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Transforming growth factor � (TGF-�) initiates multiple sig-
nal pathways and activates many downstream kinases. Here, we
determined that TGF-�1 bound cell surface hyaluronidase
Hyal-2 on microvilli in type II TGF-� receptor-deficient
HCT116 cells, as determined by immunoelectron microscopy.
This binding resulted in recruitment of proapoptotic WOX1
(also named WWOX or FOR) and formation of Hyal-2�WOX1
complexes for relocation to the nuclei. TGF-�1 strengthened
the binding of the catalytic domain of Hyal-2 with the N-termi-
nal Tyr-33-phosphorylated WW domain of WOX1, as deter-
mined by time lapse fluorescence resonance energy transfer
analysis in live cells, co-immunoprecipitation, and yeast two-
hybrid domain/domain mapping. In promoter activation assay,
ectopic WOX1 or Hyal-2 alone increased the promoter activity
driven by Smad. In combination, WOX1 and Hyal-2 dramati-
cally enhanced the promoter activation (8–9-fold increases),
which subsequently led to cell death (>95% of promoter-acti-
vated cells). TGF-�1 supports L929 fibroblast growth. In con-
trast, transiently overexpressed WOX1 and Hyal-2 sensitized
L929 to TGF-�1-induced apoptosis. Together, TGF-�1 invokes
a novel signaling by engaging cell surface Hyal-2 and recruiting
WOX1 for regulating the activation of Smad-driven promoter,
thereby controlling cell growth and death.

Transforming growth factor � (TGF-�)4 plays a dual role in
cell growth and tumorigenesis (1, 2). TGF-� inhibits mammary
epithelial cell growth. In contrast, invasive cancer cells fre-

quently overproduce TGF-� to promote growth andmetastasis
(1, 2). The underlying mechanism is largely unknown. TGF-�
induces the development of metastatic phenotypes, i.e. stimu-
lation of epithelial-mesenchymal transitions in cancerous
mammary epithelial cells (1, 2). These cells are normally devoid
of functional type II TGF-� receptor (T�RII), suggesting that
TGF-� binds to an alternative receptor for signaling.
Hyaluronan is themajor components of pericellular coat and

plays a key role in affecting cell morphology, communication,
and behavior (3–5). Up-regulation of hyaluronan and hyalu-
ronidases Hyal-1, Hyal-2, and PH-20 is associated with cancer
metastasis (3–5). Hyaluronidases counteract the activity of
TGF-�1 (6–8). TGF-�1 suppresses the proliferation of normal
epithelial cells, whereas PH-20 blocks the TGF-�1 effect (6).
Hyal-1 and Hyal-2 enhance the cytotoxic function of TNF and
block TGF-�1-mediated protection of murine L929 fibroblasts
from TNF cytotoxicity (6–8).
Hyaluronidases PH-20, Hyal-1, and Hyal-2 induce the

expression of tumor suppressor WW domain-containing oxi-
doreductase, known as WWOX, FOR or WOX1 (8–11).
Human WWOX gene is located on a chromosomal fragile site
16q23 and encodes WWOX/FOR/WOX1 and isoforms (9, 10,
12–16). The full-length 46-kDaWOX1 possesses twoN-termi-
nal WW domains (containing conserved tryptophan residues),
a nuclear localization sequence between theWWdomains, and
a C-terminal short chain alcohol dehydrogenase/reductase
domain. Numerous exogenous stimuli, including sex steroid
hormones, TNF, anisomycin, UV light, and apoptosis inducers,
induce WOX1 activation via phosphorylation at Tyr-33 and
nuclear translocation both in vivo and in vitro (9, 17–20).
Human and mouse WWOX/WOX1 appears to play a dual

role in regulating cell survival anddeath (for review, seeRef. 10).
EctopicWOX1 exerts apoptosis in vitro (9, 17–22) and inhibits
tumor growth in vivo (12, 22). Targeted deletion of murine
Wwox gene to exons 2–4 induces spontaneous tumor forma-
tion in the lung and bone marrow (23). The whole bodyWwox
gene-ablated mice can only survive for approximately 1 month
(23). Later on, murineWwox gene was shown to be essential for
postnatal survival and normal bone metabolism in mice (24)
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and development of the reproductive system (25, 26). Indeed,
several prior reports have clearly indicated that endogenous
human and mouse WWOX/WOX1 is up-regulated at both
gene and protein levels during embryonic development (27)
and in the early stages of hyperplasia and cancerous progression
of human breast and prostate (17, 28–31). Also, WWOX/
WOX1 is up-regulated during normal skin keratinocyte differ-
entiation as well as in the early stages of UVB-induced forma-
tion of squamous cell carcinoma in humans and mice (20).
Again, these observations support the dual functional roles of
WWOX/WOX1 in supporting cell survival, differentiation, and
organogenesis and yet controlling cancer growth.
WOX1 binds numerous proteins in the stress signaling and

apoptotic responses and factors in gene transcription (for
reviews, see Refs. 10 and 32). In this study we investigated
whether TGF-�1 signals via a pathway independently of T�RII
and examined whether this signaling activates WOX1 for cell
growth regulation. Here, we demonstrated a novel signaling
involving the binding of TGF-�1 with membrane Hyal-2 and
then recruiting WOX1. The resulting Hyal-2�WOX1 com-
plexes relocate to the nuclei for controlling the activation of
Smad-driven promoter, thereby regulating cell growth and
death.

EXPERIMENTAL PROCEDURES

Cell Lines, Chemicals, Antibodies, and Polyclonal Antibody
Production—Murine L929 fibroblasts and human T�RII-defi-
cient colorectal HCT116 cells from American Type Culture
Collections have been maintained in our laboratory (8, 9) and
used in this study. Platelet-derived TGF-�1 was from R & D
Systems, and recombinant TGF-�1 was from PeproTek. 4�,6-
Diamidino-2-phenylindole was from Calbiochem.
Wehave generated polyclonal antibodies against 1) anN-ter-

minal segment ofWOX1 at the firstWWdomain (pan-specific
for human, rat, and mouse) (17), 2) a WOX1 peptide with
Tyr-33 phosphorylation at the first WW domain (pan-specific
for human, rat, and mouse) (17), and 3) the unique C terminus
of humanWWOX/WOX1 (15). In addition, a synthetic peptide
of murine Hyal-2, NH2-CPDVEVARNDQLAWL-COOH
(amino acids 227–241) was made (Genemed Synthesis). We
generated polyclonal antibodies against this peptide in rabbits
using an EZ antibody production and purification kit (Pierce),
as described (9, 15, 17). The selected amino acid sequence of
murine Hyal-2 is identical to that in human, pig, and rat. Also,
this region is predicted to be a helical, surface-exposed seg-
ment, according to homology searching in theGenBankTMdata
base for the three-dimensional structure of the lyco_hydro_56
domain (or catalytic domain) in hyaluronidase.
Additional specific antibodies used inWestern blotting were

against the following proteins: Smad4 (mouse and rabbit IgG
from Zymed Laboratories Inc., Cell Signaling Technology,
Upstate Biotechnology, and Santa Cruz Laboratories), Tyr-
204-phosphorylated extracellular signal-regulated kinase
(p-ERK, Santa Cruz Laboratories), CD44 (Chemicon); �-tubu-
lin (Accurate Chemicals). WWOX IgG antibodies were gifts
from Santa Cruz Laboratories and Abcam.

