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Abstract
The family of WW domain-containing proteins contains over 2000 members. The small WW domain module is responsible, in

part, for protein/protein binding interactions and signaling. Many of these proteins are located at the membrane/cytoskeleton

area, where they act as adaptors to receive signals from the cell surface. In this review, we provide molecular insights

regarding recent novel findings on signaling from the cell surface toward WW domain-containing oxidoreductase, known

as WWOX, FOR or WOX1. More specifically, transforming growth factor beta 1 utilizes cell surface hyaluronidase Hyal-2

(hyaluronoglucosaminidase 2) as a cognate receptor for signaling with WWOX and Smad4 to control gene transcription,

growth and death. Complement C1q alone, bypassing the activation of classical pathway, signals a novel event of

apoptosis by inducing microvillus formation and WWOX activation. Deficiency in these signaling events appears to

favorably support cancer growth.
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WW domain-containing proteins in signaling
network

WW domain is a small, conserved structural module that is
involved in protein/protein interactions.1 – 4 WW domains
support the assembly of multiprotein interaction net-
works.3,4 The domain comprises a stretch of 35–40 amino
acids with two conserved tryptophan residues and a con-
served proline.1,2 The WW domains can be categorized as
four groups, and each group preferentially interacts with
proteins containing particular proline motifs and/or
phosphoserine- or phosphothreonine-containing motifs.1 – 4

For example, group I WW domain preferentially interacts
with PPxY motif and group II with PPLP.3,4 Group II/III
WW domains can bind simple polyprolines (PPPP) and
PL and PR motifs.5 There are more than 2000 WW
domain family members, and many of these proteins
possess one or even 2–4 WW domains. The WW domains
can be arranged in tandem closely and at various distances
in a single protein.6 These domains may act in a synergistic
or an independent manner.6

WW domain proteins exhibit a multitude of functional
diversities, as reflected by their roles in highly complicated sig-
naling networks, and involvement in physiological develop-
ment and metabolic disorders.7–12 During signaling,
numerous cytosolic WW domain proteins are responsive to
the challenge of extracellular cues. WW domain-containing
proteins YAP (Yes-associated protein; 2 WW domains) and
TAZ (transcriptional co-activator with PDZ-binding motif; 1
WW domain) are signal transducers from the cytoplasm to
the nucleus for gene transcription, which is critical in embryo-
nic development, tumorigenesis and other pathogenic pro-
cesses.7 Under the WW domain–PPxY binding rule, the
WW domain of TAZ and YAP binds transcription factors
such as polyomavirus enhancer binding protein 2a, activating
protein 2, C/EBPa (CCAAT/enhancer-binding protein), c-Jun,
Krox-20, Krox-24, myocyte enhancer factor 2B, nuclear factor
(NF)-E2, Oct-4, Smad7, p53BP2, runt-related transcription
factor 2 (RUNX2), ErbB4 and p73a.8,10 Mice lacking TAZ
gene develop multiple renal cysts, urinary concentration
defects and pulmonary emphysematous changes.10
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Similarly, in the bone morphogenetic protein signaling, the
second WW domain of Smad ubiquitin regulatory factor 1
(Smurf1) interacts with the PPxY motif in Smads 1, 5 and
6.11 Smurf1 is an E3 ubiquitin ligase that catalyzes ubiquitina-
tion of target proteins for proteasomal degradation.

Neuronal precursor cell-expressed developmentally down-
regulated 4 (NEDD4)-like family of E3 ubiquitin ligases,
possessing two to four WW domains, participates in numer-
ous signal pathways (e.g. transforming growth factor-beta
[TGF-b], epidermal growth factor [EGF], insulin growth
factor [IGF] and tumor necrosis factor [TNF]) via regulation
of ubiquitin-mediated trafficking, lysosomal or proteasomal
degradation and protein nuclear translocation.12 These
proteins have been implicated in their critical roles for cancer
growth regulation.

Peptidylprolyl cis/trans isomerase, NIMA-interacting 1
(Pin1), containing only a WW domain considered as
group III4 or group IV,5 is involved in both cancer and
Alzheimer’s disease.13,14 Pin1 interacts with proteins posses-
sing motifs including PPPP, PxPPxR, PPLP, PPRxP and
PPxY.4 Pin1 catalyzes phosphorylation-dependent isomeri-
zation of phospho-serine/threonine-proline motifs, i.e. con-
version of peptidyl proline bond from cis to trans. Pin1 is
upregulated in cancers but downregulated in Alzheimer’s
disease, and participates in immune regulation.15 How
Pin1 precisely contributes to diseases remains elusive.

