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Background:Wnt signaling is subject to regulation by regulator of G-protein signaling domain-containing proteins.
Results: PDZ-RGS3 binds GSK3� and inhibits its activity.
Conclusion: PDZ-RGS3 enhances canonical Wnt signaling.
Significance: PDZ-RGS3 expression may promote epithelial to mesenchymal transition.

TheWnt �-catenin pathway controls numerous cellular pro-
cesses including cell differentiation and cell-fate decisions.Wnt
ligands engage Frizzled receptors and the low-density-lipopro-
tein-related protein 5/6 (LRP5/6) receptor complex leading to
the recruitment of Dishevelled (Dvl) and Axin1 to the plasma
membrane. Axin1 has a regulator of G-protein signaling (RGS)
domain that binds adenomatous polyposis coli andG� subunits,
thereby providing amechanismbywhichG� subunits can affect
�-catenin levels. Here we show thatWnt signaling enhances the
expression of another RGS domain-containing protein, PDZ-
RGS3. Reducing PDZ-RGS3 levels impaired Wnt3a-induced
activation of the canonical pathway. PDZ-RGS3 bound GSK3�
and decreased its catalytic activity toward �-catenin. PDZ-
RGS3overexpression enhanced Snail1 and led tomorphological
and biochemical changes reminiscent of epithelial mesenchy-
mal transition (EMT). These results indicate that PDZ-RGS3
can enhance signals generated by the Wnt canonical pathway
and that plays a pivotal role in EMT.

Wnt signaling regulates many cellular functions including
cell proliferation, differentiation, survival, polarity, and migra-
tion (1–3). In the absence of a Wnt signal, cytosolic �-catenin
associates with and is phosphorylated by a destruction complex
whose core components are Axin1, adenomatous polyposis
coli, and two kinases: casein kinase 1 and glycogen synthase
kinase 3 �/� (GSK3�/�). The phosphorylated �-catenin is
ubiquitinated and is delivered to the proteasome for degrada-
tion. As a consequence, cytosolic �-catenin levels remain low
and Wnt target genes repressed. The binding of Wnts to Friz-
zled receptors and LRP5/6 receptor complex induces low-den-
sity-lipoprotein-related protein (LRP)2 phosphorylation and

recruitment of the destruction complex. Phosphorylated
�-catenin is no longer ubiquitinated and destroyed, and cyto-
solic �-catenin levels rise (4). This results in its nuclear trans-
location where it facilitates T cell-specific transcription factor
(TCF)-mediated gene expression (5). Canonical Wnt signaling
causes the stabilization of Snail1, which represses E-cadherin
expression and induces epithelial cells to adopt a mesenchymal
morphology, i.e. epithelial-mesenchymal transition (EMT)
(6–8). This occurs during embryonic morphogenesis and is
exploited bymetastatic tumors (9, 10). Recently, EMT has been
closely associated with both invasive and stem cell properties of
cancer cells (11).
Axin1 has a regulator of G-protein signaling (RGS) domain,

which has been linked to both Go- and Gs-mediated stabiliza-
tion of �-catenin (12). Whereas the Axin1 RGS domain binds
adenomatous polyposis coli, it can also bind G�s in its transi-
tion state, activated G�12 (i.e. GTP-bound), and G�o, irrespec-
tive of its GDP- orGTP-binding status. TheAxin1 RGS domain
differs from the canonical RGS domain in that it lacks key
amino acids needed to enhance the GTPase activity of G� sub-
units (13). Most members of the RGS protein family possess an
RGS domain that binds G�i and G�q family members when
they are in the transition state, significantly enhancing their
intrinsic GTPase activity. The majority of the RGS proteins do
not bind G�s or G�12 family members irrespective of their
GTP/GDP-binding state. Whereas some RGS proteins consist
largely of their RGS domain, other RGS proteins like Axin1
possess additional domains, which can target other proteins
and extend their function beyond that assigned to the RGS
domain (14, 15). PDZ-RGS3 is a widely expressed isoform of
RGS3, which contains several additional domains. At its N ter-
minus is a PDZ domain, which can bind type B ephrins via their
C-terminal PDZ-binding motif. It also has an ATP/GTP-bind-
ing site and a proline-rich region of unknown function (16, 17).
It is known to regulate ephrin-B reverse signaling and chemoat-
traction (17). It also has been implicated in maintaining the
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balance between self-renewal and differentiation of neural pro-
genitor cells (18).
Here, we provide evidence that Wnt �-catenin signal

enhances PDZ-RGS3 expression. PDZ-RGS3 helps stabilize
�-catenin resulting in increased expression of genes controlled
by �-catenin-TCF. Overexpression of PDZ-RGS3 stabilizes
Snail1 and can trigger EMT.

