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ARTICLE INFO ABSTRACT

Keywords: In the Wnt canonical pathway, Wnt3A has been known to stabilize p-catenin. In the non-canonical Wnt signaling
p-Tyr42 RhoA pathway, Wnt is known to activate Rho GTPases. The correlation between canonical and non-canonical pathways
p-Catenin

by Wnt signaling, however, has not been well elucidated. Here, we identified that Wnt3A promoted superoxide

:Yxnﬁ'gxi de generation, leading to Tyr42 phosphorylation of RhoA through activations of c-Src and Rho-dependent coiled coil
GSII)<-3[5 kinase 2 (ROCK2) and phosphorylation of p47phox, a component of NADPH oxidase. Wnt3A also induced
Sre accumulation of p-catenin along with activations of RhoA and ROCK1. Concurrently, ROCK1 was able to

Cancer phosphorylate GSK-3p at Ser9, which phosphorylated Src at Ser51 and Ser492 residues, leading to Src inacti-
vation through dephosphorylation of Tyr416 during the late period of Wnt3A treatment. Meanwhile, p-Tyr42
RhoA bound to p-catenin via the N-terminal domain of p-catenin, thereby leading to the nuclear translocation of
p-Tyr42 RhoA/p-catenin complex. Notably, p-Tyr42 RhoA as well as f-catenin was associated with the promoter
of Vim, leading to increased expression of vimentin. In addition, stomach cancer patients harboring higher
expressed p-Tyr42 Rho levels revealed the much poorer survival probability. Therefore, we propose that p-Tyr42
RhoA is crucial for transcriptional regulation of specific target genes in the nucleus by binding to their promoters
and involved in tumorigenesis.

polyposis coli (APC), Axin, p-catenin and casein kinase I (CKI), where
CKI primes the phosphorylation of f-catenin’s Thr45 residue and GSK-3§
then subsequently phosphorylates Ser41, Ser37, and Ser33 of $-catenin,
leading to p-catenin degradation by 26 S proteasome [1].

In presence of Wnt, there is the stimulation of cells in the canonical
pathway as GSK-3p phosphorylates lipoprotein receptor-related protein
6 (LRP6) rather than p-catenin, which is necessary for Axin to bind to
LRP6 together with GSK-3p and APC [2]. With Wnt stimulation, phos-
phorylated N-terminus of LRP6 binds to GSK-3, resulting in inhibition
of GSK-3p's ability to phosphorylate p-catenin [3]. Thus, p-catenin is
then released from GSK-3p, leading to increased f-catenin stability and

1. Introduction

Wnt signaling regulates a wide variety of biological processes
including cell proliferation, differentiation, polarity, survival, and
migration for developmental and tumorigenic events. Wnt signaling
could be classified into two pathways, namely the canonical trans-
forming pB-catenin-dependent and the non-canonical non-transforming
B-catenin-independent pathways [1]. In absence of Wnt signaling,
glycogen synthase kinase-3  (GSK-3p) phosphorylates p-catenin in a
‘destruction complex’. This complex is made up of GSK-3p, adenomatous
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Abbreviations

Apo Apocynin

CK1 casein kinase 1

Daam Dvl associated activator of morphogenesis
Dvl disheveled

EMT epithelial mesenchymal transition
GEF guanine nucleotide exchange factor
GSK-3p glycogen synthase kinase-3f

LPA lysophophatidic acid

LRP lipoprotein receptor-related protein
Luc luciferase

NAC N-acetyl cysteine

NRX nucleoredoxin

NTD N-terminal domain

ROCK  Rho-dependent coiled coil kinase
PKB protein kinase B

TCF T-Cell-Specific Transcription Factor
WGEF  weak-similarity GEF

accumulation in the cytosol and nucleus [4].

Several other stimuli have also been documented to inactivate GSK-3
and in the insulin signaling pathway, inhibition of GSK-3 activity has
been well documented [5,6]. With insulin stimulating
phosphatidylinositol-3-kinase (PI3K), protein kinase B (PKB)/Akt is in
turn activated, which then phosphorylates the GSK isoforms (Ser9 of
GSK-3p and Ser21 of GSK-3a), leading to inactivation of GSK-3p [5,6]. In
certain cancer cells, AKT/PKB/GSK-3p phosphorylation regulates
pB-catenin levels by either insulin or Wntl [7,8]. However, the accu-
mulation of f-catenin by Wntl is not via phosphorylation of GSK-3f's
Ser9 [9]. In addition, Wnt3A stabilizes p-catenin along with phosphor-
ylation of GSK-3p at Ser9; however, this GSK-3o/f phosphorylation is
not essential for p-catenin stabilization [10]. These reports reveal evi-
dence that p-catenin stabilization can occur dependently or indepen-
dently of GSK-3p Ser9 phosphorylation, depending on the stimulus and
cell type. Overall, the functional regulatory mechanism of p-Ser9 GSK-3§
has not been well understood in Wnt signaling pathway.

Wnt5A is a ligand for non-canonical Wnt signaling and it regulates
cytoskeleton and cellular polarity during development and also tissue
homeostasis as part of the Wnt/planar cell polarity (PCP) pathway [11,
12]. Upon Wnt ligand binding, the Wnt receptor Frizzled binds to
Disheveled (Dvl) protein, which then associates with Rho-GTPases [13,
14] via the formin homology adaptor protein, Daaml (Dvl associated
activator of morphogenesis 1) [12,15].