Tumor suppressor WW domain-containing
oxidoreductase

Cumulative studies both in vitro and in vivo show that WW
domain-containing oxidoreductase (WWOX), designated as
human WWOX or FOR, or murine WOX1, is a functional
tumor suppressor (see refs.16–22 for reviews). Human
WWOX or mouse Wwox gene encodes a 46-kDa WWOX/
FOR/WOX1 protein. In addition, several reports determined
that WWOX participates in neural development, neuronal
damage and neurodegeneration,23–27 postnatal survival and
normal bone metabolism,28,29 and development of reproduc-
tive system.30,31 In humans, WWOX is identified as one of
the genes that are involved in osteoarthritis and their collabora-
tive metabolic and inflammatory networks, as determined by
integrative micro-RNA and proteomic approaches.32 Low
serum HDL-cholesterol contributes significantly to coronary
artery disease. A recent study determined that an identified
single-nucleotide polymorphism locus, rs2548861, in WWOX
gene is associated with low plasma HDL-cholesterol levels.33

Rats with lethal dwarfism and epilepsy develop audiogenic
seizures and a spontaneous mutation of Wwox gene.34

WWOX could be either proapoptotic or prosurvival in physio-
logical and pathological settings. Whether environmental cues
induce changes of WWOX functions is largely unknown.

Human WWOX gene is mapped to chromosome 16q23.3–
24.1, or on a common fragile site FRA16D (see refs.16–22 for
reviews). This gene contains nine exons and generates at
least eight alternatively spliced mRNAs. Full-length
WWOX/WOX1 is composed of two N-terminal WW
domains and a C-terminal short-chain alcohol dehydrogen-
ase/reductase (ADH/SDR) domain (Figure 1). Like most

ADH/SDR-containing proteins, WWOX possesses an NSYK
(Asn-Ser-Tyr-Lys) motif, which may bind hormone sub-
strates. A nuclear localization signal is located between the
first and second WW domains, and a mitochondria-targeting
sequence is mapped in the ADH/SDR domain.35

Localization of WWOX in cells may vary depending upon
the status of cell differentiation and the types of cells
tested.17 For example, WWOX/WOX1 is frequently localized
in the perinuclear area of keratinocytes at the stratum basale
and spinosum of the skin epidermis. When keratinocytes
start undergoing cornification at the stratum granulosum,
WWOX/WOX1 is then accumulated in the nucleus.17,36

Numerous stress stimuli have been shown to induce
re-location of WWOX/WOX1 to the nuclei. In response to
TNF-a, TGF-b, staurosporine, etoposide, ultraviolet (UV)
irradiation, complement C1q and sex steroid hormones
estrogen and androgen, phosphorylation at Tyr33 in
WWOX/WOX1 occurs in many cultured cell lines.37 – 41

The phosphorylated or activated WWOX/WOX1 then
translocates from the cytosol to the mitochondria and
nuclei.37 – 41 Src tyrosine kinase is reported to phosphorylate
Tyr33.42 For breast cancer cells (e.g. Michigan Cancer
Foundation-7 [MCF7]), WWOX is refractory to re-location
to the nucleus upon stimulation with sex steroid hor-
mones.39 A likely scenario is that WWOX is tightly bound
by Ezrin,43 where both proteins are localized at the mem-
brane/cytoskeleton area.40,41,43

Compelling evidence for nuclear accumulation of WOX1
has been shown in several experimental models in vivo. For
example, long-term exposure of rats to constant light induces
accumulation of WOX1 in the mitochondria and nuclei of
damaged photoreceptors in the rat retinas.25 Intracranial injec-
tion of rats with neurotoxin 1-methyl-4-phenylpyridinium
(MPPþ) induces Parkinson’s-like disease, and WOX1 is accu-
mulated in the nuclei of damaged neurons in the striatum
and cortex.26 Also, transection of the sciatic nerve in rats
causes dramatic activation or nuclear accumulation of WOX1
and transcription factors cAMP response element binding
(CREB), NF-kB and many others.27 Nuclear localization of