EXPERIMENTAL PROCEDURES

Cell Lines and Antibodies—HEK 293 and Madin-Darby
canine kidney (MDCK) cell lineswere obtained from theAmer-
ican Tissue Culture Collection (Manassas, VA). The cells were
maintained in DMEM with 10% fetal bovine serum. The anti-
bodies against the following proteins were purchased: c-Myc,
Dvl, Snail1, and actin (Santa Cruz Biotechnology, Santa Cruz,
CA); Au1 and Myc (Covance, Princeton, NJ); �-catenin and
fibronectin (Sigma-Aldrich); E-cadherin and Ser-33/Ser-37/
Thr-41 �-catenin (Cell Signaling Technology, Danvers, MA);
cyclin D1 and GSK3� (BD Biosciences, San Jose, CA), RGS3
(Torrey Pines Biolabs, Secaucus, NJ).
Generation of Stable Cell Line and shRNAs—The coding

regions of human PDZ-RGS3 and RGS3 were fused to GFP
using pEGFP-N1 vector (Clontech Laboratories). The resulting
constructs along with the parental construct were transfected
intoMDCKcells using Lipofectamine 2000 (Invitrogen) follow-
ing the manufacturer’s directions. The day following transfec-
tion, the cells were placed under selection with G418 (500
�g/ml) for 4 weeks. The GFP-positive cells were sorted once by
flow cytometry to select for high expressing cells. The
sequences used for the PDZ-RGS3 shRNAs were as follows:
shRNA1, 5�-TGAGAGGCCTGTGGAGCAC and shRNA2,
5�-GACAGTGCAGACCATGAAG. The sequence of the con-
trol shRNA that targeted GFP was shRNA, 5�-GCAGAA-
GAACGGCATCAAG. They were cloned into pSIREN-RetroQ
vector (Clontech Laboratories).
Immunoprecipitations—Whole cell lysates for immunoblot-

ting and immunoprecipitations were prepared as follows. 2 �
106 cells were lysed with 0.5 ml of the following buffer (20 mM

HEPES, pH 7.4, 2 mM EGTA, 50 mM �-glycerophosphate, 1%
Triton X-100, 10% glycerol, and 2 mM Na3VO4) along with a
protease inhibitormixture. In some instances 0.5%CHAPSwas
added. To immunoprecipitate specific proteins, the cells lysates
were incubated with 1 or 2 �g of the appropriate antibody for
2 h at 4 °C, and the immunoprecipitates were collected with
protein-G-conjugated-Sepharose 6B beads (Santa Cruz Bio-
technology) for 1 h at 4 °C. The beads were washed 8 times
using 0.5 ml of the above buffer prior to the addition of SDS
sample buffer. The samples were fractionated by SDS-PAGE
and transferred to nitrocellulose membrane for immunoblot-
ting. To detect cytosolic �-catenin levels by immunoblotting,
the cells were lysed in the following buffer: 10mMTris-HCl, pH
7.4, 10 mM NaCl, 3 mM MgCl2, and 0.25% Nonidet P-40. After
10 min on ice, the lysates were centrifuged for 5 min at 1,500
rpm. Membranous and cytosolic materials were obtained by
ultracentrifugation at 30,000 rpm (100,000 � g) for 90 min at
4 °C. The supernatant was designated as the cytosolic fraction,
and pellets were designated the membranous fraction.
�-Catenin was analyzed by separation of 30 �g of cytosolic

proteins on SDS-10%-polyacrylamide gels and immunoblotting
with an anti-�-catenin antibody.
Luciferase Assay—15 ng of the Super 8x TOPFlash luciferase

reporter (measuresTCF transcriptional activation), or Super 8x
FOPFlash as a (control) and 3 ng of phRL-TK vector of Renilla
luciferase (Promega Biosciences, Madison, WI) as an transfec-
tion controlwere transfected intoHEK293 cellswith SuperFect
Transfection Reagent (Qiagen, Valencia, CA) following the
manufacturer’s instructions. 24 h after transfection, cells
lysates were used to detect luciferase activity. For each experi-
mental group, the measurements were done in duplicate and
repeated at least three times. The data shown are from at least
three experiments, and the results are expressed as the mean
�S.D.
GSK3� in Vitro Kinase Assay—2 � 106 cells were lysed, and

GSK3�was immunoprecipitated as described above. The beads
werewashed twicewith lysis buffer, twicewithwash buffer (500
mM LiCl, 100 mM Tris, pH 7.6, and 0.1% Triton X-100), twice
with reaction buffer (20mMMOPS, pH7.4, 2mMEGTA, 10mM