cDNA Expression Constructs, Transfection in Cell Lines, Flu-
orescence, Confocal Microscopy, and Immunoprecipitation—
The following expression constructs were made; 1) murine
EGFP-WOX1, full-length coding region of WOX1 cDNA
tagged with enhanced green fluorescence protein (EGFP) in
p-EGFP-C1 vector (Clontech) (9); 2) DN-WOX1,murine dom-
inant-negative WOX1 tagged with EGFP (17); 3) EYFP-Hyal-
2(GLYH), the catalytic domain of murine Hyal-2, tagged with
enhanced yellow fluorescence protein (EYFP) in a p-EYFP-C1
vector (Clontech); 4) EGFP-Smad4, murine Smad4 tagged with
EGFP (GenBankTM accession AY493561). In addition, we con-
structed an EGFP-tagged Hyal-2(EGF) construct in pEGFP-C1
vector (Clontech). This construct expresses the EGF domain
(epidermal growth factor-like domain) ofHyal-2 (225 bp for the
cDNA insert).We selected an antisense construct which allows
expression of EGFP and a short stretch of antisense mRNA for
Hyal-2, designated EGFP-Hyal-2(as). Primers for designing this
construct were 1) forward 5�-TCGAATTCTATGTATTG-
CAGTTGGACCAG, and 2) reverse 5�-CAGAATTCGAT-
TATTGGCACTGCTCGCCACC. This antisense construct
suppressed Hyal-2 protein expression in human, mouse, and
rat. L929 or HCT116 cells were electroporated with the above
constructs (200 volt, 50 ms; Square Wave BTX ECM830, Gen-
etronics) (9, 17, 18), grownovernight, treatedwithTGF-�1, and
then subjected to extraction and separation of cytosolic and
nuclear fractions using the NE-PER Nuclear and Cytoplas-
mic Extraction reagent (Pierce). Albumin (0.5%) was
included during electroporation to enhance electroporation
efficiency (300–500% increase) and to limit electric shock-
mediated cell death (18). Where indicated, these cell prepa-
rations were subjected to co-immunoprecipitation and
Western blotting (9, 17, 18). In addition, cells were trans-
fected with cDNA constructs using liposome-based
FuGENE 6 (Roche Applied Science) or Genefector
(VennNova). Both reagents were equally effective in gene
transfection. Epifluorescence microscopy was carried out in
some experiments using a Nikon Eclipse TE-2000U inverted
microscope. Confocal microscopy was also performed to
determine protein localization (Olympus FV1000).
TGF-�1Cross-linking onto CellMembrane and Immunoelec-

tron Microscopy—HCT116 cells cultured on Petri dishes were
washed 3 times with phosphate-buffered saline (PBS) and incu-
bated with 0.25 �g/ml purified platelet TGF-�1 (in PBS con-
taining 10 �g/ml bovine serum albumin; R&D Systems) on ice
for 90 min. Disuccinimidyl suberate (Pierce), a chemical cross-
linker, was prepared fresh and added to the cells (0.4 mM final
concentration). The cells were kept on ice for 2 h, then rinsed
with ice-cold phosphate-buffered saline and fixed with 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.2) on ice
for 1 h. The samples were dehydrated in a graded series of
ethanol and embedded in LR White resin (London Resin) in
a 50 °C oven (33). Ultrathin sections (70–80 nm; ultramic-
rotome, from Reichert-Jung) were prepared and incubated
with selected combinations of two of the following antibod-
ies: rabbit polyclonal anti-WOX1, anti-Hyal-2, goat poly-
clonal anti-humanWWOX (Santa Cruz Biotechnologies), or
mouse monoclonal anti-TGF-� (R&D systems). These sec-
tions were then stained with anti-rabbit IgG (conjugated
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with 20-nm gold particle) and anti-goat or anti-mouse IgG
(conjugated with 10-nm gold particle) antibodies (BB Inter-
national Ltd). Specimens were counterstained with satu-
rated aqueous uranyl acetate and lead citrate at room tem-
perature and examined under a transmission electron
microscopy (JEOL JEM-1200EX, Japan) at 100 kV.
Yeast Two-hybrid Analysis—Ras rescue-based CytoTrap

yeast two-hybrid analysis (Stratagene) was performed to map
the domain/domain interaction betweenHyal-2 andWOX1, as
described (9, 17, 18). Briefly, bait protein was tagged with Sos,
and target protein was tagged with a membrane-anchoring sig-
nal sequence (Stratagene). Binding of the cytosolic Sos-tagged
bait protein to the cell membrane-anchored target activates the
Sos/Ras/Raf/MEK/ERK signal pathway, thereby allowing the
growth of mutant yeast cdc25H at 37 °C under a synthetic
defined galactose media (�Ura,�Leu) in agarose plates. That
is, the occurrence of positive protein/protein binding and sub-
sequent activation of the Sos/Ras/Raf/MEK/ERK signaling pro-
motes yeast cells to grow at 37 °C,whereas at room temperature
(22 °C) all yeast cells grow in the selective medium (9, 17, 18).
Yeast cells were transfected with a bait construct (e.g. the full-

length WOX1, the N-terminal first
WW domain, or a Y33R mutant of
the WW domain (in a pSos vector;
Stratagene) and the Hyal-2 con-
struct for membrane-anchoring (in
a pMyr vector; Stratagene). Colony
growth and selection were then per-
formed (9, 17, 18). For positive con-
trols, WOX1/p53 physical associa-
tion and MafB self-interaction were
carried out. Empty pSos/pMyr vec-
tors were regarded as negative con-
trols, which yielded no yeast colo-
nies (9, 17, 18).
Förster (Fluorescence) Resonance