Figure 1 Schematic diagram of WWOX gene and protein. WWOX gene con-

tains nine exons and encodes a 414-amino-acid WWOX, designated human

WWOX or FOR, or murine WOX1 (molecular weight 46 kDa). Two N-terminal

WW domains are encoded by exons 1–4, and short-chain alcohol dehydro-

genase/reductase (ADH/SDR) domain by exons 4–8. There is a nuclear local-

ization signal between the two WW domains, and an NSYK motif in the ADH/

SDR domain. Two conserved tyrosine phosphorylation sites, Tyr33 and

Tyr287, are shown. WWOX, WW domain-containing oxidoreductase (A color

version of this figure is available in the online journal)

................................................................................................................................................
Chang et al. WWOX in signaling 797



these proteins may ultimately lead to the loss of small dorsal
root ganglion neurons postaxotomy for 2–3 months or
longer.27 We validated these in vivo observations regarding
nuclear accumulation of WOX1 by immunohistochemistry,
immunofluorescence microscopy and immunoelectron
microscopy using specific homemade and commercial
antibodies.23–27

WWOX acts more than a tumor suppressor

Over the past 10 years since the discovery of WWOX/FOR/
WOX1,35,44,45 substantial efforts from global scientists have
been dedicated to the characterization of WWOX gene
alterations in different types of cancer cells. Many com-
prehensive review articles have addressed the relationship
between WWOX/Wwox gene and cancer development (see
refs16–22,46–49 for reviews). Both gene and protein expression
levels of WWOX have been shown to be dramatically downre-
gulated or lost mostly in invasive cancer cells derived from
breast, prostate, esophagus, lung, pancreas, stomach, bladder,
extrahepatic bile duct, cervix, thyroid and leukemia. As a
tumor suppressor, expression of WWOX in cancer tissues
correlates with better prognosis for patients.

In a knockout model by targeting exons 2–4 of mouse
Wwox gene, spontaneous tumor formation in the heterozy-
gous mice occurs at 17.2% (10/58), compared with 3.3%
(2/60) in the wild type.50 The percentages are indeed low.
However, carcinogen induces cancer formation at a signifi-
cantly higher incidence in heterozygous mice than in the
wild type.50 Gene-trap targeting of mouse Wwox gene
increases the incidence of spontaneous formation of B-cell
lymphomas.30 Most recently, a report shows that con-
ditional Wwox knockout mice with exon 1 ablation did not
develop spontaneous tumor formation.29 Difference in the
results regarding spontaneous tumor formation is unknown
and yet to be elucidated.

Wwox2/2 mice with exons 2–4 ablation are significantly
reduced in size, survive for less than a month and could
suffer metabolic bone disorder.28,50 These mice also have
problems in the reproductive system.31 Exon 1-ablated
mice also exhibit severe metabolic defect, growth retar-
dation, bone metabolic defect, hypocapnia (reduced CO2

levels in the blood) and impaired hematopoiesis, leukopenia
and splenic atrophy.29 Clearly, murine Wwox gene plays a
critical role in cell differentiation and embryonic
development.

In other biological functions, we have determined that
WWOX/WOX1 may play a critical role in supporting orga-
nogenesis and regulating tumorigenesis. Endogenous
mouse WOX1 is significantly increased at both gene and
protein levels during embryonic development.24 Most intri-
guingly, protein levels of WWOX are significantly increased
in the early stages of hyperplasia and cancerous progression
of breast and prostate in humans.39,49 Also, WWOX/WOX1
is upregulated during normal skin keratinocyte differen-
tiation, as well as in the early stages of UVB-induced for-
mation of squamous cell carcinoma in humans and mice.36

This upregulation can be interpreted as WWOX/WOX1
has just entered the battling ground to block cancer

growth. However, other likely scenarios cannot be excluded.
Overall, in addition to its role in tumor suppression,
WWOX/WOX1 is central to normal cell survival, differen-
tiation and organogenesis.

