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Hyperactive Wnt/f-catenin signaling is linked to cancer pro-
gression and developmental abnormalities, making identifica-
tion of mechanisms controlling Wnt/f3-catenin signaling vital.
Transforming growth factor B type III receptor (T BRIII/beta-
glycan) is a transmembrane proteoglycan co-receptor that exists
with or without heparan and/or chondroitin sulfate glycosami-
noglycan (GAG) modifications in cells and has established roles
in development and cancer. Our studies here demonstrate that
TPRIII, independent of its TGFB co-receptor function, regu-
lates canonical Wnt3a signaling by controlling Wnt3a availabil-
ity through its sulfated GAG chains. Our findings revealed, for
the first time, opposing functions for the different GAG modifi-
cations on TBRIII suggesting that Wnt interactions with the
TBRIII heparan sulfate chains result in inhibition of Wnt signal-
ing, likely via Wnt sequestration, whereas the chondroitin sul-
fate GAG chains on TBRIII promote Wnt3a signaling. These
studies identify a novel, dual role for TBRIII/betaglycan and
define a key requirement for the balance between chondroitin
sulfate and heparan sulfate chains in dictating ligand responses
with implications for both development and cancer.

Wnt glycoproteins regulate three distinct Wnt signaling
pathways to mediate cell fate, proliferation, and apoptosis as
well as cancer initiation and progression in multiple cancers,
including ovarian (1-9). Activation of the canonical Wnt/3-
catenin pathway begins with the binding of Wnt to its cell sur-
face receptors, Frizzled and LDL receptor-related proteins 5/6
(LRP5/6),* followed by phosphorylation of LRP5/6, recruit-
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ment of Dishevelled to the plasma membrane to interact with
Frizzled, and stabilization of cytosolic B-catenin (10). Axin
interaction with phosphorylated LRP5/6 and Dishevelled leads
to inactivation of the B-catenin destruction complex, accumu-
lation of B-catenin, and translocation to the nucleus to regulate
Wnt target genes by binding to TCF/LEF transcription factors
(10, 11). The Wnt signaling cascade is controlled in part by
transmembrane proteoglycans, which interact with Wnt sig-
naling components and can either stimulate or inhibit signaling
activity. For instance, the HSPG glypican-3 and syndecan-1
stimulate canonical Wnt signaling (12, 13), whereas others,
including glypican-1 and glypican-6, suppress Wnt signaling
(13, 14).

Type III TGE-B receptor (TBRIII)/betaglycan is a transmem-
brane proteoglycan with loss resulting in embryonic lethality in
mice (15). Beyond its roles in regulating TGF-f signaling,
TBRIII also controls several other pathways to inhibit cell
migration, invasion, cell growth, and angiogenesis in both in
vitro and in vivo cancer models (16 —22) and regulating differ-
entiation through FGF2 signaling (23). Mechanistically, T BRIII
regulates these pathways either by altering the actin cyto-
skeleton, via TBRIII/B-arrestin2 cytoplasmic interactions
(24), or by GAG chain interactions with FGF2 (23). Overall,
TBRIII also acts as a tumor suppressor in prostate (19), lung
(25), pancreatic (18), and breast cancer (16, 21, 26, 27) but
has been shown to promote metastasis in specific mesenchy-
mal stem-like breast cancers (28), indicating its complex
roles for TBRIII in cancer.

Although the TBRIII core can bind TGF-B superfamily
members with high affinity (22, 29, 30) the extracellular
domain also contains two sites of heparan and chondroitin
sulfate GAG chain modifications, resulting in TBRIII exist-
ing in multiple forms in vivo (30 —32). Given that Wnt glyco-
proteins have a high affinity for both heparan and chondroi-
tin GAG chains on proteoglycans (13, 33), we initiated
studies to determine the possible role of TBRIII in canonical
Wnt3a signaling.

sulfate proteoglycan; CS, chondroitin sulfate; CSPG, chondroitin sulfate
proteoglycan; TCF/LEF, T-cell factor/lymphoid enhancer factor; CM, condi-
tioned medium; gRT-PCR, quantitative RT-PCR; mU, milliunits.
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FIGURE 1. TBRIIl suppresses Wnt/3-catenin activity at the level of signal reception. A, TBRIIl mMRNA expression by qRT-PCR analysis to detect endogenous
TPRIll levelsin OVCA429 and SKOV3 cells (i), overexpression of TARIIlin OVCA429 cells as indicated (i), and expression in SKOV3 cells of the indicated shRNA and
rescue conditions generated as described under “Experimental Procedures” (iii). Ct values are normalized in graph i to endogenous TSRl levels in SKOV3 cells
(lane 2), in graph ii to GFP (lane 1), and in graph iii to Scrambled (Scr) TBRIII levels (lane 7). Quantitations represent the average of two independent biological
trials, each conducted in triplicate. B, OVCA429 cells transiently expressing increasing doses of TBRIIl (5 and 10 multiplicities of infection (MOI) of TBRIII-
expressing adenoviral constructs) or control (GFP) were stimulated with 50 ng ml~" Wnt3a for 1 h followed by immunoblotting of lysates for phospho-LRP6
(Ser-1490) (pLRP6), LRP6, THRIIl, and B-actin. C, SKOV3 cells transiently expressing shRNA to TSRIIl (shTBRIII-1) or Scrambled control (“Experimental Proce-
dures”) and transiently transfected with rat TBRIII (TBRIII) or control vector (pcDNA 3.1) for 24 h for rescue of TBRIIl expression (as seen in A, right panel) and then
stimulated with 50 ng ml~" Wnt3a for 1 h followed by immunoblotting of lysates for phospho-LRP6 (Ser-1490) (pLRP6), LRP6, and B-actin. D, SKOV3 cells
transiently expressing a second independent shRNA to TBRIIl (shTBRIII) or Scrambled control (“Experimental Procedures”) were stimulated with 50 ng ml ™’
Wnt3afor 1 h followed by immunoblotting of lysates for phospho-LRP6 (Ser-1490) (pLRP6), LRP6, and B-actin. B-D, quantitations represent pLRP6:LRP6 ratios

and are normalized to the untreated sample. All panels (A-D) represent at least two independent biological trials.