Energy Transfer (FRET)—The full-
length murine WOX1 and the cata-
lytic domain of murine Hyal-2 were
constructed in-frame with ECFP
and EYFP expression vectors (Clon-
tech), respectively. L929 and
HCT116 cells were transfected with
both constructs by liposome-based
Genefector (VennNova) and cul-
tured for 24–48 h. FRET analysis
was performed using an inverted
fluorescence microscope (Nikon
Eclipse TE-2000U). Cells were stim-
ulated with an excitation wave-
length 440 nm. FRET signals were
detected at an emission wavelength
535 nm (see Fig. 6A for the sche-
matic). ECFP and EYFP were used
as donor and acceptor fluorescent
molecules, respectively. The FRET
images were corrected for back-
ground fluorescence from an area

free of cells and spectral bleed-through. The spectrally cor-
rected FRET concentration (FRETc) was calculated by You-
van’s equation (using a software program Image-Pro 6.1,Media
Cybernetics): FRETc � [fret � bk(fret)] � cf(don) � [don �
bk(don)] � cf(acc) � [acc � bk(acc)], where fret � fret image,
bk � background, cf � correction factor, don � donor image,
and acc � acceptor image. The equation normalizes the FRET
signals to the expression levels of the fluorescent proteins.
Promoter Activation Assay—An assay kit for the promoter

function driven by Smad was from SABiosciences. HCT116
and L929 cells were transfected with a promoter construct
using green fluorescent protein as a reporter by electropora-
tion (200 volt and 50 ms; using a BTX ECM830 electropora-
tor from Genetronics) or using liposome-based FuGENE 6
(Roche Applied Science) or Genefector (VennNova). Also,
expression constructs for WOX1, Hyal-2(GLYH), DN-WOX1,
and/or Smad4 were included in the mixtures for electropora-
tion. The cells were cultured for 24 h. Promoter activation was
examined under fluorescence microscopy. Both positive and
negative controls from the assay kit were also tested in each
experiment.

FIGURE 1. TGF-�1 rapidly induces accumulation of WOX1 in the nuclei. A, exposure of L929 cells to
TGF-�1 (5 ng/ml) rapidly induced accumulation of WOX1, p-WOX1, Smad4, and p-ERK in the nuclei in
10 –20 min. The bands in Western blots were quantified (mean � S.D., n � 5). The nuclear level of each
indicated protein is regarded as 100% at time 0. p-WOX1, Tyr-33-phosphorylated WOX1. p-ERK, Tyr-204-
phosphorylated ERK. B, under similar conditions, HCT116 cells were treated with TGF-�1 (5 ng/ml) and
shown to have relocation of the above-mentioned proteins to the nuclei (mean � S.D., n � 3). Cyto,
cytosol; nucl, nucleus.
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RESULTS

TGF-�1 Induces WOX1 Nuclear Relocation in a T�RII-inde-
pendent Manner—We examined whether TGF-�1 stimulates
relocation of WOX1 to the nuclei in murine L929 fibroblasts.
These cells are responsive to TGF-�1-induced proliferation
(6–8). Also, TGF-�1 protects L929 cells from the cytotoxic
effect of tumor necrosis factor (6–8). L929 fibroblasts were
cultured overnight in RPMI medium, supplemented with 10%
heat-inactivated fetal bovine serum. In time-course experi-
ments, stimulation of murine L929 fibroblasts with purified
humanplatelet TGF-�1 resulted in a rapid nuclear relocation of
WOX1 and its Tyr-33-phosphorylated form (or activated
WOX1; p-WOX1) in 10–20 min, as determined by Western
blotting (Fig. 1A). Fetal bovine serumwas included in the assay.
Similar results were observed using recombinant human
TGF-�1 (data not shown). A similar kinetics for the nuclear
relocation of Tyr-204-phosphorylated extracellular signal-reg-
ulated kinase (p-ERK) and Smad4 was also observed (Fig. 1A).
Fetal bovine serum in the cell culture constitutively sustains low
levels of phosphorylation in WOX1 and ERK (6, 8).
For comparison, we utilized theT�RII-negative human colo-

rectal HCT116 cell line (34, 35). TGF-�1 does not induce phos-
phorylation of Smad2/3 for forming complexes with Smad4
and subsequent translocation to the nuclei in these cells. We
examined whether TGF-�1 induces WOX1 relocation to the
nuclei in a T�RII-independent manner. Exposure of HCT116

cells to TGF-�1 also resulted in
nuclear translocation of WOX1,
p-WOX1, Smad4, and p-ERK in a
time-related manner, as shown in
Western blotting (Fig. 1B). How-
ever, TGF-�1 was less effective in
exerting the effect in HCT116 cells
than in L929 cells.
In similar experiments, L929 cells

were transfected with EGFP or
human WOX1/WWOX (EGFP-
hWOX1) by liposome-based
FuGENE 6. After 24 h of culture,
cells were stimulated with platelet
TGF-�1 for 4 h. Significant accu-
mulation of EGFP-hWOX1 and
endogenous Smad4 in the nuclei
was shown (�95% nuclear localiza-
tion for both proteins; �150 cells
counted from 3 experiments), as
determined by confocal microscopy
(Fig. 2A). In EGFP-expressing cells,
TGF-�1 significantly caused reloca-
tion of endogenous Smad4 to the
nuclei (�97%) (Fig. 2A). However,
TGF-�1 did not induce EGFP alone
relocation to the nuclei (�1%; Fig.
2A). To prevent retardation of pro-
tein migration due to the EGFP tag,
L929 cells were treated with
TGF-�1 for a prolonged period up
to 4 h.

In parallel, HCT116 cells were transfected with EGFP or
EGFP-hWOX1 by liposome-based FuGENE 6 followed by cul-
turing for 24 h and then exposure to TGF-�1 for 4 h. Significant
accumulation of EGFP-hWOX1, but not EGFP, in the nuclei
was observed (Fig. 2B).
In additional experiments, L929 cells were treated with

TGF-�1 for the indicated times up to 2 h. The extent of reloca-
tion of endogenous WOX1 and Smad4 in the nuclei was
quantified (see micrographs and bar graphs in supplemental
Fig. S1). TGF-�1 effectively induced accumulation of endoge-
nous WOX1 and Smad4 in the nuclei in L929 cells in a time-
related manner (�70% in 1 h).
Under similar conditions, HCT116 cells were treated with

TGF-�1 for 1 h. The data showed that TGF-�1 induced nuclear
accumulation of WOX1 and isoform WOX2 in a dose-related
manner, as determined byWestern blotting (supplemental Fig.
S2A). Similarly, TGF-�1 induced accumulation of WOX1 in
the nuclei, as determined by immunofluorescence microscopy
(Fig. 2B). Compared with L929 cells, TGF-�1 was less effective
in inducing nuclear relocation of endogenous WOX1 in
HCT116 cells (�30% in 1 h; supplemental Fig. S2B). The func-
tion of WOX2 has never been documented in the literature,
whereas its expression is significantly down-regulated in
patients with Alzheimer disease (15). Taken together, our
observations show that TGF-�1-induced WOX1 relocation to