MgCl2, 5 mMMnCl, and 0.1% Triton X-100), then resuspended
in the reaction buffer plus [�-32P]ATP and recombinant
�-catenin protein as the substrate. The preparations were incu-
bated at 30 °C for 30min. For the GSK3�-mediated PDZ-RGS3
phosphorylation, immunoprecipitated PDZ-RGS3 was incu-
bated with recombinant GSK3� (Millipore) in the above reac-
tion buffer at 30 °C for 30 min. The reactions were terminated
by the addition of SDS-PAGE sample buffer, and the samples
were fractionated by SDS-PAGE to examine substrate phos-
phorylation and to examine the amount of PDZ-RGS3 in the
immunoprecipitations.
Immunofluorescence—MDCK cells seeded on coverglass-

bottommicrowell dishes were washed once with PBS and fixed
in 4% paraformaldehyde in PBS for 20 min at room tempera-
ture. These cells were washed with PBS, then treated with 0.2%
Triton X-100 in PBS for 10 min to enhance cellular permeabil-
ity. These cells were stained for the various epithelial and mes-
enchymal markers for 1 h with specific first antibodies and fol-
lowed by incubation with the second antibodies labeled with
Alexa Fluor 568 for 30 min at room temperature. The dishes
were washed 5–6 times in excess PBS and then mounted with
Vectashield (Vector Laboratories, Burlingame, CA). The prep-
arations were visualized using a PerkinElmer Life Sciences
spinning disk confocal microscope using UltraView software.
Live cell imaging of HEK 293 was performed using the same
microscope.
RT-PCR—The RNA was isolated with TRIzol� reagent

according to the manufacturer’s instructions (Invitrogen). The
DNAswere synthesized from 1�g of RNAusing anOmniscript
RT kit with Omniscript Reverse Transcriptase (Qiagen). Real-
time PCR was performed using a 7500 Real-Time PCR System
(Invitrogen) following the Rotor-GeneTM SYBR� Green PCR
kit (Qiagen) protocol. The following primer sets were used:
GAPDH, 5�-CGGAGTCAACGGATTTGGTCG and 5�-GTT-
CTCAGCCTTGACGGTGC; c-Myc, 5�-CTGGTGCTCCAT-
GAGGAGAC and 5�-GAAGGTGATCCAGACTCTGACC;
PDZ-RGS3, 5�-CTACCGCCAGATCACCATCC and 5�-CCA-
CACATTTCCAGTGCTCCAC.
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RESULTS

PDZ-RGS3 Expression Affects �-Catenin Stability and
Signaling—We initially thought that reducing PDZ-RGS3
expression would enhance Wnt3a signaling by increasing the
duration that any activated G�o/i remained GTP-bound. To
test that hypothesis, we transfectedHEK293 cells with aWnt3a
expression vector along with a TCF luciferase reporter con-
struct or a suitable control in the presence of a control or PDZ-
RGS3-specific shRNA. The production of Wnt3a will result in
the activation of the co-transfected TCF reporter. Surprisingly,
the depletion of PDZ-RGS3 gave us the opposite result from
what we had anticipated as it impaired Wnt3a-induced TCF
reporter activity �60% (Fig. 1A, left panel).
Based on this result, we checked whether increased levels of

PDZ-RGS3 affected TCF reporter activity. We found that trans-
fection of the PDZ-RGS3 construct in the absence of the Wnt3a
expression vector resulted in a potent induction of the TCF
reporter. Furthermore, PDZ-RGS3 expression readily overcame

theTCFreporter activity impairmentproducedby thePDZ-RGS3
knock-down inWnt3a-expressing cells (Fig. 1A, right panel).
To verify the PDZ-RGS3 knock-down result, we examined

the accumulation of cytosolic �-catenin and c-myc expression,
a knownWnt target gene (19), followingWnt3a stimulation. In
accordance with the TCF reporter assay results, we found that
the reduction of PDZ-RGS3 blunted the accumulation of cyto-
solic �-catenin and reduced the increase in c-myc triggered by
Wnt3a signaling (Fig. 1B).

Wnt signaling is known to induce proteins that impact sub-
sequent signaling. For example, it increases Axin2 expression,
which negatively regulates the signaling pathway (20–22). To
test whetherWnt signaling affected PDZ-RGS3 expression, we
transfected theWnt3a construct intoHEK 293 cells and immu-
noblotted the cell lysates for endogenous PDZ-RGS3 and
c-Myc as a positive control. We found a nearly 4-fold increase
in both proteins (Fig. 1C). The reduction of PDZ-RGS3 by the
two shRNAs is shown (Fig. 1D). Together these results indicate