We found, using both cancer and normal epithelial cells and
a combination of loss and gain of function approaches, that
T BRIII suppresses Wnt3a signaling both at the signal reception
level and through inhibition of B-catenin transcriptional activ-
ity by binding Wnt3a via its sulfated GAG chains. In contrast,
TPBRIII chondroitin sulfate chains promote Wnt3a signaling,
suggesting that the composition of the GAG chains may signif-
icantly alter the cellular response to TBRIII and thereby Wnt
signaling. Consistent with a lack of a role for TBRIII GAG
chains in TBRIII functions as a TGF-B co-receptor (30), TBRIII
suppression of canonical Wnt3a signaling is independent of
TGEF-B signaling and independent of the TBRIII cytoplasmic
domain interactions described previously (24, 34, 35). These
results demonstrate an intricate mode of Wnt3a signaling reg-
ulation by TBRIII mediated largely by its heparan and chon-
droitin chains, laying the foundation to advance the current
understanding of the various roles that proteoglycans, with dif-
ferent GAG chains, have in maintaining cellular homeostasis,
specifically through control of Wnt availability and signaling.
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Results

TBRIII Suppresses Wnt/B-Catenin Activity at the Level of Sig-
nal Reception—To investigate the role of T BRIII in signaling by
Wnt glycoproteins, which have high affinities for both HSPG
and CSPG (33, 36, 37), we expressed TBRIII in the ovarian can-
cer cell line OVCA429 that we and others have established as
expressing low levels of TBRIII (Fig. 1A and Refs. 17 and 24).
Conversely, we reduced the expression of TBRIII by shRNA-
mediated knockdown in the ovarian cancer cell line SKOV3,
which expresses higher levels of TBRIII (Fig. 14, iii and Ref. 38).
We examined whether TBRIII can affect canonical Wnt signal-
ing as determined by phosphorylation of co-receptor LRP6, one
of the first steps initiated by the binding of Wnt to their signal-
ing co-receptors (39). We found that although Wnt3a robustly
phosphorylated LRP6 at serine 1490 (40) in OVCA429 cells
(low TBRIII levels), transiently increasing T BRIII expression in
OVCA429 cells suppressed Wnt-induced LRP6 phosphoryla-
tion in a TBRIII dose-dependent manner (Fig. 1B). Total LRP6
levels remained stable in TBRIII-expressing OVCA429 cells
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when compared with OVCA429 cells with low levels of TBRIII
(Fig. 1B). In SKOV3 cells, which express high levels of TBRIII
(Fig. 14, i), reducing T BRIII expression using shRNA resulted
in increased LRP6 phosphorylation when compared with
Wnt3a-stimulated SKOV3 control cells expressing high endog-
enous TBRIII (Fig. 1, C and D). To confirm that the effect of
shTBRIII was specific to TBRIII, we utilized shRNA-resistant
rat TBRIII (21, 23) to rescue TPRIII expression and examined
Wnt-induced LRP6 phosphorylation. We found that rescue of
TBRIII expression in shTBRIII cells (Fig. 1A, iii) suppressed
Wnt-induced LRP6 phosphorylation compared with cells con-
taining endogenous TBRIII (Fig. 1C). Total LRP6 levels were
not significantly altered by shRNA to TBRIII or transient
expression of rat TBRIII in SKOV3 cells when compared with
control cells (Fig. 1C). Consistently, a second shRNA to T BRIII
(shTBRIII-2) also resulted in increased LRP6 phosphorylation
when compared with Wnt3a-stimulated control cells (Fig. 1D).
These results indicate that TBRIII may regulate Wnt signaling
at the signal reception level by suppressing canonical Wnt
signaling.

Activation of the canonical Wnt pathway leads to stabiliza-
tion and accumulation of cytosolic B-catenin, which then
enters the nucleus and regulates Wnt target genes (10). Con-
sistent with reduced LRP6 phosphorylation, Wnt-induced
B-catenin cytosolic accumulation was significantly reduced in
the presence of TBRIII (Fig. 2, A and B).

Upon B-catenin accumulation and stabilization, activation
of TCF/LEF-sensitive transcription by B-catenin provides a
robust readout of the Wnt-stimulated canonical pathway (41).
To test whether TBRIII-mediated changes on LRP6 phosphor-
ylation and B-catenin accumulation would translate to down-
stream effects on TCF/LEF activity, we analyzed the activity
of a TCF/LEF-sensitive reporter, which contains multiple
B-catenin binding sites (42). We found that Wnt3a significantly
increased TCF/LEF reporter activity in OVCA429 cells (Fig.
2C). Increasing T BRIII expression in these cell lines resulted in
a significant suppression of Wnt3a-induced activation of the
TCF/LEF reporter compared with control Wnt-treated cells
(Fig. 2C). Similar to trends seen in OVCA429 cells, overexpress-
ing TBRIII in SKOV3 cells (high TBRIII) resulted in suppres-
sion of Wnt3a-induced TCF/LEF activity compared with
control Wnt-treated cells (Fig. 2C). Side-by-side analysis of
Wnt3a-stimulated TCF/LEF activity in SKOV3 (high TBRIII)
and OVCA429 (low TBRIII) cells in the same experiment
revealed lower Wnt3a-induced TCF/LEF activity in SKOV3
cells when compared with Wnt3a-treated ovarian cancer
OVCA429 cells (Fig. 2D), which we hypothesized was in part
due to higher endogenous TBRIII expression in SKOV3 cells
(Fig. 14, left graph). This hypothesis was confirmed in SKOV3
cells using shRNA to TBRII (Fig. 1A, right graph), which
resulted in enhanced Wnt-induced TCF/LEF reporter activity
compared with control cells (Fig. 2E). This increased Wnt sig-
naling in shTBRIII cells was suppressed upon restoring T SRIII
expression using shRNA-resistant rat TSRIII (Fig. 2E), consis-
tent with increased LRP6 activation observed in SKOV3 cells
upon knockdown of T BRIII (Fig. 1C). Regulation of TCF/LEF
reporter activity by T BRIII was not restricted to ovarian cancer
cells, as TBRIII expression also repressed Wnt-induced TCF/
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LEF reporter activity in 4T1 (breast cancer) cells (Fig. 4D), indi-
cating a broad-based impact of TSRIII on Wnt signaling
regulation.