FIGURE 2. TGF-�1-induced WOX1 relocation to the nuclei as determined by confocal microscopy. A, L929
cells were transfected with EGFP or human WOX1/WWOX (EGFP-hWOX1) using FuGENE 6 followed by cultur-
ing for 24 h and then stimulating with TGF-�1 for 4 h. The prolonged treatment was to optimize protein
migration, as the protein was tagged with EGFP. By confocal microscopy, EGFP-hWOX1 and endogenous
Smad4 were shown to accumulate in the nuclei (�95% nuclear localization for both proteins; �150 cells from
3 experiments). In EGFP-expressing cells, TGF-�1 caused nuclear accumulation of endogenous Smad4 (�97%)
but not EGFP (�1%). Control, non-transfected cells. B, similarly, HCT116 cells were transiently overexpressed
with EGFP or EGFP-hWOX1, and exposure of these cells to TGF-�1 (5 ng/ml) for 4 h resulted in accumulation of
EGFP-hWOX1, but not EGFP, in the nuclei (mean � S.D.; �150 cells were counted from three experiments). For
Student’s t tests, controls versus cells treated with TGF-�1. Scale bar � 20 �m (for A and B). Controls, non-
transfected cells (see also supplemental Figs. S1 and S2).
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the nuclei is independent of the signaling starting from the
binding of TGF-�1 with cell surface T�RII.
TGF-�1 Binds Cell Surface Hyal-2 and InducesWOX1 Accu-

mulation in theNuclei—We investigatedwhetherTGF-�1 acti-
vates WOX1 via signaling through cell surface hyaluronidase
Hyal-2 but not T�RII. We have shown that WOX1 binds
Hyal-2 as determined in yeast two-hybrid cDNA library screen-
ing (9, 17). In addition, we have shown thatHyal-2 enhances the
apoptotic function of WOX1 (8).
Hyal-2 is present in the lysosome (36) and on the cell surface

as a glycosylphosphatidylinositol-anchored form (37). We syn-
thesized aHyal-2 peptide for polyclonal antibody production in
rabbits. This peptide sequence corresponds to a surface-ex-
posed segment in the lyco_hydro_56 or catalytic domain of hya-
luronidase (5). The produced antibody recognized a predicted
53-kDa Hyal-2 protein in L929 cells (Fig. 3A). Cell surface
expression of Hyal-2 was shown in a high percentage of L929
cell population transfected with EGFP or buffer only (Fig. 3A).
When L929 cells were transfected with the Hyal-2 antisense
construct (tagged with EGFP), expression of cell surface Hyal-2
was significantly reduced (Fig. 3A). Binding of TGF-�1 to the
surface of Hyal-2 antisense-expressing cells was significantly
reduced (�10% binding, Fig. 3B). In EGFP-transfected or non-
transfected controls, binding of TGF-�1 to the surface of these
cells was not affected (�85% binding; Fig. 3B).
When purified platelet TGF-�1 was pre-mixed with the syn-

thetic Hyal-2 peptide for 30 min at 4 °C, binding of TGF-�1 to

L929 cell surface was blocked (sup-
plemental Fig. S3), suggesting that
TGF-�1 binds Hyal-2 to this sur-
face-exposed segment. In appropri-
ate control experiments, we tested
several peptides with similar com-
positions. None of these was found
to block the binding ofTGF-�1 onto
cell surface (data not shown).
To further examine the specific

role of Hyal-2 in signaling, cell sur-
face Hyal-2 was cross-linked with
our produced antibodies followed
by determining relocation of WOX1
to the nuclei. Stimulation of L929
cells with diluted Hyal-2 antiserum
resulted in accumulation of WOX1
(and p-WOX1) in the nuclei (Fig.
3C), whereas non-immune control
serum had no effect (data not
shown). These observations sug-
gest that our produced Hyal-2
antibody acts as a specific agonist
in inducingWOX1 nuclear reloca-
tion or activation.
TGF-�1 Binds to Membrane

Hyal-2 on Microvilli as Determined
by Immunoelectron Microscopy—
Next, we examined the morpholog-
ical aspect on howTGF-�1 interacts
with Hyal-2 by immunoelectron

microscopy. T�RII-deficient HCT116 cells were used in these
experiments, so that there was no binding of TGF-�1 to the cell
surface T�RII. Purified platelet TGF-�1 was shown to interact
with Hyal-2 on cell surface microvilli. There were �1–5 TGF-
�1�Hyal-2 particles per microvillus as determined from 10 sec-
tions (Fig. 4, A and B, and supplemental Fig. S4). Briefly,
HCT116 cells were exposed to purified TGF-�1 at 4 °C for 90
min. TGF-�1 was then covalently cross-linked onto cell mem-
brane by disuccinimidyl suberate. In negative control cells,
albuminwas cross-linked onto cellmembrane. Essentially, little
or no nonspecific bindingwas observed in control cells (supple-
mental Fig. S4).
Hyal-2 is involved in the catabolism of hyaluronan (5). The

Hyal-2�hyaluronan complex is internalized by endocytic vesi-
cles and then fused with lysosomes. Hyaluronan is then
degraded. Similarly, stimulation of cells with TGF-�1 at 37 °C
resulted in complex formation of TGF-�1�Hyal-2 on the cell
membrane followed by internalization via endocytic vesicles
(endosomes) and fusion with lysosomes (Fig. 4B). In agreement
with another report (36), Hyal-2 alone is present in the lyso-
some (Fig. 4B; see box c).
TGF-�1 Increases the Complex Formation of Hyal-2 and

WOX1—In unstimulated HCT116 cells, a portion of endoge-
nous WOX1 was physically associated with membrane Hyal-2
on microvilli, as determined by immunoelectron microscopy
(Fig. 5A). WOX1 alone also was present in a close proximity
to the cell membrane area (Fig. 5A; see the star). The

FIGURE 3. TGF-�1 binds to cell surface Hyal-2. A, antibody was produced against a synthetic Hyal-2 peptide
and shown to interact with a 53-kDa Hyal-2 in L929 cells, as determined by Western blotting. L929 cells were
electroporated with an EGFP-tagged Hyal-2-antisense construct, EGFP-Hyal-2(as) (see “Experimental Proce-
dures”), and cultured for 48 h. The Hyal-2 antisense-expressing cells exhibited green fluorescence and had a
significantly reduced expression of cell surface Hyal-2 (red fluorescence for Hyal-2 using antibody stain; 5.7 �
2.2% positive in total cells, n � 3) compared with EGFP-expressing cells (92 � 7.2% positive, n � 3) and
non-transfected cells (93 � 4.8% positive, n � 3). B, TGF-�1 did not bind to the surface of Hyal-2 antisense-
expressing L929 cells, as compared with EGFP-expressing cells or non-transfected cells (�85% binding). That is,
the percentage of positive binding cells showed the TGF-�1 signal (red) above the background control cells.
C, stimulation of L929 cells with anti-Hyal-2 antiserum (1/500 final dilution) for 1 h induced significant accu-
mulation of WOX1 and p-WOX1 in the nuclei compared with the levels at time 0 (mean � S.D., n � 3; p � 0.013
for WOX1 and p � 0.0025 for p-WOX1, Student’s t tests; see the bar graph). The background WOX1 phospho-
rylation was due to fetal bovine serum in the cell culture. Non-immune serum had no apparent effect in
inducing WOX1 nuclear relocation (data not shown).