FIGURE 1. PDZ-RGS3 expression affected Wnt3a-induced activation of the canonical pathway. A, reduced PDZ-RGS3 expression impaired Wnt3a ligand-
induced TCF reporter expression. HEK 293 cells were transfected with a TCF luciferase reporter (WT, Super 8x TOPFlash luciferase reporter or Mut, Super 8x
FOPFlash) plus phRL-TK vector. The shRNA2 targeting N-terminal PDZ-RGS3 or the negative shRNA control-targeting GFP plus Wnt3a cDNA were transfected
into HEK 293 cells for 24 h. The mouse Wnt3a cDNA was used to express the Wnt ligand to drive TCF reporter activation. The -fold induction with mean �S.D.
of three independent experiments is shown. B, reduced PDZ-RGS3 expression impaired Wnt3a ligand-mediated cytosolic �-catenin stabilization and enhanced
c-Myc expression. The shRNA1-PDZ-RGS3, negative control shRNA-GFP plus Wnt3a cDNA constructs were, respectively, transfected into HEK 293 cells for 24 h.
The harvested cells were separated into two parts. The first was prepared for cytosolic fraction, and the second was used for total cellular lysates. The cytosolic
�-catenin, c-Myc, or actin was immunoblotted. Similar results were obtained in two independent experiments. C, Wnt3a treatment increased PDZ-RGS3 levels.
HEK 293 cells were transfected with Wnt3a cDNA for 24 h. Endogenous PDZ-RGS3, c-Myc, and actin were, respectively, blotted with their antibodies. Similar
results were obtained in two independent experiments. D, PDZ-RGS3 shRNAs reduce endogenous PDZ-RGS3 expression. HEK 293 cells were transfected with
two shRNAs (indicated shRNA1 and shRNA2) targeting the different sites of N-terminal PDZ-RGS3, and a negative control shRNA targeting GFP for 48 h. The blots
of PDZ-RGS3 and a loading control actin are shown.
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that the levels of PDZ-RGS3 affectWnt-mediated activation of
the canonical pathway.
Both theRGSandPDZDomains of PDZ-RGS3AreNeeded for

�-Catenin Stabilization—We transfected constructs express-
ing either full-length PDZ-RGS3, an RGS domain-deleted form
or a PDZ domain-deleted version. A schematic of the con-
structs is shown in supplemental Fig. S1. The levels of cytosolic
actin served as a loading control. Whereas full-length PDZ-
RGS3 increased the levels of cytosolic �-catenin and c-myc, the
RGS domain or PDZ domain-deleted versions had much less
effect (Fig. 2A). We also compared PDZ-RGS3 with RGS3L,
which contains the C-terminal 519 amino acids of PDZ-RGS3
(16). Expression of PDZ-RGS3 increased cyclin D1, another
Wnt target gene (23), and c-myc whereas RGS3L expression
had only a modest effect despite its much higher expression
(Fig. 2B). Next, we verified that the induction of PDZ-RGS3 by

Wnt3a and c-myc expression by PDZ-RGS3 occurred at the
transcription level by performing quantitative RT-PCR using
the appropriately stimulated cells (Fig. 2C). We also corrobo-
rated the reduction inWnt3a-inducedTCF reporter gene activ-
ity by the PDZ-RGS3 shRNA showing that it also reduced
Wnt3a-induced elevation of c-myc mRNAs (Fig. 2D). These
data provided additional evidence for the modulation of Wnt
signaling by PDZ-RGS3 and implicated the PDZ and RGS
domains as being functionally importance.
PDZ-RGS3 Impairs GSK3�-mediated Phosphorylation of

�-Catenin in Vitro and May Serve as a GSK3� Substrate—To
check whether PDZ-RGS3 altered GSK3� kinase activity, we
performed an in vitro kinase assay using recombinant�-catenin
protein as a substrate. The expression of PDZ-RGS3 inhibited
�-catenin phosphorylation.We also found thatWnt3a reduced
�-catenin phosphorylation in the assay (Fig. 3A). Next, we
immunoblotted cell lysates prepared from HEK 293 cells
expressing PDZ-RGS3, RGS3, or Wnt3a using antibodies
directed against phosphorylated�-catenin. PDZ-RGS3 and to a
less extent RGS3 expression reduced the amount of Ser-33/Ser-
37/Thr-41-phosphorylated �-catenin. We also examined
whether GSK3� could phosphorylate PDZ-RGS3. GSK3� was
incubated with immunoprecipitated PDZ-RGS. Suggesting
that this is the case, a band of the appropriate size for PDZ-
RGS3 was phosphorylated (Fig. 3B). These results indicated
that a PDZ-RGS3/GSK3� interaction might contribute to the
regulation of �-catenin stability.
Wnt Signaling Enhances the PDZ-RGS3/GSK3� Interaction—