TGF-B Signaling Does Not Limit TPBRIII the Ability to Sup-
press Wnt/B-Catenin Signaling—To begin elucidating the
mechanisms by which TBRIII regulates Wnt signaling, we
examined whether the presence of TGF- (3, a high affinity ligand
for the TBRIII core domain (43—45), impacts the ability of
TBRIII to suppress Wnt signaling. We found that both TGF-g1
and TGF-B2 enhanced Wnt-induced LRP6 phosphorylation
and TCF/LEF activity (Fig. 3, A and B) in OVCA429 cells and, to
a lesser extent, in SKOV3 cells (high TBRII) (Fig. 3C, lanes
1-4), indicating a cooperative role for TGF-f ligands in Wnt
signaling that may be repressed by TBRIIL. Treating TBRIII
knockdown SKOV3 cells (shT BRIII) with TGF-B resulted in an
enhancement of Wnt3a-TGF-f3 cooperativity compared with
control TBRIII-expressing SKOV3 cells treated with Wnt3a
and TGF-B (Fig. 3C, lanes 5-8). Because TGF-B2 binds the
core domain of TSBRIII with higher affinity than TGF-S1 (46),
and it showed the most robust enhancement of Wnt3a-induced
TCEF/LEF activity (Fig. 34), this ligand was chosen to determine
TGE-B signaling-mediated changes on the suppression of
Wnt3a-induced TCF/LEF activity by TBRIII. We found that
Wnt-induced TCF/LEF activity, both in the absence and pres-
ence of TGF-B2, was dampened by TBRIII expression in
OVCA429 cells (Fig. 3D).

To confirm that TBRIII does not require TGF-B signaling
receptors to suppress Wnt signaling, we first utilized SB431542
(inhibitor of TBRI kinase activity) and analyzed Wnt-induced
TCE/LEF activity in OVCA429 cells. We found that inhibition
of TPRI suppressed Wnt signaling independent of TSRIII
expression in control cells (Fig. 3E). However, inhibition of
TPBRI did not affect the ability of TBRIII to suppress Wnt-in-
duced TCF/LEF activity in OVCA429 cells when compared
with control cells (Fig. 3E), indicating that repression of Wnt
signaling by TBRIII is independent of T BRI kinase activity. Sev-
eral TGF-B-independent roles for TBRIII have been reported
through its interactions with the type Il TGF- 3 receptor, T SRII
(43). However, transient expression of TBRII lacking its cyto-
plasmic domain (TBRII-ACyto), and therefore unable to inter-
act with TBRIII (43, 47), did not affect the ability of TBRIII to
suppress Wnt-induced TCF/LEF activity when compared with
control cells (Fig. 3F). Similar to what is shown in Fig. 3E, the
removal of the TBRII cytoplasmic domain (TBRII-ACyto) in
GFP-expressing cells led to a suppression of Wnt-induced
TCF/LEF activity when compared with control cells (Fig. 3F).
These TPBRIII-independent observations of the effects of
TBRII-ACyto and SB431542 on TCF/LEF activity may point to
autocrine TGF-B-Wnt signaling mechanisms unrelated to the
ability of TBRIII to suppress Wnt-dependent Wnt signaling.
Collectively, these data suggest that even in the presence of the
high affinity ligand TGF-B2, the absence of TGEF-f3 signaling,
and TBRIII-TRRII interaction, TRRIII is still able to suppress
Wnt signaling.

GAG Chains of TBRIII Regulate Wnt Signaling—Wnt glyco-
proteins have been shown to have a high affinity for GAG
chains on transmembrane proteoglycans (33), and the extracel-
lular TBRIII domain contains two sites of heparan and chon-
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FIGURE 2. TBRIIl suppresses Wnt-induced B-catenin cytoplasmic accumulation and transcriptional activity. A, left, OVCA429 cells transiently expressing
control (GFP) or TBRIIl were stimulated with 50 ng ml~" Wnt3a for 1 h and immunostained for B-catenin (red). Scale bars: 20 wm. Right, the graph represents
quantitation of B-catenin fluorescence at the membrane versus cytoplasm (“Experimental Procedures”). n = 30 cells/condition, representative of at least two
independent biological trials. Values are normalized to control GFP. B, cytoplasmic fractions obtained after subcellular fractionation (“Experimental Proce-
dures”) of OVCA429 cells transiently expressing TBRIIl or GFP stimulated with 50 ng ml~' Wnt3a for 1 h followed by immunoblotting of lysates for B-catenin,
GAPDH (positive cytoplasmic marker), and E-cadherin (negative cytoplasmic marker), representative at least two independent biological trials. C-E, the
indicated cells expressing TBRIII, shTBRIII, or shTBRIIl with rTBRIII, as described in Fig. 1, Band C, were transfected with a Wnt-responsive luciferase reporter and
SV40 control vector and left untreated or treated with 50 ng ml~' Wnt3a for 24 h. Luciferase activity was then measured as described under “Experimental
Procedures.” All values are normalized to the untreated sample and represent the average of two independent biological trials, each conducted in duplicate.
Data were analyzed using two-tailed Student’s t test and represent the mean = S.E. Scr, Scrambled; n.s., not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001.