Hyal-2 Is a Receptor for TGF-�1

JUNE 5, 2009 • VOLUME 284 • NUMBER 23 JOURNAL OF BIOLOGICAL CHEMISTRY 16053

http://www.jbc.org/cgi/content/full/M806688200/DC1
http://www.jbc.org/cgi/content/full/M806688200/DC1
http://www.jbc.org/cgi/content/full/M806688200/DC1


WOX1�Hyal-2 complexes were found in the cytosol (Fig. 5A).
TGF-�1 increased the complex formation of WOX1�Hyal-2
and its nuclear translocation (Figs. 5B and supplemental Fig.
S5). Inmost cases HCT116 cells have large nuclei and relatively
thin cytoplasmic areas; however, the cytoplasmic areas are
increased when the cells fully spread out on a plastic surface
(supplemental Fig. S2). Accordingly, there were higher num-
bers of WOX1�Hyal-2 complexes in the nucleus than in the
cytoplasm, as averaged from randommeasurements in 2.5�m2

areas (Fig. 5C). Nuclear accumulation of these complexes either
on nuclear envelopes or in nuclei was increased upon exposure
to TGF-�1 with time (Fig. 5C). Again, in negative controls,
these immunogold particles did not non-specifically interact
with each other. TGF-�1 alone did not bind WOX1 (data not
shown).
Hyal-2 and CD44 are co-receptors for hyaluronan (5). By

immunoelectron microscopy, we determined that CD44 did
not bind TGF-�1 or WOX1 at the membrane and cytosolic
areas in HCT116 cells, treated with or without TGF-�1 (data
not shown).

TGF-�1 Enhances the Binding of WOX1 with Hyal-2 (FRET
Analysis), and the Protein Complexes Sensitize L929 Fibroblasts
to TGF-�1-inducedApoptosis—Next, we examined the kinetics
of Hyal-2�WOX1 complex formation. L929 cells were co-trans-
fected with the full-length murine WOX1 (tagged with ECFP)
and the catalytic domain of murine Hyal-2 (tagged with EYFP)
(5, 8), followed by culturing for 24–48 h. The cells were treated
with TGF-�1, and pictures were taken for every 10min for cyan
fluorescence protein, yellow fluorescence protein, and FRET
signals. We determined that TGF-�1 rapidly increased the
binding ofWOX1with Hyal-2 in 20min (10–30% increase; see
FRETc in red), followed by reduction 1 h after (30–80% reduc-
tion; Fig. 6). The specific FRET signals were calculated to elim-
inate background fluorescence and spectral bleed-through. In
negative controls, ECFP did not bind FYFP and produced no
signals (data not shown).

FIGURE 4. TGF-�1 binds to cell surface Hyal-2 on microvilli followed by
internalization via endosomes. A, T�RII-negative HCT116 cells were
exposed to 250 ng/ml TGF-�1 (in phosphate-buffered saline containing 10
�g/ml bovine serum albumin) on ice for 90 min followed by processing dis-
uccinimidyl suberate cross-linking and immunoelectron microscopy. Exoge-
nous TGF-�1 bound membrane Hyal-2 mainly on microvilli (colocalization of
large and small immunogold particles; magnification �6000). There were
�1–5 TGF-�1�Hyal-2 particles per microvillus as determined from 10 sections.
Hyal-2, labeled with specific anti-Hyal-2 antibody and 20 nm anti-rabbit
immunogold particles (see large particles); TGF-�1, labeled with specific anti-
TGF-�1 IgG and 10 nm anti-mouse immunogold particles (see small particles).
An enlarged image at the right panel is from a boxed area in the left panel
(magnification �50,000). Similar results and negative controls are shown in
supplemental Fig. S4. B, similarly, HCT116 cells were stimulated with TGF-�1
(5 ng/ml) for 30 min. Immunoelectron microscopy showed the presence of
TGF-�1�Hyal-2 complexes on the microvillus (arrow; see the enlarged image
from box a), in the internalized endocytic vesicles (box b; arrow), and endo-
somes (see boxes c and d; arrows). Hyal-2 alone is shown in the endocytic
vesicle (star; box a). Fusion of an endosome with a lysosome (arrowhead) is
shown in box c. Magnification: left, �10,000; a– d, �50,000. C, cytoplasm; N,
nucleus.

FIGURE 5. TGF-�1 increases complex formation of Hyal-2 and WOX1 in
HCT116 cells analyzed by immunoelectron microscopy. A, HCT116 cells
were cultured in the presence of 10% fetal bovine serum overnight. A portion
of endogenous WOX1 is physically associated with membrane Hyal-2 on
microvilli (dark triangle). WOX1 is present in close proximity to the cell mem-
brane (star) as well as in other areas in the cytoplasm. The presence of
WOX1�Hyal-2 complexes is found in the cytoplasm and nucleus (arrows).
B, stimulation of cells with TGF-�1 (5 ng/ml) for 30 min resulted in an
increased complex formation of WOX1 and Hyal-2 along with nuclear trans-
location, which was shown on the nuclear membrane (see the open arrows)
and inside the nucleus (arrows). In negative controls, these immunogold par-
ticles did not non-specifically interact with each other (data not shown).
Hyal-2 was labeled with specific anti-Hyal-2 antibody and 20-nm anti-rabbit
immunogold particles (see large particles); WOX1 was labeled with specific
anti-WWOX IgG and 10-nm anti-goat immunogold particles (see small parti-
cles). C, cytoplasm; N, nucleus. Magnification: �40,000. C, HCT116 cells were
treated with TGF-�1 (5 ng/ml) for the indicated times. The numbers of
WOX1�Hyal-2 particles were measured at subcellular locations, including cell
membrane, cytoplasm, nuclear membrane, and nuclei (data shown as aver-
ages from 2–3 measurements in 2.5 �m2 areas). Note that HCT116 cells pos-
sess large nuclei but relatively thin cytoplasmic areas.
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Notably, when L929 cells were overexpressed with WOX1
and Hyal-2, these cells became sensitized to TGF-�1-induced
apoptosis, including reduction in cell sizes (60% in 1 h and 80%
in 4 h), membrane blebbing, and formation of apoptotic bodies
(Figs. 6 and supplemental Fig. S6). The observations are in stark
contrast to the growth-promoting effect of TGF-�1 on L929
cells (8). In comparison, when L929 cells were overexpressed

with ECFP-Hyal-2 and EYFP-
Hyal-2 (both catalytic domains),
these cells were resistant to TGF-
�1-induced apoptosis (supplemen-
tal Fig. S6).
Hyal-2 Binds WOX1 at the Tyr-