WWOX is a sensor of extracellular cues

Substantial evidence shows that tumor suppressor WWOX
acts as a molecular sensor of extracellular cues. Detection of
environmental changes is important for cell survival.
Certain WW domain-containing proteins are localized in
the membrane/cytoskeleton area.40,41,43,51,52 For example,
WW domain-containing E3 ubiquitin protein ligase 1,
known as WWP1, targets the full-length ErbB4 for ubiquitin-
mediated degradation in breast cancer.53 WWP1 is normally
associated with membranous structures in organelles.
WWOX receives and integrates signals from the cell surface
by undergoing Tyr33 phosphorylation and re-location to the
nuclei in vitro17,35–39,52,54 and in vivo.25–27,36 As a result,
nuclear WWOX may either enhance or inhibit transcription
factors for regulating promoter activation in vivo.27 Direct
close contact of prostate LNCaP cells with human vascular
endothelial cells results in reduction in signaling via, in
part, suppression of WWOX phosphorylation at Tyr33.52

However, in certain cells, WWOX is retained in the
membrane/cytoskeleton area by associating with Ezrin43 or
membrane Hyal-2 (hyaluronoglucosaminidase 2).41

Many WW domain-containing proteins transmit extra-
cellular signals via their WW domains.1 – 4 This could
result in either inhibition or enhancement of the signal
transduction. Both the first WW domain and the ADH/
SDR domain of WWOX participate in protein–protein inter-
action.17 Whether both domains interact with each other is
unknown. Also, whether conformational changes occur in
WWOX during signal transduction remain to be estab-
lished. The WW domain of WWOX belongs to the group I
WW domain, which mainly recognizes the proline-rich
PPxY motif.3 – 6 The known PPxY-binding partners for
WWOX include p73,42 activator protein 2g (AP-2g),55

ErbB4,56,57 Ezrin,43 small integral membrane protein of
the lysosome/late endosome (SIMPLE),58 c-Jun27,59 and
RUNX228 (Figure 2). Indeed, it is not surprising to find
there are thousands of proteins in the protein database pos-
sessing the PPxY motif, suggesting their likely interactions
with WWOX.

In transient overexpression experiments, WWOX sup-
presses the transcriptional function of p73, AP-2g, ErbB4
and c-Jun by sequestering these factors in the cytoplasm
of cells.42,55 – 57,59 These in vitro findings do not appear to
be true in vivo. Upon axotomy of the sciatic nerve in rats,
accumulation of phosphorylated WOX1, Jun N-terminal
kinase1 (JNK1), CREB, c-Jun, NF-kB and activating tran-
scription factor 3 in the nuclei of injured neurons took
place within hours or the first week of injury.27 By immu-
noelectron microscopy, we demonstrated the complex for-
mation of p-WOX1 (Tyr33 phosphorylated) with p-CREB
and p-c-Jun in the nuclei of neurons of transected sciatic
nerve in rats.27 FRET (Förster/fluorescence resonance
energy transfer) microscopy analysis also demonstrated
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that the WW domain area of WOX1 binds CREB most
strongly in the nucleus.27 WOX1 blocks the prosurvival
CREB-, CRE- and AP-1-mediated promoter activation in
vitro, but enhances promoter activation governed by c-Jun,
Ets-like gene-1 and NF-kB.27 A clear difference from in
vitro studies is that we determined that WOX1/WWOX
enhances c-Jun-regulated promoter activation,27 whereas
one report showed an inhibitory effect on the promoter acti-
vation.59 The difference remains to be resolved.

Once phosphorylated at Tyr33 in the first WW domain,
WOX1/WWOX interacts with p53,16,17,26,35,37,38 JNK1,26,37

murine double minute 2 (MDM2),38 Zfra (31-amino-acid zinc
finger-like protein)60,61 and Hyal-241 independently of the
PPxY-binding manner. Tau, a microtubule-binding protein
involved in neurodegeneration, physically interacts with
WOX1/WWOX via the C-terminal ADH/SDR domain.20

In addition to the WW domain, the small size 3.5-kDa
Zfra also interacts with the ADH/SDR domain.60,61

Activated Cdc42-associated kinase 1 (Ack1), a cytoplasmic
tyrosine kinase capable of binding toEGF receptor and
clathrin, induces Tyr287 phosphorylation of WWOX for degra-
dation via the ubiquitin/proteasome-dependent pathway.62

Interestingly, the E3 ubiquitin ligase NEDD4-2, a WW domain-
containing protein named neural precursor cell expressed,
developmentally downregulated 4-2, suppresses active Ack1
via proteosomal degradation,63 implying the action may
increase the stability of WWOX. MDM2 physically interacts
with WWOX.38 When MDM2 is knocked down, the binding
interactions between p53 and WWOX and their stability are
increased,38 suggesting that MDM2 may act as the E3 ubiquitin
ligase for WWOX in degradation.