droitin sulfate GAG chains (23, 48). To determine whether the = B-catenin cytoplasmic accumulation compared with full-
chains on TBRIII are involved in suppressive effects on Wnt length TBRIIL instead, B-catenin cytoplasmic accumulation in
signaling, we expressed full-length TBRIII (TBRII), TRRIIL the presence of TPRRIII-AGAG resembled the cytoplasmic
lacking GAG chain modifications (TBRIII-AGAG) (30), or con-  -catenin levels observed in Wnt3a-treated control cells (Fig.
trol vectors in OVCA429 cells and assessed the levels of phos-  4B). TBRIII-AGAG cells also failed to suppress TCF/LEF activ-
phorylation of LRP6, cytosolic -catenin accumulation, and ity when compared with full-length T BRIII (Fig. 4C). The effect
TCE/LEF activity induced by exogenous Wnt3a. We found of the TBRIII GAG chains on Wnt signaling was not restricted
that, unlike full-length TBRIII, TBRIII-AGAG failed to sup- to ovarian cells, as TBRIII-AGAG also failed to suppress Wnt
press LRP6 phosphorylation in OVCA429 cells (Fig. 4A4). Con-  signaling when compared with full-length T BRIII in the murine
sistently, TBRIII-AGAG did not suppress Wnt3a-dependent ~mammary 4711 cells (Fig. 4D).
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FIGURE 3. TGF-B signaling does not limit ability of TBRIII to suppress Wnt/B-catenin signaling. A, OVCA429 cells transfected with a Wnt-responsive
luciferase reporter (500 ng) and a SV40 control vector were either untreated or stimulated with 50 ng ml~' Wnt3a and 400 pm TGF-B1 or TGF-B2 for 24 h.
Luciferase activity was then measured as described under “Experimental Procedures.” B, OVCA429 cells were either untreated or stimulated with 50 ng m|~’
Wnt3a and 400 pm TGF-B1 and TGF-B2 as indicated for 1 h. Cells were lysed, and the levels of phospho-LRP6 (Ser-1490) (pLRP6) and B-actin were assessed by
immunoblotting. Quantitations represent pLRP6:LRP6 ratios and are normalized to the untreated sample. C, SKOV3 cells stably expressing control or TSRl
shRNA-1 were either untreated or stimulated with 50 ng ml~" Wnt3a and 400 pm TGF-81 or TGF-82 for 1 h. Cells were assessed as described in the legend for
Fig. 1B. Quantitations represent pLRP6:LRP6 ratios and are normalized to the untreated sample. D-F, OVCA429 cells transiently expressing either control (GFP)
or TBRIll were transfected with a Wnt-responsive luciferase reporter and a SV40 control vector and incubated with 50 ng ml~ ' Wnt3ain the presence or absence
of 400 pm TGF-B2 (D), 50 ngml~ ' Wnt3aand 5 um SB431542 (E), or 50 ng ml~ ' Wnt3a and a dominant negative form of the type Il TGF-g receptor (TBRII-ACyto)
or pcDNA 3.1 control vector (F) for 24 h. Luciferase activity was measured as described under “Experimental Procedures.” Luciferase data are representative of
at least two independent biological trials each conducted in duplicate. Data were analyzed using two-tailed Student’s t test and represent the mean = S.E.; ¥,
p < 0.05; **, p < 0.01; ***, p < 0.001. Western blotting analysis data represent at least two independent biological trials. All values were normalized to the

untreated sample.

To test whether the extracellular domain (ECD) of T BRIII
was sufficient to suppress Wnt-induced signaling, we used two
parallel approaches. We treated OVCA429 cells, in the absence
and presence of Wnt3a, with either conditioned media (CM)
from cells expressing only the TBRIII ECD (Sol-TBRIII-1) (16,
18, 44) or CM from cells expressing full-length T BRIII contain-
ing soluble TBRII in the media due to shedding (Sol-
TBRIII-2) (30, 44) (Fig. 4E). CM from control vector (GFP)
expressing cells was used as control (GFP-CM, Fig. 4E).
These conditions were compared with OVCA429 cells
expressing full-length TBRIII in the same experiment (Fig.
4F). We found that both the shed and soluble forms of
TBRIII were able to significantly suppress Wnt-induced
TCEF/LEF activity to the same extent as they expressed full-
length TBRIII (Fig. 4E). To control for possible artifacts
associated with infection of vectors, we also tested media
from uninfected cells (Fig. 4F) and found that infection with
GFP did not impact TCF/LEF activity (Fig. 4F). Taken
together, these data confirm that TBRIII ECD, with its GAG
chains, is sufficient to suppress Wnt-induced signaling.

TBRIII Interacts with Wnt, and the Balance between Sulfated
Heparan and Chondroitin Chains Determines TBRIII Ability to
Regulate Wnt/B-Catenin Signaling—To determine whether
TBRIII binds Wnt3a, we used co-immunoprecipitation of
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recombinant Wnt3a and TBRIII, a methodology commonly
used to study Wnt interactions with its receptors (13, 49). We
found a Wnt dose-dependent interaction between TBRIII and
Wnt3a in OVCA429 cells (Fig. 54). Consistent with the extra-
cellular domain of TBRIII as sufficient to suppress Wnt signal-
ing (Fig. 4E), we found that soluble TSRIII was also able to
interact with Wnt3a, as determined by using CM from COS-7
cells expressing full-length TBRIII and HA-tagged Wnt3a (Fig.
5B). To determine whether the TBRIII-Wnt3a interaction is
mediated through the TBRIII GAG chains as suggested by our
Wnt signaling assays (Fig. 4), we incubated OVCA429 cell
lysates with recombinant Wnt3a and performed co-immuno-
precipitation in cells expressing TBRIIL, TBRIII-AGAG, or con-
trol (see “Experimental Procedures”). We observed immuno-
precipitation of Wnt3a and TBRIII reduced to background
levels in cells expressing TBRIII-AGAG (Fig. 5C). These data
indicate that the interaction/binding capacity of T SRIII-AGAG
is significantly less than full-length TBRIIL These findings are
consistent with TBRIII-AGAG being unable to inhibit Wnt3a
signaling (Fig. 4, A-C).