33-phosphorylated First WW
Domain—Weutilized theCytoTrap
yeast two-hybrid system to deter-
mine how WOX1 physically binds
Hyal-2 (9, 17, 18, 38–40). Hyal-2
was anchored onto the cell mem-
brane as a binding target, and vari-
ous WOX1 constructs were tagged
with Sos protein and expressed in
the cytoplasm as protein bait (Fig.
7). Yeast cells were co-transfected
with the expression constructs of
the Hyal-2 and an indicatedWOX1.
When the expressed Sos-WOX1
protein physically interacted with
the membrane-bound Hyal-2, yeast
cells grew at 37 °C in a selective
galactose medium in agarose
plates because of activation of the
Sos/Ras/Raf/MEK/ERK pathway

(see representative colonies in Fig. 7). Without binding, no
cell growth occurred (Fig. 7). The yeast cells were alive as
they grew at room temperature (22 °C) (Fig. 7). Hyal-2 phys-
ically interacted with WOX1 via its N-terminal first WW
domain (Fig. 7). No binding interaction was observed using a
phosphorylation mutant, Wox1ww(Y33R), indicating an
essential role of Tyr-33 phosphorylation in the binding. As a
negative control, no binding interactions were observed
when empty pSos and pMyr vectors were used. In positive
controls, WOX1/p53 binding and MafB self-interaction
were shown (Fig. 7).
To verify the above observations, HCT116 cells were

cotransfected with a set of each indicated ECFP-WOX1 and
EYFP-Hyal-2 constructs using liposome-based FuGENE 6 or
Genefector, followed by culturing for 48 h. FRET analysis
revealed that the N-terminal firstWWdomain ofWOX1 phys-
ically interacted with the catalytic domain of Hyal-2 (Hyal-
2(GLYH); 210 � 55 and 310 � 48% increases in binding for the
full-length WOX1 and WW domain with Hyal-2, respectively;
n� 10; comparedwith non-binding ECFP/EYFP controls). The
binding occurred strongly in the nuclei (data not shown). The
C-terminal short chain alcohol dehydrogenase/reductase
domain did not interact with Hyal-2 (0 � 4% increase; n � 10).
Hyal-2 did not undergo self binding (51� 4% increase; n� 10).
The FRET experiments were also carried out using L929 cells,
which yielded similar results (data not shown).
We further verified theWOX1�Hyal-2 complex formation by

co-immunoprecipitation. Stimulation of L929 cells with
TGF-�1 increased the formation ofWOX1�Hyal-2 complex, as
precipitated using anti-WOX1 antibody (Fig. 8A). Similar
results were observed with HCT116 cells stimulated with
TGF-�1 (Fig. 8B). We have developed a dominant-negative

FIGURE 6. Hyal-2�WOX1 complexes sensitize L929 cells to TGF-�1-mediated apoptosis as analyzed by
time-lapse microscopy and FRET. A, a schematic diagram for the binding of WOX1 with Hyal-2 by FRET
analysis (see “Experimental Procedures”) is shown. The full-length murine WOX1 was tagged with ECFP, and
the catalytic domain of murine Hyal-2(GLYH) was tagged with EYFP. B, L929 cells were transfected with these
constructs and then cultured for 48 h followed by treating with TGF-�1 (5 ng/ml) for live cell FRET analysis in
time-lapse microscopy. TGF-�1 rapidly increased the binding of WOX1 with Hyal-2 in 20 min, as evidenced by
an increased binding energy (shown in red). The specific FRET signals were calculated as FRET concentration
(FRETc) to eliminate background fluorescence and spectral bleed-through. A color scale is shown for the
strength of binding. Scale bar � 10 �m. C, percent pixel changes for the strongest binding areas (red) are
quantified and tabulated (mean � S.D.; n � 5). In negative controls, ECFP did not bind FYFP and produced no
signals (data not shown). The cell underwent apoptosis, as evidenced by reduction in cell sizes with time,
membrane blebbing (see also supplemental Fig. S6), and formation of apoptotic bodies (at 80 min). CFP, cyan
fluorescent protein; YFP, yellow fluorescent protein; SDR, short-chain alcohol dehydrogenase/reductase.

FIGURE 7. Hyal-2 binds to the N-terminal first WW domain of WOX1. Cyto-
Trap or Ras rescue-based yeast two-hybrid analysis for protein/protein inter-
action in the cytoplasm was performed (see “Experimental Procedures”) (9,
17, 18, 38 – 40). In positive controls, binding of cytosolic WOX1 with mem-
brane-bound p53 resulted in activation of the Sos/Ras/Raf/MEK/ERK signal-
ing, thus allowing yeast cells to grow at 37 °C in selective galactose medium in
agarose plate (see the representative colonies). Similar results were shown for
the MafB self-interaction. In negative controls, no yeast growth at 37 °C was
observed for the empty pSos/pMyr vectors. Live yeast cells grow normally at
room temperature (22 °C), bypassing the Sos/Ras/Raf/MEK/ERK signaling. The
N-terminal first WW domain of Wox1 (1stWW) bound Hyal-2. Alteration of
Tyr-33 to Arg-33 in the first WW domain (Y33R) abolished its interaction with
Hyal-2.
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WOX1 (DN-WOX1) and shown its inhibition of stress-in-
duced WOX1 phosphorylation at Tyr-33 (17, 18). Ectopic
expression of DN-WOX1 reduced the WOX1�Hyal-2 complex
formation (reduction by 32 � 4%, n � 3; Fig. 8C), suggesting
that phosphorylation of WOX1 at Tyr-33 is essential for inter-
acting with Hyal-2.
WOX1 and Hyal-2 Synergistically Enhance the Promoter

