is

Fig. 1 WWOX modulates HIF1a levels and activity. Under hypoxic

conditions, HIF1a is stabilized and binds HIF1b to transactivate many

target genes, resulting in an increased rate of glycolysis and glucose

uptake and inhibiting Krebs cycle. Oncogenic activation of the RAS or

AKT pathways can also cause HIF1a accumulation. On one hand,

activation of AKT inhibits TSC2 (tuberous sclerosis complex 2), which

suppresses the activation of mTOR (mammalian target of rapamycin),

resulting in HIF1a protein translation. On the other hand, inactivation

of tumor suppressor phosphatase and tensin homolog (PTEN) and Von

Hippel-Lindau (VHL) leads to HIF1a accumulation. Recent studies

have demonstrated that loss of tumor suppressor WWOX also enhances

HIF1a accumulation and its transcriptional function

4594 R. I. Aqeilan et al.
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essential for UVB-induced apoptosis [94]. Consistent with

the later, our recent results demonstrate that WWOX

expression is increased immediately after IR [34] and UV

(unpublished data) exposure. Although WWOX mRNA is

upregulated after DSBs, posttranslational modification of

the WWOX protein seems to be the predominant cause of

WWOX accumulation [34].

If WWOX is induced upon DNA damage, it is plausible

to assume that loss of its expression may affect DDR and

perhaps genome stability. Indeed, targeted ablation of

WWOX, in normal primary cells and cancer cells, was

shown to result in delayed activation of DNA damage

checkpoint kinase ATM and impaired DNA repair. Fur-

thermore, WWOX knockdown is associated with increased

DSBs upon treatment with the radio-mimetic neocarzi-

nostatin (NCS), suggesting that loss of the WWOX fragile

gene product renders the genome less stable [34]. Molec-

ular analysis has revealed that WWOX facilitates this

function through its functional crosstalk with ATM. Fol-

lowing DNA damage, ATM positively regulates the ligase

activity of ITCH [95], which facilitates WWOX ubiquiti-

nation at Lys274 [67] and thereby promotes translocation

of WWOX into the nucleus [34]. Nuclear WWOX physi-

cally interacts with ATM and facilitates ATM

monomerization and activation in a positive feed-forward

loop manner (Fig. 2). Similar to pharmacological inhibi-

tion of ATM, depletion of WWOX or ITCH lead to

impaired DDR [34]. These findings argue for a direct

function of the gene product of FRA16D, WWOX, in

modulating the DNA damage signaling and in maintaining

genomic stability.

Concluding remarks

Due to the extreme fragility seen at FRA16D and other

CFS, it has been debated that alterations at CFS are pas-

senger events in cancer development. It can be argued that

this phenomenon is more complicated and that gene pro-

ducts encompassing these sites might have important roles

in stress response and in the neoplastic process. Fragility of

CFS seems to be highly specific and tissue dependent, and

thus alteration of genes within these sites might have

selective advantage for tumor growth. In this review, the

focus was on WWOX, the product of FRA16D, and its

potential driving roles in homeostasis and tumorigenesis

was discussed.

Several lines of evidence support WWOX tumor sup-

pressor function. First, WWOX is commonly deleted in

numerous types of cancer [35]. Both homozygous and

hemizygous deletions were reported but its alteration due

to epigenetic and posttranslational mechanisms was also

documented. It is therefore possible that one allele of

WWOX is lost due to fragility and the other is targeted by

other mechanisms fulfilling the Knudson two-hits hypoth-

esis. Second, WWOX replacement in numerous WWOX-

negative cancer-derived cell lines caused reduced growth

in vitro and tumorigenicity in vivo (reviewed in [6, 29]).

Third, analysis of Wwox mutant mice demonstrated that

WWOX functions as a bone fide tumor suppressor [7, 11,

12]. Targeted allele deletion of Wwox in a tissue-specific

manner is under intensive investigation and should reveal

WWOX roles in tumor initiation and progression. Fourth, a

number of studies support the hypothesis that loss of

WWOX provides a selective advantage in neoplastic

transformation. As an example, Ras-mediated transforma-

tion of Wwox-deficient cells display increased

tumorigenicity when compared to Wwox-sufficient cells

[96]. Finally, the WWOX interactome supports a direct

role of WWOX as an oncosuppressor. The mechanism of

tumor suppression of WWOX involves apoptosis [29, 30],

modulation of the extracellular matrix [31], modulation of

cell bioenergetics [32, 33], and modulation of the DNA

damage response [34]. WWOX appears to interact and

regulate the function of different proteins involved in

Fig. 2 Hypothetical model of WWOX action in DDR. Upon DSBs,

ATM is activated and become Ser1981-phosphorylated (pATM).

Accordingly, activated ATM monomers phosphorylate numerous

substrates including H2A.X, CHK2, p53, and ITCH, which culmi-

nates in efficient DDR; i.e., DNA repair or apoptosis. WWOX

deficiency leads to an increased number of DSBs upon DNA damage.

Following DNA damage, ATM positively enhances ITCH-mediated

K63-linked ubiquitination and translocation of WWOX into the

nucleus. Nuclear WWOX physically interacts with ATM and

mediates ATM monomerization and activation in a positive forward

loop manner. When WWOX is lost, ATM function is hampered

leading to inefficient DDR
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tumor progression. When WWOX is lost, many of these

proteins lose their checks, which alters the signaling that

feeds into the neoplastic process. Further characterization

of WWOX-interacting partners is needed to improve our

understanding of the WWOX tumor-suppressor functions

and signaling pathways involved. This characterization

may also lead to identification of new targets for inter-

vention of tumor development and progression.

The findings regarding WWOX also have broader

implications on other CFS products and their role in cancer

development. Indeed, gene products of FRA3B (FHIT) (see

also K. Huebner’s chapter in this issue), FRA8I (SPIDR)

[97, 98] (see also L. Savelyeva chapter in this issue) and

FRA15A (RORA) [99] (see also D. Smith chapter in this

issue), which are inactivated in multiple tumors, have also

been shown to be involved in cellular stress response,

DDR, and maintenance of chromosomal integrity. This

suggests that their impaired activity may contribute to

genomic instability in cancer cells. These observations

suggest that some of the products of CFS might play an

important role in maintaining genomic stability. Thus, it

can be speculated that they function as part of a highly

conserved stress response network that is uniquely sus-

ceptible to genomic instability in cancer cells. Future work

shall further explore and dissect the functions of CFS gene

products and their roles in biology and in tumorigenesis.
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