Because TBRIII represses Wnt signaling and appears to
interact with Wnt3a through its GAG chains, we aimed to test
whether the regulation of Wnt signaling by T SRIII GAG chains
was dependent on the sulfation state of the T BRIII GAG chains.
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FIGURE 4. GAG chains of TBRIIl suppress Wnt signaling. A, OVCA429 cells transiently expressing full-length TBRIII, TBRIII-AGAG, or GFP (control) were
stimulated with 50 ng ml~ " Wnt3a. Cells were then lysed after 1 h and phospho-LRP6 (Ser'**°) (pLRP6), LRP6, and B-actin levels assessed by immunoblotting.
Quantitations represent pLRP6:LRP6 ratios and are normalized to the untreated sample. B, the indicated OVCA429 cells were stimulated with 50 ng ml~' Wnt3a
for 1 h and immunostained for B-catenin (red). Scale bars: 20 um. The graph represents quantitation of B-catenin fluorescence at the membrane versus
cytoplasm (“Experimental Procedures”). n = 30 cells/condition. Western analysis shows TSRIIl and B-actin levels. Data were analyzed using analysis of variance
followed by a post hoc Shapiro-Wilk test and represent the mean = S.E. All values were normalized to the untreated sample. C-F, the indicated cells were
stimulated with 50 ng ml~ " Wnt3a alone (Cand D); 50 ng ml~ ' Wnt3ain the presence of CM from cells expressing only TBRII-ECD (Sol-TBRIII-1) (E), CM from cells
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“Experimental Procedures.” All values were normalized to the untreated sample. All luciferase data (C-F) are representative of at least two independent
biological trials, each conducted in duplicate. Data were analyzed using two-tailed Student’s t test and represent the mean = S.E. of a biological replicate. All

values are normalized to the untreated sample, and all figures represent at least two independent biological trials. n.s., not significant; *, p < 0.05; **, p < 0.01;
*¥¥
,p < 0.001.

We treated TBRIII-expressing OVCA429 cells with sodium Treatment with sodium sulfate, which overcomes the effects of
chlorate, a competitive inhibitor of ATP-sulfurylase, which sodium chlorate and restores sulfation of proteoglycans (50),
resulted in proteoglycans arriving at the cell surface bearing decreased Wnt-induced TCF/LEF activity compared with
nonsulfated heparan sulfate or chondroitin sulfate chains (50). T BRIII-expressing OVCA429 cells treated only with sodium
We found that non-sulfated GAG chains on TBRIII signifi- chlorate (Fig. 64). These results demonstrate that the sulfation
cantly stimulated Wnt-induced TCF/LEF activity (Fig. 64). ofthe TBRIII GAG chains is required for TSRIII-mediated sup-
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FIGURE 5. TBRIIl interacts with Wnt through its GAG chains. A, OVCA429 cells transiently expressing full-length TBRIIl were immunoprecipitated (/P) and
analyzed for Wnt3a-TpRlll interactions using the Wnt pulldown assay described under “Experimental Procedures” and previously (13). All values were normal-
ized to the IgG sample. B, conditioned medium from COS-7 cells transiently expressing full-length TBRIIl and Wnt3a-HA was immunoprecipitated using
anti-TBRIIl and immunoblotted using anti-HA and anti-TBRIIl to analyze Wnt3a-TBRIll interactions as described under “Experimental Procedures” and previ-
ously (21, 27, 77). C, OVCA429 cells transiently expressing GFP (control), full-length TBRIII, or TBRIIIFAGAG were immunoprecipitated using anti-TSRIIl and
immunoblotted (/B) using anti-Wnt3a and anti-TBRIIl to analyze Wnt3a-TBRIIl interactions using the Wnt pulldown assay described under “Experimental
Procedures” and previously (13) All values were normalized to the GFP sample, and all figures represent at least two independent biological trials.

pression of Wnt signaling and that loss of sulfation results in
increased Wnt-induced signaling.

Because the GAG chains on TBRIII comprise both heparan
sulfate (HS) and chondroitin sulfate (CS) chains (32), we aimed
to isolate the individual effects of the different GAG chains of
TBRIII on Wnt signaling. To do this, we first determined
whether the suppressive role of TBRIII in Wnt signaling was
conserved in parental CHO K1 cells, where TBRIII expresses
both HS and CS chains (51). Although CHO cells have a modest
response to Wnt stimulation as observed previously (33, 52)
and by us here (Fig. 6, B and C), we observed a significant
decrease in Wnt signaling upon TBRIII-expression in CHO K1
cells compared with control cells (Fig. 6B), consistent with our
observations in ovarian and breast cancer cells (Figs. 2 and 4).
To determine the role of TBRIII CS chains in Wnt signaling, we
utilized the CHO cell line derivative pgsD-677; these cells lack
both N-acetylglucosaminyltransferase and glucuronyltrans-
ferase activities and are unable to synthesize heparan sulfate but
can produce high amounts of chondroitin sulfate (51). We
increased TPRIII expression in pgsD-677 (AHS) cells (as
described under “Experimental Procedures”) and examined
Wnt-induced TCF/LEF activity. Strikingly, we observed a sig-
nificant increase in Wnt signaling in T BRIII-expressing pgsD-
677 cells compared with control cells (Fig. 6C). Furthermore,
the removal of the TBRIII CS chains with chondroitinase (Fig.
6D, right panel, Ch) reduced Wnt-induced TCF/LEF activity in
T BRIII-expressing pgsD-677 cells (Fig. 6D). Because pgsD-677
cells express only CS GAG chains (51), we tested whether CS
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chains promote Wnt signaling in cells that make both HS and
CS GAG chains. Similar to our results in pgsD-677 cells (Fig.
6D), we found that TBRIII was able to further repress Wnt
signaling in OVCA429 cells treated with chondroitinase as
compared with control cells (2 X repressed, Fig. 6E). In contrast,
heparanase treatment of TBRIII-expressing OVCA429 cells
resulted in increased TCF/LEF activity compared with hepara-
nase (Hp)-untreated cells (5X increased, Fig. 6F). These data
suggest that HS and CS chains on TBRIII contribute, in an
opposing fashion, to the availability of Wnt for signaling.
Therefore, we propose that the HS chains of TBRIII are respon-
sible for Wnt3a sequestration and subsequent TBRIII-medi-
ated suppression of Wnt3a signaling. In contrast, TBRIII CS
chains increase Wnt availability and signaling (Fig. 6G).