Activation Driven by Smad Proteins for Subsequent Cell Death—
Next, we determined whether WOX1 and Hyal-2 affect the
transcriptional activation of promoter driven by Smadproteins.
HCT116 cells were transfected with a Smad-driven promoter
construct (using green fluorescent protein as a reporter) in the
presence or absence of the WOX1 and/or Hyal-2(GLYH) con-
structs (Fig. 9). WOX1 or Hyal-2 alone limitedly increased the
transcriptional activation of the Smad promoter (Fig. 9).
Together, both proteins dramatically enhanced the transcrip-
tional activation of the Smad promoter in a synergistic manner
(increase by 8–9-fold; Fig. 9). Ectopic Smad4 alone was not
sufficient to induce the transcriptional activation, whereas in
combination, both WOX1 and Smad4 significantly enhanced
the promoter activation. Again, DN-WOX1 is a potent inhibi-
tor of WOX1 phosphorylation at Tyr-33 (or activation) as well
as a suppressor of p53-meidated cell death (17, 18). No pro-
moter activation occurred when both DN-WOX1 and Smad4
were co-transfected in the cells (Fig. 9).
Notably, there was 98 and 95% death in the promoter-acti-

vated cells transfected with WOX1�Hyal-2 and WOX1�Smad4,
respectively (determined by 4�,6-diamidino-2-phenylindole
staining). Much less death was shown for cells transfected with
WOX1, Hyal-2, Smad4, DN-WOX1, or the promoter alone
(�2–20% death). No cell death was shown in both the positive
and negative controls. The experiment was also carried out in
L929 cells, which showed similar results (data not shown).

DISCUSSION

In this study we have shown for the first time that cell surface
hyaluronidase Hyal-2 is a cognate receptor for TGF-�1.
TGF-�1 binds Hyal-2 on the microvilli of the plasma mem-
brane. This binding allows internalization of TGF-�1�Hyal-2
complexes via endosomes and then fusion of lysosomes with
the internalized endosomes. Whether this event leads to deg-
radation of TGF-�1 in the lysosomes is unknown.

We determined the TGF-�1�Hyal-2�WOX1 signaling by
immunoelectron microscopy, time-lapse FRET analysis in live
cells, yeast two-hybrid analysis, and co-immunoprecipitation.
The sequential signaling event involves the following. 1)
TGF-�1 binds plasma membrane Hyal-2 to a surface-exposed
segment in the catalytic domain, 2) the binding rapidly pro-
motes the complex formation ofWOX1 and Hyal-2, and 3) the
WOX1�Hyal-2 complexes relocate to the nuclei for enhancing
promoter activation driven by Smad proteins (Fig. 10A).

Alternatively, the membrane TGF-�1�Hyal-2 complexes are
internalized via endocytic vesicles. Hyal-2 is then released to
the cytoplasm followed by interacting with cytosolic WOX1
and the resulting Hyal-2�WOX1 complexes relocating to the
nuclei (Fig. 10B).
Finally, from the promoter activation assays, we determined

that WOX1 and Smad4, when in combination, dramatically
activated the promoter function, suggesting that WOX1 phys-
ically interacts with Smad4 and that Smad4 is associated with
the Hyal-2�p-WOX1 complexes. That is, binding of TGF-�1 to
the cell membrane Hyal-2 results in recruitment of p-WOX1
and Smad4. Then, theHyal-2�p-WOX1�Smad4 complexes relo-
cate to the nuclei (Fig. 10C). The protein complexes bind the
Smad promoter via Smad4, thus effectively leading to promoter

FIGURE 8. TGF-�1 increases the complex formation of Hyal-2 and WOX1,
as determined by co-immunoprecipitation. A, L929 cells were stimulated
with TGF-�1 (5 ng/ml) for 30 min, which resulted in increased formation of
WOX1�Hyal-2 complex, as determined by co-immunoprecipitation with anti-
body against WOX1. Pre-IP, 1⁄20 amounts of protein samples for immunopre-
cipitation were loaded onto SDS-PAGE (�30 �g). B, similarly, HCT116 cells
were stimulated with TGF-�1 (5 ng/ml) for 30 min, followed by immunopre-
cipitation with anti-p-WOX1 IgG. TGF-�1 increased the binding of Hyal-2 with
WOX1. C, HCT116 cells were transiently overexpressed with a dominant-neg-
ative WOX1 (DN-WOX1; tagged with EGFP) or EGFP alone. DN-WOX1 inhibited
the WOX1�Hyal-2 complex formation (reduction by 32 � 4%, n � 3).

FIGURE 9. WOX1 and Hyal-2 dramatically enhance promoter activation
driven by Smad proteins for subsequent cell death. HCT116 cells were
transfected with a Smad-driven promoter (SP) construct (using green fluores-
cent protein as reporter) in the presence or absence of WOX1, Hyal-2(GLYH),
Smad4, and/or DN-WOX1 constructs. Both negative and positive control vec-
tors were also used. After culturing for 24 h, the extent of promoter activation
was measured as the number of cells with green fluorescence (10 fields
counted per cell preparation on cover slide; 3 experiments; mean � S.D.). The
extent of cell death was 98 and 95% in promoter-activated cells transfected
with WOX1�Hyal-2 and WOX1�Smad4, respectively (measured from 4�,6-dia-
midino-2-phenylindole staining). Compared with positive control cells, these
condensed, apoptotic cells exhibited smaller green fluorescent dots. Approx-
imately 2–20% death was observed in cells transfected with WOX1, Hyal-2,
Smad4, DN-WOX1, or the promoter alone. No cell death was shown in both
the positive and negative control cells.

Hyal-2 Is a Receptor for TGF-�1

16056 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 23 • JUNE 5, 2009



activation. Smad4 participates in promoter activation (41), and
thus,WOX1 can be considered as a co-factor for Smad4. Tran-
siently overexpressedHyal-2 and/orWOX1 are capable of acti-
vating the Smad promoter in HCT116 cells, raising the possi-
bility that Hyal-2 or WOX1 binds the promoter DNA and
controls its activation.
It appears that there is a very close functional relationship

between Hyal-2 and T�RII. When T�RII-positive L929 cells
were transiently overexpressed with the Hyal-2 antisense RNA,
binding of TGF-�1 to the cell surface was abolished. Also, pre-
treatment of cells with antibody againstHyal-2 followed by sub-
sequent challenge with TGF-�1 abolishedWOX1 nuclear relo-
cation (data not shown). The observations suggest that Hyal-2
may physically interact with T�RII on the cell membrane. Or,
their binding is enhanced upon challenging the cells with
TGF-�1 or cross-linkingHyal-2 with specific antibodies. These
likely scenarios have yet to be tested.
In agreement with previous observations (36), we show the

presence of Hyal-2 alone in the lysosomes, as determined by
immunoelectron microscopy. Whether the lysosomal Hyal-2
relocates directly from the cell surface is unknown and requires
further investigation. Hyal-2 possesses a glycosylphosphatidyl-