We expressed PDZ-RGS3 inHEK 293 cells and treated the cells
with recombinant Wnt3a for 15 min. GSK3� immunoprecipi-
tates contained tagged PDZ-RGS3, but Wnt signaling did not
alter the amount of protein in the complex. We also noted that
whereas Gsk3� immunoprecipitates contained Dvl, PDZ-
RGS3 immunoprecipitates did not (Fig. 4A). The failure to
observe an effect of Wnt signaling on the GSK3�/PDZ-RGS3
interaction using transfected PDZ-RGS3 led us to test whether
endogenous PDZ-RGS3 might behave differently. Indeed, we
found thatWnt signaling enhanced the amount of endogenous
PDZ-RGS3 in the GSK3� immunoprecipitates (Fig. 4B).
GSK3� Interacts with PDZ-RGS3 or Axin1—The phosphor-

ylation of �-catenin is facilitated by the interactions of Axin1,
adenomatous polyposis coli, and GSK3 (24, 25). To better
understand how PDZ-RGS3 and Axin1 function to affect
�-catenin stability, we examined whether these proteins could
both bind GSK3�. We transfected Au1-tagged PDZ-RGS3 and
Myc-tagged Axin1 into HEK 293 cells. The GSK3� immuno-
precipitates contained both PDZ-RGS3 and Axin1; however,
Axin1 immunoprecipitates lacked PDZ-RGS3 and vice versa
(Fig. 5A). Next, we examined the relative preference of GSK3�
for Axin1 versus PDZ-RGS3. Increased Axin1 expression
reduced the GSK3�-PDZ-RGS3 interaction whereas increased
PDZ-RGS3 expression did not impact the Axin1-GSK3�
interaction (Fig. 5, B andC). To test whether increased Axin1
expression affected the PDZ-RGS3-induced cytosolic �-
catenin accumulation, we co-expressed both proteins and
examined cytosolic �-catenin levels. Axin1 overexpression
completely reversed the increase in cytosolic �-catenin we had
observed following the overexpression of PDZ-RGS3 (Fig. 5D).

FIGURE 2. PDZ-RGS3, but not RGS3, enhanced canonical Wnt signaling.
A, PDZ and RGS domains of PDZ-RGS3 were needed to increase cytosolic
�-catenin levels and facilitate expression of c-Myc. HEK 293 cells were trans-
fected with full-length PDZ-RGS3, RGS-deleted (1–777) or PDZ-deleted (95–
917) domain truncated constructs for 24 h. The cells were separated, one half
for the cytosolic fraction and the other half for total cell lysates. The levels of
cytosolic �-catenin, c-Myc, PDZ-RGS3, and actin were immunoblotted.
B, PDZ-RGS3, but not RGS3, induced expressions of c-Myc and cyclin D1. PDZ-
RGS3 or RGS3 was transfected into HEK 293 cells. The indicated proteins from
the total cell lysates were detected by immunoblotting. Similar results were
obtained in three independent experiments. C, Wnt3a stimulation increased
PDZ-RGS3 expression, and PDZ-RGS3 increased c-Myc. RNA extracted from
either Wnt3a- or PDZ-RGS3-transfected HEK 293 cells was analyzed by quan-
titative PCR for PDZ-RGS3 (gray) or c-Myc (black). Results are -fold increase
compared with nonstimulated controls following normalization to GAPDH
expression and from three separate experiments. D, Wnt3a-stimulated
increase in c-Myc expression was inhibited by a PDZ-RGS3 shRNA. RNA
extracted from Wnt3a and either control or PDZ-RGS3 shRNA-transfected
HEK 293 cells was analyzed by quantitative PCR for c-Myc. Results are -fold
increase compared with nonstimulated controls following normalization to
GAPDH expression and from three separate experiments.
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These results suggest that PDZ-RGS3 targets a pool of GSK3�
not associated with destruction complex.
PDZ-RGS3 Expression Triggers EMT—Snail1 is a transcrip-

tional repressor that controls E-cadherin and regulates EMT.
Snail1 is a GSK3� target being phosphorylated on two distinct
motifs, the first one directs Snail1 ubiquitination and proteo-
lytic destruction whereas the second site regulates nuclear
export and repressor function (6, 7). To determine whether
PDZ-RGS3 could impact Snail1 stability, we first examined
whether depleting PDZ-RGS3 Wnt3a induced an increase in
Snail1 expression and a decrease in E-cadherin. When we low-
ered PDZ-RGS3 expression using shRNAs, the Wnt3A-medi-
ated changes in Snail1 and E-cadherin protein levels were
reduced as compared with Wnt3a-treated cells expressing a
control shRNA (Fig. 6A). Conversely, overexpressing of PDZ-
RGS3 enhanced Snail1 and reduced E-cadherin expression
whereas RGS3 hadmuch less effect (Fig. 6B). These results sug-
gested that PDZ-RGS3 might affect Wnt signaling-induced
EMT. To test that possibility, we generated MDCK cell lines
stably transfected with PDZ-RGS3-GFP, RGS3-GFP, or GFP

vector. MDCK cells are known to undergo EMT following
exposure to Wnt3a. Live cell imaging revealed that the cells,
which expressed PDZ-RGS3-GFP, lost their typical epithelial
cell characteristics and acquired a spindle appearance; whereas,
the morphology of the RGS3-GFP-expressing cell line resem-