Discussion

We provide novel evidence for the TBRIII/betaglycan-medi-
ated regulation of canonical Wnt signaling through distinct
functions of its heparan- and chondroitin-sulfated GAG chains.
Our studies demonstrate that the HS chains of TBRIII are
responsible for the suppression of Wnt3a signaling, most likely
via sequestering Wnt, in contrast with the CS chains of TBRIII,
which promote Wnt signaling. Based on our findings, we pro-
pose that Wnt interactions with the HS chains on TBRIII result
in the sequestration of Wnt away from LRP6 and Frizzled,
which decreases the levels of signaling-productive complexes
between the ligand and its receptors. This hypothesis was con-
firmed upon examining the inability of T BRIII to suppress Wnt
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FIGURE 6. The balance between sulfated heparan and chondroitin chains on TSBRIIl determines the ability of TBRIIl to regulate Wnt/3-catenin signal-
ing. A, OVCA429 cells transiently expressing full-length TBRIII, transfected with a Wnt-responsive luciferase reporter and a SV40 control vector were pretreated
with 50 mm NaClO; with or without 10 mm Na,SO, as indicated for 2 h. Cells were then stimulated with 50 ng ml~ " Wnt3a, and luciferase activity was measured
as described under “Experimental Procedures.” All values were normalized to the Wnt-treated sample. B-F, CHO K1, pgsD-677, or OVCA429 cells expressing
TBRIIl or GFP were transfected with a Wnt-responsive luciferase reporter and a SV40 control vector and pretreated with 100 mU ml~" chondroitinase (Ch) (D
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signaling upon removal of its GAG chains (Fig. 4). Mechanisti- ~which have a high affinity for polyanionic compounds such as
cally, our pulldown assays in TBRIII-expressing cells (Fig. 5) heparin (53), and reveal that the GAG chains significantly
indicate an interaction between T SRIIIl and Wnt glycoproteins, increase Wnt-TSBRIII interaction to suppress Wnt signaling.
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Strikingly, the TBRIII CS chains promote Wnt3a signaling in
the absence of its HS chains (Fig. 6, B and D). To support
this conclusion, chondroitinase treatment in pgsD-677 and
OVCA429 cells resulted in a loss of Wnt signaling, thus indi-
cating an exciting new role for the chondroitin chains of TBRIII
in stimulating Wnt signaling.

The role of GAG chains in Wnt signal transduction may also
depend on the core protein and specific biochemical cues, as
our data indicate opposing functions for TBRIII HS and CS
chains in Wnt signaling. In support of our hypothesis, it has
been shown that exogenous chondroitin sulfate, heparin, and
GAG are unable to stimulate Wnt3a signaling, whereas endog-
enous CSPG promote Wnt signaling in mouse L-cell fibro-
blasts, suggesting that the core proteins of CSPG may be
involved in regulating Wnt3a activity (36). We speculate that
the localization, sulfation, and/or chain length of GAG chains
attached to core proteins could contribute to differences in
ligand availability and signaling.

Studies have shown also that cell context can determine the
role that proteoglycans and GAG chains play in cancer progres-
sion. The enzymatic elimination of chondroitin sulfate mole-
cules in primary breast tumors, for example, increases lung
metastases in mice (54), whereas the digestion of cell surface CS
on lung cancer cells injected into tail veins leads to a reduction
in the number of tumor cells able to populate and metastasize
(55). These results suggest that CS molecules may have oppos-
ing roles during cancer progression: an anti-metastatic func-
tion in primary tumor tissue and a pro-metastatic role during
extravasation (circulating cancer cell interaction with endothe-
lial cells) (56). Other proteoglycans have also been shown to
function as either tumor promoters or suppressors depending
on the protein core, GAG chains attached, associated mole-
cules, proteoglycan localization, and tumor type (57). Perlecan,
for example, can both promote tumor invasiveness (58) and
inhibit angiogenesis (59), whereas glypicans and syndecans may
promote local cancer cell growth and metastatic potential in
some cancer tissues (37, 60) but inhibit tissue growth, invasion,
and metastasis in others (61, 62). Together, these data show a
requirement for the proteoglycan core domain and cellular
environment in deciding GAG chain function.

In addition to the contributions made by the proteoglycan
core domain and environment, the sulfation state of the pro-
teoglycan also plays a major role in its ability to regulate signal-
ing pathways. Upon treatment of our TBRIII-expressing
OVCA429 cells with sodium chlorate, an ATP-sulfurylase-
competitive inhibitor that causes proteoglycans to arrive at the
cell surface bearing nonsulfated heparan sulfate or chondroitin
sulfate chains (50), we found TBRIII unable to repress Wnt
signaling, indicating that the sulfation of TBRIII GAG chains is
required for proper Wnt signal regulation by TBRIII (Fig. 64),
consistent with previous reports for glypican-1 (33). Studies in
Drosophila have also shown that, upon treatment of Drosophila
cells with sodium chlorate or in the absence of an HS
N-deacetylase/N-sulfotransferase, cells are completely defi-
cient in HS chain sulfation and Wingless (Wg) signaling is dis-
rupted (63— 66). HS chain sulfation plays a vital role in regulat-
ing FGF signaling as well. Consistently, the HS chains of T SRIII
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can also regulate FGF signaling and play a critical role in tumor
progression (23).

Previous reports indicate that FGF signal transduction is de-
pendent on sulfation of the 2-O and 6-O positions on HS chains,
which control FGF1 binding to heparin and FGF1-dependent
dimerization and activation of the FGFR1 receptor, respectively
(67-69). In articular cartilage, studies reveal a Wnt signaling
promoter role for CS chains that is dependent on the sulfation
of the CS chain (70). Taken together, these studies, combined
with our data, suggest that sulfation plays a significant role in
growth factor signaling regulation by GAG chains on
proteoglycans.