In vivo experiments have also revealed that WWOX acts as
a molecular sensor during physiological and pathological
events, as well as environmental stress. WWOX is one of
the genes that are responsive to environmental challenge
such as UV radiation.64 We have determined the rapid
induction of WOX1 protein expression in the epidermis of
acute UVB-irradiated hairless mice.36 Prolonged constant
light exposure for two months in rats causes their retinal
damage, as evidenced by accumulation of activated
WOX1/WWOX in the apoptotic mitochondria and nuclei
of photoreceptors of retinas.25 Also, accumulation of acti-
vated WOX1/WWOX occurs during neurotoxin
MPPþ-induced neuronal death in the cortex and striatum

Figure 2 WWOX in signaling. The first WW domain of WWOX/WOX1 physically interacts with proteins possessing a proline-rich PPXY motif(s). These proteins

include p73,42 AP-2g,55 ErbB4,53,57 Ezrin,43 SIMPLE,58 c-Jun,27,59 RUNX228 and many others. Transiently overexpressed WWOX suppresses the transcriptional

function of p73, AP-2g, ErbB4 and c-Jun by sequestering these factors in cytoplasm of cells. Tyr33-phosphorylated WOX1/WWOX binds p53, JNK1, MDM2,

Zfra, and Hyal-2 in a PPxY motif-independent manner.35,37,38,41,60,61 JNK1 and Zfra counteract the apoptotic function of WOX1/WWOX.37,60,61 Both Zfra and

Tau interact with WOX1/WWOX via the C-terminal ADH/SDR domain.23,60 Ack1 induces Tyr287 phosphorylation of WWOX, which allows degradation of

WWOX via ubiquitin/proteasome pathway.62 WWOX, WW domain-containing oxidoreductase; AP-2g, activator protein 2g; SIMPLE, small integral membrane

protein of the lysosome/late endosome; RUNX2, runt-related transcription factor 2; Ack1, activated Cdc42-associated kinase 1; JNK1, Jun N-terminal

kinase1; Zfra, 31-amino-acid zinc finger-like protein; ADH/SDR, C-terminal short-chain alcohol dehydrogenase/reductase; Hyal-2, hyaluronoglucosaminidase 2
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of the brain in rat.26 Collectively, environmental stress
induces activation of WWOX, which links to large signaling
networks and transcriptional regulation.

WW domain-containing proteins in TGF-b
signal pathway

Many WW domain-containing proteins participate in the
TGF-b signaling. WWP1, WW domain-containing E3 ubi-
quitin protein ligase 1,53 negatively regulates TGF-b signal-
ing by interacting with Smad7 for nuclear export.65 In
addition, WWP1 inhibits TGF-b-induced phosphorylation
of Smad2/365 and promotes Smad4 degradation.66 WWP1
enhances the binding of Smad7 with TGF-b type I receptor
(TbRI), thus allowing ubiquitination and degradation of
the receptor. Similarly, WW domain-containing NEDD4-2
is a negative regulator of TGF-b signaling.66 NEDD4-2
is a member of the Smurf-like C2-WW-HECT-type E3 ubi-
quitin ligases. NEDD4-2 binds Smad7 for interacting with
TbRI, which is needed for ubiquitin-dependent degradation
of the receptor. Moreover, NEDD4-2 interacts with Smads 2
and 3, and causes degradation of Smad2, but not Smad3.67

A novel TGF-b/Hyal-2/WWOX/Smad4 signal pathway

Most recently, we demonstrated that TGF-b induces
re-location of WOX1/WWOX to the nuclei in response to
TGF-b1 in many types of cells, except in breast cancer
cells.41 It is generally believed that TGF-b1 binds membrane
TbRII as a cognate receptor for recruiting TbRI, followed by
phosphorylating Smads 2 and 3.68,69 Upon further recruiting
Smad4, the signaling complex Smad2/3/4 translocates to
the nuclei for controlling gene transcription.68,69 By utilizing
TbRII-deficient HCT116 cells, we show that membrane hya-
luronidase Hyal-2 is a cognate receptor for TGF-b1.41

TGF-b is considered as a potent inhibitor of epithelial cell
growth and an architect for the extracellular matrix. TGF-b
appears to play a dual role in cell growth regulation.68 – 71