FIGURE 3. PDZ-RGS3 impaired �-catenin phosphorylation by GSK3� and served as GSK3� substrate. A, in vitro kinase assay was used to examine GSK3�
kinase activity. PDZ-RGS3, RGS3, or Wnt3a was expressed in HEK 293 cells. Endogenous GSK3� was immunoprecipitated, and recombinant �-catenin was used
as the substrate. The phosphorylated �-catenin (first panel) and immunoprecipitated GSK3� (second panel) are shown. The bottom panel shows the levels of
PDZ-RGS3 and RGS3 in the cell lysate. B, immunoblot of lysates prepared from HEK293 cells was transfected with the indicated plasmids and treated with
MG132 (10 �M) for the last 4 h to examine the level of phosphorylated �-catenin. Actin was used as a loading control. C, PDZ-RGS3 was phosphorylated by
GSK3�. Immunoprecipitated Au1-tagged PDZ-RGS3 was incubated with a recombinant GSK3�. Phosphorylated PDZ-RGS3, immunoprecipitated PDZ-RGS3,
phosphorylated GSK3�, and GSK3� levels are shown. Similar results were obtained in two independent experiments.

FIGURE 4. PDZ-RGS3 interacted with GSK3� but not Dvl. A, PDZ-RGS3 was
co-immunoprecipitated with GSK3�. HEK 293 cells transiently transfected
with Au1-tagged PDZ-RGS3 were treated with Wnt3a (20 ng/ml) or not for 15
min. The lysates were used for immunoprecipitation and immunoblots with
the indicated antibodies. B, Wnt3a increased the endogenous GSK3� and
PDZ-RGS3 interaction, but reduced the GSK3� and Dvl1 interaction. HEK 293
cells were treated with Wnt3a ligand (20 ng/ml) for 15 min. The cells were
lysed and GSK3� immunoprecipitated. The indicated proteins were detected
by immunoblotting.

FIGURE 5. Axin1 preferentially interacted with GSK3� as compared with
PDZ-RGS3. A, interaction of PDZ-RGS3 or Axin1 with endogenous GSK3�.
Au1-PDZ-RGS3 or Myc-Axin1 was transfected into HEK 293 cells along with
Wnt3a cDNA or not. Endogenous GSK3� was immunoprecipitated, and the
amount of co-immunoprecipitating PDZ-RGS3 or Axin1 is shown. The last
column shows the indicated proteins in the cell lysates. B, increased Axin1
expression impaired the PDZ-RGS3 and GSK3� interaction. HEK 293 cells were
transfected with Au1-PDZ-RGS3 and increasing amounts of Myc-Axin1. The
cellular lysates were immunoprecipitated with nonspecific antibodies (lane 1)
or Au1 antibodies (lanes 2– 4). Immunoblotting was used to detect the indi-
cated proteins. C, increased PDZ-RGS3 expression did not affect the Axin1
and endogenous GSK3� interaction. HEK 293 cells were transfected with
Myc-Axin1 and increasing amounts of Au1-PDZ-RGS3. The cellular lysates
were immunoprecipitated with nonspecific antibodies (lane 1) or anti-Myc.
The indicated proteins were determined by immunoblotting. D, Axin1
impaired the effect of PDZ-RGS3 on cytosolic �-catenin. HEK 293 cells
expressing PDZ-RGS3 in the presence or absence of Axin1 were immuno-
blotted for cytosolic �-catenin and cytosolic actin. The right panels show PDZ-
RGS3 and Axin1 expression in the cell lysates. Similar results were obtained in
three independent experiments.
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bled the GFP-expressing MDCK cells. Stimulation of GFP vec-
tor-expressing cells with recombinantWnt3a led to amorphol-
ogy similar to that observed with the PDZ-RGS3-expressing
cells in the absence of Wnt3a (Fig. 7A). To confirm that the
morphology changes were because of EMT,we immunostained
the different cell lines for the expression of E-cadherin and
fibronectin. As a consequence of EMT, E-cadherin levels
decline whereas fibronectin increase. Stimulation of the GFP
vector cells with Wnt3a as expected decreased E-cadherin and
increased fibronectin. These cells resembled the PDZ-RGS3-
GFP-expressing cells whereas the RGS3-GFP-expressing cells
resembled the untreated GFP vector cells (Fig. 7, B and C).
These results show that high levels of PDZ-RGS3 can promote
EMT by affecting the �-catenin stability.