Itis possible that different expression levels of 81,4-N-acetyl-
galactosaminyltransferase-1 (B4GalNAcT-I) and/or «l,4-N-
acetylglucosaminyltransferase-I («¢4GlcNAcT-I), which initiate
the synthesis of CS or HS chains, respectively, may also contrib-
ute to the TBRIII proteoglycan state and subsequent effects on
Wnt signaling. Moreover, within a single core protein, Ser-Gly
residues in a hydrophobic pocket might signal heparan sulfate
attachment, whereas Ser-Gly residues in an exposed hydro-
philic environment might signal chondroitin sulfate attach-
ment. These different local environments could achieve selec-
tivity by modulating the activity of B4GalNAcT-I and
a4GIcNACT-I (71). Other biochemical cues may include the
location of N-linked glycosylation sites (Asn-Phe-Ser) as
described for syndecan-1 (72). Attachment of an N-linked sugar
at a GAG chain attachment site would likely prevent subse-
quent recognition by the xylosyltransferase and GAG chain
attachment to the TBRIII core protein.

The precise mechanism by which CS chains of TBRIII
increase Wnt availability remains to be determined. Future
studies into the biochemical cues involved in determining the
proteoglycan state of HSPG such as T BRIIL as well as the role of
TBRIII in regulating Wnt signaling, will help shed light on Wnt
signaling regulation and increase our understanding of the
diverse roles that proteoglycans like TBRIII play in signaling
and disease.

Experimental Procedures

Cell Lines and Reagents—Ovarian epithelial carcinoma cell
lines SKOV3, and OVCA429 were obtained from the Duke
Gynecology/Oncology Bank (Durham, NC). Authentication of
cell lines was carried out at the University of Colorado (Denver)
sequencing facility. Monkey kidney COS-7 (ATCC® CRL-
1651™) cells, mouse mammary tumor cell line 4T1 (ATCC®
CRL2539™), normal CHO epithelial cell lines pgsA-745
(ATCC® CRL-2242™), and pgsD-677 (ATCC® CRL-2244™)
were obtained from ATCC (Manassas, VA). Epithelial carci-
noma cell lines SKOV3, 4T1, and OVCA429 were cultured in
RPMI 1640 (ATCC® 30-2001ATCC™) containing 1-gluta-
mine, 10% FBS, and 100 units of penicillin-streptomycin.
COS-7 cells were maintained in DMEM (ATCC® 30-2002™)
containing 10% FBS and 100 units of penicillin-streptomycin.
CHO cell lines pgsA-745 and pgsD-677 were cultured in
Kaighn’s modification of Ham'’s F-12 medium (ATCC®
30-2004™™) containing L-glutamine, 10% FBS, and 100 units of
penicillin-streptomycin. All cells lines were maintained at 37 °C
in a humidified incubator at 5% CO,. The antibodies used were
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as follows. Phospho-LRP6 (Ser-1490) (catalog No. 2568), LRP6
(catalog No. 2560), B-catenin (D10A8) XP® rabbit mAb (cata-
log No. 8480), GAPDH rabbit mAb (catalog No. 14C10), HA
rabbit mAD (catalog No. 3724), and Wnt3a (C64F2) rabbit mAb
(catalog No. 2721) were from Cell Signaling Technology (Dan-
vers, MA). Mouse E-cadherin mAb was purchased from BD
Biosciences (catalog No. 610181). Human TQBRIII antibody
(catalog No. AF-242-PB) was purchased from R&D Biosystems
(Minneapolis, MN) and actin (catalog No. A2228) from Sigma-
Aldrich. Mouse HA antibody (catalog No. 32-6700) from Invit-
rogen. Inhibitor SB431542 hydrate (catalog No. S4317) was
purchased from Sigma-Aldrich. Sodium chlorate (NaClO;) was
obtained from Thomas Scientific (Swedesboro, NJ) and sodium
sulfate anhydrous (Na,SO,) (catalog No. S421-500) from Ther-
moFisher Scientific. Heparinase III (catalog No. H8891) and
chondroitinase ABC (catalog No. C3667) were obtained from
Sigma-Aldrich, and recombinant TGF-B1, TGF-£2, and Wnt3a
were purchased from R&D Systems.

Plasmid Constructs and Stable Cell Lines—T BRIII constructs
used in this study have been described previously (16, 19, 23,73,
74). Full-length T BRIII consists of TBRIII-HA in pcDNA 3.1 as
described previously (29, 73). The TBRIII-AGAG construct
consists of human TBRIII-HA, with serine-to-alanine point
mutations at amino acids 534 and 545 to prevent GAG attach-
ment (29, 48, 75, 76). rTBRIII is a HA-tagged rat TBRIII in the
pcDNA 3.1 vector (19). Adenoviral constructs were used at
multiplicities of infection between 5 and 100 particles/cell, and
infections were performed as described previously (21, 23, 24).
shRNA sequences for TBRIII were obtained from Sigma-Al-
drich with the following sequences: sShARNA33430 (shTBRIII-1),
CCGGCCAAGCATGAAGGAACCAAATCTCGAGATTTG-
GTTCCTTCATGCTTGGTTTTTG; and shRNA33432
(shTBRIII-2), CCGGCGTGCTTTATCTCTCCATATTCTC-
GAGAATATGGAGAGATAAAGCACGTTTTTGinapLKO.1-
puro backbone (TBRIII shRNA construct and non-targeted
control). Lentiviral particles were generated at the Center for
Targeted Therapeutics Core Facility and the University of
South Carolina (Columbia). For TBRIII knockdown, SKOV3
cells were infected with 1X TBRII shRNA lentivirus. Cells
were then selected in the presence of 1 ug ml™' puromycin.
Stable cell lines were maintained in 0.5 pg ml™" puromycin.