Alteration of TGF-b signaling such as loss of TbRII in intesti-
nal epithelial cells promotes the invasion and malignant
transformation of tumors due to increased expression of
matrix metalloproteinase (MMP)-2 and MMP-9 and TGF-b1
secretion, as initiated by Apc mutation.72 Metalloproteinases
indeed play an important role in TGF-b-regulated metastasis.73

Interestingly, Gr-1þ CD11bþmyeloid cells are recruited into
mammary carcinomas in TbRII gene knockout mice and con-
tribute to TGF-b-mediated metastasis.74 TGF-b1 knockout
mice exhibit defects in the hyperplasty/adenoma transition,
inability to maintain epithelial tissue organization but not
loss in growth control, inflammatory activity and genetic
instability.75 Together, invasive cancer cells frequently over-
produce TGF-b to promote their growth and metastasis by
epithelial–mesenchymal transition.70,71 Metastatic cancer
cells are frequently deficient in TbRII, which correlates with
poor prognosis in patients.76

Dramatic upregulation of hyaluronan and hyaluronidases
Hyal-1, Hyal-2 and PH-20 has been shown to be associated
with cancer metastasis.77 – 79 We have first demonstrated that
hyaluronidases counteract the activity of TGF-b1 in growth

regulation.80 – 82 For example, TGF-b1 inhibits the growth of
normal epithelial cells, whereas PH-20 counteracts the effect
of TGF-b1.80,81 TGF-b1 protects murine L929 fibroblasts
from the cytotoxic effect of TNF,83 and Hyal-1 and Hyal-2
reverse the TGF-b1 function.80 – 82 Hyaluronidases PH-20,
Hyal-1 and Hyal-2 induce the expression of WWOX/
WOX1, and enhance its apoptotic function in vitro.35,82

Metastatic cancer cells overly produce TGF-b, hyaluronan
and hyaluronidases, and how these molecules coordinate
effectively in promoting cancer growth and progression is
largely unknown.

We have determined that TGF-b1 binds cell surface hyalur-
onidase Hyal-2 in microvilli in TbRII-deficient colon HCT116
cells.41 TGF-b1 binds to a surface-exposed segment in the cat-
alytic domain of Hyal-2 in the microvilli (determined by
yeast two-hybrid analysis), followed by rapidly recruiting
WWOX (Figure 3). The resulting WWOX/Hyal-2 complex,
which further recruits Smad4, re-locates to the nuclei for
enhancing Smad promoter activation (Figure 3). Most impor-
tantly, ectopic WWOX and Hyal-2, when in combination,
dramatically enhances the Smad promoter activation (8- to
9-fold increases), which subsequently leads to cell death
(.95% of promoter-activated cells),41 raising the possibility
that Hyal-2 and WWOX bind the Smad promoter DNA
and control its activation.

By immunoelectron microscopy, we have shown internal-
ization of the TGF-b1/Hyal-2 complex occurs via endo-
somes, followed by fusion of lysosomes with the
internalized endosomes.41 Whether degradation of TGF-b1

Figure 3 The TGF-b1/Hyal-2/WWOX/Smad signal pathway. Three likely signal-

ing paths are: (i) TGF-b1 binds membrane Hyal-2, which subsequently recruits

cytosolic Tyr33-phosphorylated WWOX (p-WWOX) to the membrane.41 The

resulting Hyal-2/p-WWOX complexes translocate to the nuclei for enhancing the

Smad promoter activation. Overly activated Smad promoter induces cell death.

(ii) Alternatively, the TGF-b1/Hyal-2 complexes are internalized via endocytic ves-

icles, followed by releasing of Hyal-2 to the cytoplasm for interacting with the cyto-

solic p-WWOX, and the Hyal-2/p-WWOX complexes re-locating to the nuclei.