Finally, we transiently transfected constructs expressing
either PDZ-RGS3 GFP, PDZ-RGS3 shRNA GFP, or a control
shRNA GFP into HEK 293 cells and examined the resulting
morphology of the GFP-positive cells. Live cell imaging
revealed that PDZ-RGS3 induced a spindle-like cell morphol-
ogy similar to what we had observed with the MDCK cells. In
contrast, the cells expressing the PDZ-RGS3 shRNA were
rounder and smaller than the cells expressing the control
shRNA. These results indicate that PDZ-RGS3 expression lev-
els may impact the morphology of a variety of cell types (sup-
plemental Fig. S2).

DISCUSSION

In this article we demonstrated that PDZ-RGS3 affects sig-
naling through the canonicalWnt pathway.We found that low-
ering the PDZ-RGS3 levels reduced Wnt3a signaling whereas
raising PDZ-RGS3 levels mimicked activation of the canon-
ical Wnt pathway. PDZ-RGS3 co-immunoprecipitated with
GSK3�, and its expression reduced GSK3� kinase activity
toward �-catenin. The GSK3�-binding sites for Axin1 and
PDZ-RGS3may overlap as Axin1 and PDZ-RGS3 immunopre-
cipitates did not contain the reciprocal protein although both
containedGSK3�. The introduction of PDZ-RGS3 intoMDCK
cells resulted in a phenotype consistent with cells that have
undergone an epithelial to mesenchymal transition.

UponWnt binding, Frizzled receptors activate the heterotri-
meric G-protein G�o, which helps to recruit the destruction
complex to the plasmamembrane (26). G�o-released G�� sub-
units bind and assist the relocalization of Dvl to the plasma
membrane, where Dvl binds the receptor via its PDZ domain
and oligomerizes along with LRP5/6. This provides a platform
for the destruction complex relocation (27). Based on this

FIGURE 6. PDZ-RGS3 expression levels modulated Wnt3a signaling.
A, reduced PDZ-RGS3 expression impaired Wnt3a-induced stabilization of
Snail1 and reduction of E-cadherin. Cell lysates from HEK 293 cells expressing
Wnt3a along with the indicated shRNAs were immunoblotted for the indi-
cated proteins. B, overexpression of PDZ-RGS3, but not RGS3, enhanced
Snail1 (Snail) and reduced E-cadherin expression. HEK 293 cells or HEK 293
cells expressing PDZ-RGS3 or RGS3 were immunoblotted with antibodies
against the indicated proteins.

FIGURE 7. PDZ-RGS3 expression mimicked Wnt3a treatment of MDCK
cells and triggers EMT. A, Wnt3a treatment or PDZ-RGS3 expression, but not
RGS3 expression, caused MDCK cells to lose their epithelial characteristics.
Stable MDCK transfectants of GFP vector, RGS3-GFP, or PDZ-RGS3-GFP were
generated. Images of live cells are shown. The indicated cells were exposed to
Wnt3a (20 ng/ml) overnight. B, Wnt3a and PDZ-RGS3 expression decreased
E-cadherin expression. The indicated cells were immunostained for E-cad-
herin (red). Phase contrast, nucleus (far red), green fluorescent, and red fluo-
rescent images were acquired. An E-cadherin (red) with GFP (green) merge is
also shown. C, Wnt3a treatment or PDZ-RGS3 expression increased fibronec-
tin (FN) expression. The cells stably transfected with indicated constructs
were fixed and immunostained for fibronectin. Phase contrast, nucleus (far
red), GFP (green), and fibronectin (red) images were acquired. A merged
image between GFP and fibronectin is shown in the bottom panels. Scale bar,
20 �m.
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model, the reduction of PDZ-RGS3 should have enhancedWnt
signaling by reducing the duration that Go remains GTP bound
and G�� available to recruit Dvl to membrane. However,
revealing a different functional role, lowering PDZ-RGS3 levels
inhibited Wnt-induced activation of the canonical pathway.
According to a recent report, Wnt signaling inhibits

�-catenin degradation by suppressing�-catenin ubiquitination
(4). This occurs without obvious destruction complex disas-
sembly or reduced Axin1-bound �-catenin phosphorylation.
Rather Wnt signaling causes the dissociation of the ubiquitin
ligase �TrCP from the destruction complex. This blocks pro-
teasomal removal of �-catenin jamming the destruction com-
plex (4). How PDZ-RGS3 fits into this scenario is not clear. We
have no evidence that PDZ-RGS3 is present in the destruction
complex as it did not immunoprecipitate with Axin1, the cen-
tral scaffolding protein and rate-limiting factor in complex for-
mation. It also did not co-immunoprecipitate with Dvl. With-
out a direct link to the destruction complex, it is difficult to
invoke a role for PDZ-RGS3 in complex recruitment or �TrCP
release. Perhaps PDZ-RGS3 negatively regulates a second
GSK3�-containing complex that also governs �-catenin stabil-
ity. Wnt signaling raised PDZ-RGS3 expression. Interfering
with this induction would impair the negative feedback and
reduce Wnt-triggered increases in cytosolic �-catenin as we
observed. To account for the PDZ-RGS3 overexpression phe-
notype, inhibition of the same complex would increase
�-catenin stability. This might occur despite the continued
activity of the Axin1 destruction complex because of the rela-
tive scarcity of Axin1 versus PDZ-RGS3 and GSK3�.
PDZ-RGS3 shares some feature with frequently rearranged