inositol linkage for membrane
anchorage (37). It is not clear
whether all the newly synthesized
Hyal-2 effectively translocates to
the cytoplasmic membrane, or it
may reside on the membranous
structures of subcellular organelles.
We have shown that induction of
the mitochondrial pathway of apo-
ptosis by staurosporine induces
relocation of Hyal-2 to the mito-
chondria (8). Under stress condi-
tions, WOX1 translocates to the
mitochondria both in vitro and in
vivo (9, 19, 42, 43) and causes cyto-
chrome c release from the mito-
chondria (44). Thus, Hyal-2 and
WOX1 are likely to co-translocate,
as complexes, to the mitochondria
during apoptosis.
WW domains are involved in

protein-protein interactions and
signal transduction (45). WW
domain-containing proteins may
transmit signals to membrane
cytoskeleton (46). Human WWOX
is known to interact with ezrin, a
component of the ezrin-radixin-
moesin signaling from extracellular
matrix hyaluronan to the mem-
brane/cytoskeletal system (47). Pro-
tein kinase A phosphorylates ezrin,
and that phosphorylated ezrin is
essential for anchoring WWOX
onto the apical area in gastric parie-
tal cells (47). One of our recently

identifiedWWOX/WOX1-binding proteins is tumor suppres-
sor merlin/NF-2 (type II neurofibromatosis).5 Merlin/NF-2
provides a signal link from hyaluronan�Hyal-2 to cytoskeletal
ezrin-radixin-moesin proteins (48). TGF-�1 is expected to acti-
vate this signal pathway to exert growth suppression from
direct interaction with Hyal-2. Additionally, human WWOX
binds membrane ErbB4 receptor, thereby reducing nuclear
translocation of the cleaved intracellular domain of ErbB4 and
inhibiting its transactivation function mediated through Yes-
associated protein (49, 50).
Like other members of hyaluronidases, Hyal-2 possesses a

catalytic domain. This domain has several helical segments
consisting of a catalytic residue and four positioning residues
for substrates (5). Our produced antibody, targeting amino
acids 227–241, does not recognize the catalytic residueGlu-135
in Hyal-2 (5). Interestingly, the antibody mimics the TGF-�1
function in stimulatingWOX1 accumulation in the nuclei. The
synthetic peptide for antibody production blocks TGF-�1
binding to the surface of T�RII-positive L929 cells, suggesting

5 N.-S. Chang, M. H. Lee, S. R. Lin, and C. I. Sze, unpublished information.

FIGURE 10. TGF-�1�Hyal-2�WOX1 signaling. Three likely signaling paths are as follows. A, TGF-�1 binds mem-
brane Hyal-2 that subsequently recruits cytosolic Tyr-33-phosphorylated WOX1 (p-WOX1) to the membrane.
The resulting Hyal-2�p-WOX1 complexes translocate to the nuclei for enhancing the promoter function driven
by endogenous Smad proteins. Overly activated Smad promoter induces cell death. B, alternatively, the TGF-
�1�Hyal-2 complexes are internalized via endocytic vesicles followed by releasing of Hyal-2 to the cytoplasm
for interacting with the cytosolic p-WOX1 and the p-WOX1�Hyal-2 complexes relocating to the nuclei. C, an
additional scenario is that Smad4 is recruited to the p-WOX1�Hyal-2 complexes followed by relocating to the
nuclei. This event is supported by our finding that when in combination, both WOX1 and Smad4 dramatically
increased the Smad promoter activation.
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that Hyal-2 can act alone as a receptor and is involved in
anchoring TGF-�1 onto cell surface.

Hyal-2 is also a known co-receptor with CD44 for hyaluro-
nan. CD44 does not participate in the TGF-�1-induced nuclear
translocation of WOX1. By co-immunoprecipitation and
immunoelectron microscopy, we determined that TGF-�1
does not interact with CD44 nor does WOX1 interact with
CD44 (data not shown). Nonetheless, CD44 may colocalize
with TGF-� receptors, which allows hyaluronan to affect
TGF-� signaling in both supportive and suppressive manners
in different types of cells (51, 52).
WOX1 interacts with several transcription factors such as

p53 (9, 17, 18), p73 (53), AP2� (54), ErbB2 (55), and ErbB4 (49,
50). Among these, p53 is known to participate in TGF-� signal-
ing at various points in the pathway by interacting with Smad
proteins (56, 57). Thus, p53 may participate in the transcrip-
tional regulation by interacting with WOX1�Hyal-2�Smad4.
Whether p53 enhances or blocks the function ofWOX1�Hyal-2
complexes in supporting cell growth or enhancing death
remains to be determined.
Upon stimulation with TGF-�1, WOX1 may translocate to

the cell surface and bind Hyal-2 via its N-terminal WW
domains, as evidenced by both immunofluorescence staining
and immunoelectron microscopy. This binding depends upon
Tyr-33 phosphorylation in theWWdomains. Tyr-33 phospho-
rylation of WOX1 probably occurs in the cytosol before trans-
location to the cell surface. Src is known to phosphorylate
WOX1 at Tyr-33 (10, 32). The presence ofWOX1�Hyal-2 com-
plexes on the nuclear membrane or envelope is intriguing. We
have determined the presence of a mitochondria-targeting
sequence in theC-terminal short chain alcohol dehydrogenase/
reductase domain of WOX1 (9). We propose that the mem-
brane insertion of WOX1 is mediated through this mitochon-
dria-targeting sequence.
Finally, we have shown that sex steroid hormones (e.g. estro-

gen and androgen) up-regulate and activate WWOX/WOX1,
isoform WOX2, p53, and ERK in COS7 fibroblasts, primary
lung epithelial cells, and androgen receptor-negative prostate
DU145 cells but not in estrogen receptor-positive breastMCF7
cells (19). Prolonged activation ofWOX1may render apoptosis
in COS7 cells. Failure of sex steroid hormones in stimulating
the activation of WOX1 and WOX2 in benign breast cancer
cells (19) suggests thatHyal-2 retainsWOX1 andWOX2on the
cell membrane and blocks its tumor suppressor function. Inva-
sive breast cancer cells are frequently deficient in the wild type
WOX1 (19, 29). OverexpressedWOX2 effectively induces apo-
ptosis as that of WOX1,5 whereas the physiological function of
WOX2 is largely unknown. Whether WOX2 and other iso-
forms act as dominant negatives in blocking the function of
wild type WWOX/WOX1 is unknown. Also, whether these
proteins bind Hyal-2 and block the TGF-�1�Hyal-2 signaling,
thereby enhancing cancer growth, remains to be established.
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