(iii) An additional scenario is that Smad4 is recruited to the Hyal-2/p-WWOX

complexes, followed by re-locating to the nuclei. Ectopic WWOX and Smad4

dramatically increase the Smad promoter activation.41 WWOX, WW domain-

containing oxidoreductase; TGF, transforming growth factor; Hyal-2, hyalurono-

glucosaminidase 2 (A color version of this figure is available in the online journal)
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occurs in the lysosomes is unknown. Time-lapse FRET
analysis in live cells revealed that WWOX binds Hyal-2
most strongly in the perinuclear area or on the nuclear
envelope.41 By co-immunoprecipitation and yeast two-
hybrid analysis, Tyr33-phosphorylated WWOX binds effec-
tively with Hyal-2, as a dominant-negative WWOX disrupts
the binding.41 Dominant-negative WWOX is known to
prevent phosphorylation of WWOX at Tyr33.37,38

Functionally, Hyal-2 acts as a co-receptor with CD44 for hya-
luronan. CD44 does not participate in the TGF-b1-induced
nuclear translocation of WWOX.41 Supporting evidence is
that exogenous TGF-b1 does not interact with CD44, and cyto-
solic WWOX did not bind with CD44, as determined by
co-immunoprecipitation and immunoelectron microscopy.41

We propose that binding of TGF-b1 with Hyal-2 may be
limited when CD44 and Hyal-2 are closely associated on the
cell surface. However, upon TGF-b1 binding to Hyal-2,
CD44 and Hyal-2 become dissociated.

An alternative scenario is that hyaluronan enhances the
binding of TGF-b1 with Hyal-2 without transmitting the
signal. Presumably, TGF-b1 is trapped on the cell surface
by hyaluronan and Hyal-2. When hyaluronan is degraded,
the signaling starts. Two reports showed that hyaluronan
blocks TGF-b signaling by inducing trafficking of TGF-b
receptors to lipid raft-associated pools, which facilitates
increased receptor turnover.84,85

Sex steroid hormones (e.g. estrogen and androgen) are not
able to induce nuclear accumulation of activated WWOX in
estrogen receptor-positive breast MCF7 cells.39 Presumably,
Hyal-2 and Ezrin retain WWOX on the cell membrane/
cytoskeleton areas and block its apoptotic function.

Complement protein C1q activates WWOX
bypassing the classical pathway activation

Tissue fluids in the lung, for example, possess low levels of
serum complement proteins. These proteins are important
for self-defense and inflammatory reactions. The ion concen-
trations in tissue fluids are relatively low. Under these con-
ditions, complement activation is enhanced to promote the
inflammatory reaction.86 Most recently, we discovered that
specific serum complement components coordinate the acti-
vation of tumor suppressors p53 and WWOX and kinases
extracellular signal-regulated kinase (ERK), JNK1 and
signal transducer and activator of transcription 3 (STAT3)
in cells.40 In the absence of complement C1q or C6 in
human serum samples, WWOX and ERK are mainly
present in the cytoplasm without phosphorylation, whereas
phosphorylated JNK1 is greatly accumulated in the nuclei.
Reconstitution of C1q or C6 in serum restores the activation
of WWOX and ERK, but blocks JNK1 activation.
Exogenous C1q rapidly restores the WWOX activation in
less than two hours. Without serum complement C9, p53
becomes activated. These observations suggest that each
complement protein may play a specific role in modulating
the activation of tumor suppressors and kinases.

We determined that complement C1q induces apoptosis
of cancer cells overexpressing WWOX (Figure 4). The
induced cell death is independent of the complement classi-
cal activation pathway. Without WWOX, C1q is not able to

cause apoptosis. Thus, these observations indicate the pres-
ence of a novel pathway of programmed cell death.

Imaging live C1q/WWOX signaling by surface
plasmon-enhanced two-photon fluorescence
microscopy

We utilized surface plasmon-enhanced two-photon total
internal reflection fluorescence (TIRF) microscopy to investi-
gate the dynamics of cell death initiating from the cell
membrane.87,88 Normally, cells adhere and spread smoothly
on glass or plastic surface (Figure 4). Interestingly, many

Figure 4 A sequential event of C1q-induced death of cells overexpressing

WWOX. (a and b) Cells overexpressing WWOX adhere and spread evenly

onto the surface of cover glass (determined by TIRF microscopy), whereas

many cells may ‘tiptoe’ on the glass surface via formation of microvilli for

focal adhesion.40 Cells are colored in green for GFP-tagged WWOX. C1q dra-

matically increases the formation of microvilli as clusters in between cells.

WWOX can be found in both the focal adhesion areas and in the nuclei.