in advanced T cell (FRAT), another GSK3�-binding protein
(29, 30). FRAT proteins reduce GSK3� kinase activity, and like
PDZ-RGS3, FRAT protein expression leads to a potent activa-
tion of canonical Wnt signal transduction However, FRAT
interacts withAxin1 andwith several other proteins involved in
regulating Wnt signaling whereas PDZ-RGS3 did not. Surpris-
ingly FRAT1/FRAT2/FRAT3 triple knock-out mice proved via-
ble without an overt phenotype, raising a question about the
role of FRAT proteins in Wnt signaling (31). Nevertheless,
assessing whether FRAT proteins and PDZ-RGS3 collaborate
to regulate GSK3� seems warranted.

Both the PDZ and RGS domains in PDZ-RGS3 were needed
for the stabilization of �-catenin. In addition, RGS3, which has
the same RGS domain as PDZ-RGS3, had much less effect on
�-catenin stability, and it did not stimulate EMT in MDCK
cells. Whether the GAP activity of PDZ-RGS3 is needed for
�-catenin stabilization is unresolved, although it seems
unlikely. Further experiments with pointmutants and chimeric
constructs will help resolve the importance of the different
domains in PDZ-RGS3 for �-catenin stabilization.
Whereas our focus has been the role of PDZ-RGS3 in the

regulation of canonical Wnt signaling, two reports using
zebrafish as a model organism have implicated RGS proteins in
the regulation of noncanonical Wnt signaling (32, 33). RGS3
function was shown to be necessary for the appropriate fre-
quency and amplitude of calcium release during somitogenesis
and RGS18 for the development of cilia in hair cells of the inner
ear and neuromast cells and for normal platelet numbers.

Remarkably, depletion of Wnt5b led to the same spectrum of
phenotypes as were observed following interference with
RGS18 or RGS3 (32, 33). In the RGS3 interference study, the
phenotype could be rescued by a short RGS3 isoform (165
amino acids), but not by a RGS3 protein rgs3N109A, which lacks
GAP activity (33). The zebrafish RGS3 protein is highly homol-
ogous to the C-terminal portions of human RGS3L and PDZ-
RGS3 used in this study. Thus, RGS3 and its various isoforms
may serve several roles in Wnt signaling impacting both the
canonical and noncanonical pathways.
PDZ-RGS3 via its PDZ domain can interact with the three

known Ephrin-B types to link Ephrin-B signaling to the regula-
tion of G� proteins (17). Specifically targeting the expression of
PDZ-RGS3 in mice by introducing LoxP sites flanking exons
2–5 allowed deletion of the PDZ domain without affecting the
expression of RGS3 isoforms generated from downstream
exons. The disruption of the coding region for the PDZ domain
of RGS3 in mice resulted in smaller mice and caused an early
cell cycle exit and precocious differentiation of neural progen-
itors in the cerebral cortex (18). The mutation also decreased
early mouse viability. At 3 weeks of age, fewer than expected
homozygousmutantmicewere recovered.Whereas the pheno-
type was explained on the basis of loss of the Ephrin-B/RGS
pathway, our study indicates that the loss of PDZ-RGS3 may
have impacted Wnt signaling as well.
Snail factors are transcriptional repressors downstream of

Wnt/�-catenin signaling, which have been linked to the forma-
tion of cancer stem cells, and their increased expression can
trigger EMT (6–8). We found that the knockdown of PDZ-
RGS3 impaired Wnt3a-induced Snail1 expression and that
PDZ-RGS3 expression in HEK 293 cells increased Snail1
expression. Consistentwith that observation, overexpression of
PDZ-RGS3 in MDCK cells led to morphological changes con-
sistent with EMT. In contrast, RGS3 overexpression did not
cause such changes. These data support a further examination
of PDZ-RGS3 in cancer stemcell biology. RGS3has been shown
to be up-regulated in p53-mutated breast cancer samples and
associated with a resistance to the chemotherapeutic agent
docetaxel (34). In that study, the reagents employed would not
have distinguished among the various RGS isoforms so their
relative importance is unknown. In conclusion, our data and
others have implicated RGS3 isoforms in the regulation ofWnt
signaling and EMT and provide a basis of further study of RGS3
and its various isoforms.
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