Wnt3a-HA (catalog No. 18030) and TBRII-ACyto (catalog
No. 14051) plasmids were purchased from Addgene (Cam-
bridge, MA) (47). The soluble human TBRIII construct was a
kind gift from G. Blobe (Duke University, Durham, NC). Con-
ditioned media containing soluble TBRIII were generated by
transfecting cells with the indicated expression vectors and col-
lected 48 h after transfection under serum-free conditions.
Transient DNA transfections were performed using Lipo-
fectamine 2000 (catalog No. 11668019) from Life Technologies
or FUGENE® 6 (catalog No. E2691) from Promega (Madison,
WI) according to the manufacturer’s instructions. The cell frac-
tionation kit to analyze B-catenin localization came from Cell
Signaling Technology (catalog No. 9038). The luciferase assay
kit (catalog No. E1500) came from Promega, and M50 Super 8 X
TOPFlash (42) used to measure luciferase activity was a gift
from Randall Moon (Addgene plasmid 12456).
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Quantitative RT-PCR—For qRT-PCR, total RNA was iso-
lated from ~200,000 cells using TRIzol reagent (Invitrogen).
RNA was retrotranscribed using iScript™ Reverse Transcrip-
tion Supermix (catalog No. 1708841) and SsoAdvanced Univer-
sal SYBR Green Supermix (#1725271) from Bio-Rad. The
qRT-PCR primer sequences used were: RPL13A-forward,
AGATGGCGGAGGTGCAG; RPL13A-reverse, GGCCCAG-
CAGTACCTGTTTA; TBRIII-forward, CGTCAGGAGGCA-
CACACTTA; and TBRIII-reverse, CACATTTGACAGA-
CAGGGCAAT.

Immunoprecipitation and Western Blotting—Immunopre-
cipitation and Western blotting were performed using standard
techniques as described previously (21, 27, 77). For co-immu-
noprecipitation in COS-7 cells, TBRIII-expressing cells were
transfected with the indicated Wnt3a-HA construct, and the
culture medium was collected 48 h after transfection under
serum-free conditions. TBRIII was then immunoprecipitated
by incubating the cell lysates overnight with anti-human
TPBRIII antibody. The next day, protein G-Sepharose beads
were added to the lysates for 2 h at 4 °C. The beads were then
washed three times with cold PBS and resuspended in sample
buffer. The amount of TBRIII or Wnt3a bound to the beads was
detected by Western blotting with anti-human TBRIII or
Wnt3a antibodies.

Wnt3a-TBRII Pulldown Assay—This assay was performed
as described previously (13, 49). Briefly, OVCA429 cells were
lysed in non-denaturing COIP lysis buffer (50 mm Tris-HCI, pH
7.5, 150 mm of NaCl, 1% Nonidet P-40, 10% glycerol, 1 mm
DTT, 25 mm NaF, 1 mm NazVO, and 1X protease inhibitor
mixture (catalog No. P8340, Sigma-Aldrich)). TBRIII-HA was
then immunoprecipitated by incubating the cell lysates over-
night with an anti-human TBRIII antibody. The next day, pro-
tein G-Sepharose beads were added to the lysates for 2h at 4 °C.
Beads were then washed three times with PBS and incubated
with 20 nM Wnt3a-conditioned medium for 2 h at 4 °C. After
two more washes with PBS, the beads were resuspended in sam-
ple buffer, and the amount of Wnt3a bound to TBRIII was
detected by Western blotting using anti-Wnt3a and anti-
TRBRIII antibodies.

Luciferase Assay—The indicated cells were seeded in 24-well
plates and co-transfected with a Luciferase reporter vector con-
taining a (-catenin-responsive promoter (to drive luciferase
expression (TOPFlash, catalog No. 12456, Addgene)) and SV40
(Renilla internal control vector). One day after transfection and
infection, cells were incubated overnight with 50 ng ml '
Wnt3a and then lysed. Luciferase activity (Luciferase assay sys-
tem, Promega) was measured by calculating the ratio between
luciferase and Renilla activities (to normalize for transfection
efficiency) and then normalizing the values to the untreated
sample.

Immunofluorescence and Intensity Analysis—The indicated
cells were seeded onto coverslips in 12-well plates at a density of
5 X 10* cells/well. After infections and treatment with 50 ng
ml~! Wnt3a, cells were washed with ice-cold PBS and fixed
with 100% methanol for 10 min followed by PBS washes. Cells
were permeabilized with 0.1% Triton X-100 in PBS and then
blocked with 3% BSA or 0.2% gelatin in PBS for 30 min at room
temperature followed by an overnight incubation at 4 °C with a
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rabbit anti-B-catenin antibody. After extensive washing with
PBS, the cells were incubated with an Alexa-conjugated sec-
ondary antibody (Molecular Probes, Eugene, OR). Cells were
mounted in mounting medium and analyzed under an Olym-
pus IX81 motorized inverted microscope (Shinjuku, Tokyo,
Japan). Fluorescence intensity for the 3-catenin was analyzed
using Image] 1.50d software (National Institutes of Health) by
drawing a fixed line of interest over the membrane and cyto-
plasm followed by averaging the maximum intensities obtained
from the plot profile plugin. To estimate the change in
B-catenin localization after Wnt treatment in the presence and
absence of TBRIII, the ratio between the membrane and cyto-
plasmic fractions of B-catenin fluorescence was calculated. The
statistical significance of the data was analyzed in SigmaPlot
version 11 software. p values < 0.05 were considered to be
statistically significant.

Subcellular Fractionation—The indicated cells were seeded
in 12-well plates and infected to express TBRIIL. 48 h post-
infection, the cells were treated with 50 ng ml ! Wnt3afor1lh
and then lysed. Subcellular fractionation of B-catenin, the
cytoplasmic marker GAPDH, and the plasma membrane
marker E-cadherin was carried out using the cell fraction-
ation kit (Cell Signaling Technology) according to the man-
ufacturer’s instructions.
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