Cells are colored in orange, as they are agonized by C1q (b). (c and d) With

time, the cells (brown color) undergo shrinkage, membrane blebbing,

nuclear condensation and DNA fragmentation. Exposure of phosphatidylser-

ine (PS) does not occur. C1q does not cause cell death, if endogenous

levels of intracellular WWOX are low. WWOX, WW domain-containing oxido-

reductase; TIRF, two-photon total internal reflection fluorescence; GFP,

green fluorescent protein
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WWOX-overexpressing cells adhere to glass surface by
clusters of microvilli and their ‘bellies’ are up in the air
without touching down on the glass surface. C1q further
destabilizes the adherence of WWOX-expressing cells by
increasing the formation of clustered microvilli for focal
adhesion particularly in between cells. Time-lapse
TIRF microscopy analysis revealed that these WWOX-rich
microvilli are indeed ‘dancing’ upon C1q stimulation.
Exposure of phosphatidylserine (PS) on the outer leaflet of
the plasma membrane is a critical initiating event in apopto-
sis. However, membrane exposure of PS does not occur in
WWOX-expressing cells in response to C1q. Ultimately,
these cells undergo shrinkage, membrane blebbing and
death. Overall, a novel pathway of WWOX-dependent pro-
grammed cell death is revealed.

Downregulation of WWOX and C1q in cancer cells

Many cancer tissues have very low levels of WWOX and
C1q.40 Under these conditions, cancer cells grow favorably.
For example, benign prostatic hyperplasia and prostate
cancer have a significantly reduced expression of tissue
C1q, compared with age-matched normal prostate tissues.40

By multitissue microarray analysis, we also determined that
C1q is deficient in lung and many other cancer cells.

Conclusion and perspectives

Taken together, here we have summarized two newly discov-
ered signaling events associated with WWOX as a down-
stream adaptor receiving signals from the cell surface.
TGF-b1 binds cell surface hyaluronidase Hyal-2, followed
by recruiting WWOX and Smad4 to control gene transcrip-
tion, growth and death.41 Complement C1q alone, bypassing
the activation of the classical pathway, signals WWOX acti-
vation for apoptosis. This event occurs only when cells
have sufficient amounts of intracellular WWOX.40 The
majority of cancer cells are deficient in WWOX, Smad4 and
C1q. This could occur as a result of their progression
toward cancerous phenotypes, thus gaining growth advan-
tage. How the TGF-b/Hyal-2/WWOX/Smad4 signaling,
coupled with the levels of hyaluronan and TGF-b, affects
cancer progression in vivo remains to be assessed.

In addition to genetic alterations, metabolic turnover of
WWOX appears to be critical in controlling cell growth.
Phosphorylation of WWOX at Tyr287 by Ack1 leads to
protein ubiquitination and degradation.62 Interestingly, the
E3 ubiquitin ligase NEDD4-2 downregulates Ack1,63 which
may in turn prolong the lifetime of WWOX. MDM2, an E3
ubiquitin ligase, binds WWOX.38 Whether this binding
promotes WWOX degradation remains to be established.

Complement C1q alone induces cancer death together
with WWOX, bypassing the involvement of the components
of the classical activation pathway. What remains unan-
swered is whether C1q receptor directly recruits or interacts
with WWOX, or whether presence of an adaptor protein
cross-links with WWOX and C1q receptor. C1q is known
to interact with membrane proteins, including a2b1 integ-
rin,89 gC1qR/p33,90 C1q-Rp (CD93), cC1q-R (calreticulin)

and CR1 (CD35).91 The interaction between a2b1 integrin
and C1q plays an important role in the innate immune
response.89 Further, the connection with WWOX suggests
the signaling is central to the homeostasis of immune
cells, as well as normal cells.

Finally, many proteins are defined as tumor suppressors
at the time when they are first discovered, simply because
their functional deficiencies or genetic alterations lead the
cells toward cancerous progression. Whether tumor sup-
pressors always act as ‘suppressors of growth’ is not well
supported. Indeed, essentially all tumor suppressors (e.g.
p53, WWOX, Smad4 and so many others) are upregulated
during cell mitosis. Their roles at this stage are largely
unknown. Are they functionally active? Most ironically,
tumor suppressor p53 plays a key role in the context of
cell proliferation, differentiation, cell cycle, aging, metab-
olism and micro-RNA generation, and apoptosis.92 – 95

Similarly, WWOX also plays a much bigger role than
tumor suppression only.16 – 21 WWOX is involved in main-
taining normal cell physiology (e.g. mitochondrial func-
tions), development of organs, bone metabolism, neural
injury, apoptosis and others. WWOX is also an important
sensor of environmental changes surrounding cells.
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