As a small GTPase, RhoA can be activated by several guanine
nucleotide exchange factors (GEFs) resulting in GTP binding to RhoA,
representing an activated RhoA. Conversely, RhoA can be inactivated by
GTPase activating proteins (GAPs) which catalyze GTP hydrolysis,
leading to a GDP-bound RhoA, which is inactive. The inactive RhoA-
GDP is localized in the cytosol in a complex with Rho guanine nucleo-
tide dissociation inhibitor (RhoGDI) and active RhoA-GTP is localized in
the membrane via linkage through geranylgeranyl group covalently
bound to the Cys residue in the C-terminus of RhoA. It is notable that
IKKy (also known as NEMO) facilitates RhoA activation via IKKy
(NEMO) causing the dissociation of the RhoA-RhoGDI complex [16].
Active RhoA-GTP binds to its effector proteins including Rho-associated
coiled coil kinase (ROCK), thereby transmitting its signals to down-
stream signaling pathways [17]. In particular, Tyr42 of RhoA phos-
phorylated by c-Src binds to IKKy, leading to IKKp activation, IkB
phosphorylation and its degradation, resulting in NF-xB activation and
tumorigenesis [18]. Recently, Tyr42 of RhoA was reported to be also
phosphorylated by c-Met tyrosine kinase in gastric cancer cells [19]. In
non-canonical Wnt signaling, the RhoA pathway comes into play as Dvl
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protein and the activated Daam1 bind to WGEF (weak-similarity GEF), a
Rho GEF, thus promoting formation of RhoA-GTP, which then induces
activation of ROCK and the resultant dynamic cytoskeletal rearrange-
ments [20].

Interestingly, Wnt3A induces both the canonical B-catenin-depen-
dent signaling and the non-canonical Rho-GTPase-mediated signaling
[21-24]. Furthermore, p-catenin and Rho can cooperate to regulate the
transcriptional induction of Wnt3A target CTGF, although neither
p-catenin stabilization nor the nuclear translocation of f-catenin by
Wnt3A was affected by RhoA [25]. In addition, p-catenin accumulation
is governed by RhoA activity in response to Wnt3A. Notably, ROCK1
phosphorylates Ser9 of GSK-3f [26]. Nonetheless, the molecular
mechanism between p-catenin accumulation and RhoA activity by
Wnt3A has not been clarified.

In this study, we found that Wnt3A induces interaction of p-Tyr42
RhoA and p-catenin and p-Tyr42 RhoA delivers p-catenin to the nucleus,
where p-Tyr42 RhoA as well as f-catenin regulates expression of specific
genes such as Vim by binding to Vim promoter. Notably, ROCK1-
mediated p-Ser 9 GSK-3p, which has been known to be inactive form,
was able to phosphorylate Ser51/493 of Src, resulting in Src inactivation
for desensitization of Wnt3A stimulation.

2. Materials and methods
2.1. Cell culture

Human kidney embryonic cell line (HEK293T) were cultured in
Dulbecco’s modified eagle medium-F12 (DMEM-F12; Lonza, Basel,
Switzerland) containing 5% fetal bovine serum (FBS; GIBCO, Carlsbad,
USA) and 1% penicillin-streptomycin (complete media) at 37 °C and 5%
COy. Cell proliferation was measured using MTT assay (Biomax
QM1000, Biomax Research Institute Co. Seoul, Korea).

2.2. Western blotting

HEK293T cells were collected and washed with ice-cold PBS, and
lysed with RIPA buffer (50 mM Tris-HCl (pH7.4), 150 mM NaCl, 1%
Nonidet P-40, 0.25% NaNg, 1 mM EDTA, 1 mM PMSF, 1 pg/ml aproti-
nin, 1 ug/ml leupeptin, 1 pg/ml pepstatin, 1 mM sodium orthovanadate,
and 1 mM NaF). The cell lysates were centrifuged for 20 min at
13,475xg and the supernatants were analyzed for protein concentration
using BCA Protein Assay kit (Pierce; Rockford, USA). The proteins of cell
lysates were run on SDS-PAGE, and transferred to PVDF membrane
(Millipore; Billerica, USA). Anti-RhoA (1/500), anti-actin (Santa Cruz;
Dallas, CA), anti-GSK-3p (1/500), anti-phospho (Ser9)-GSK-3p (1/500)
(both from Cell Signaling, Beverly, USA), anti-p-catenin (1/1000)
(Invitrogen; Carlsbad, USA), anti-active p-catenin (1/500) (Millipore;
Billerica, USA), and anti-Tau (1/500) (Biosource; Camarillo, CA) anti-
bodies were incubated with a PVDF membrane for 2 h at room tem-
perature, and then washed three times for 5 min each. The membrane
was then incubated was incubated for 1 h with anti-rat IgG or anti-
mouse IgG antibody conjugated with horse radish peroxidase (HRP)
(both from ENZO Life Science; Farmingdale, USA) (1/1000 diluted) and
later washed three times for 10 min each. The membrane was incubated
with enhanced chemiluminescence (ECL) reagents (Amersham; Uppsala,
Sweden), and then identified by Gel documentation system. The in-
tensity of the bands was quantified by ImageJ program from the U.S.
National Institutes of Health (Bethesda, USA) [27].

2.3. Immunoprecipitation (IP)

Cells at 1 x 107 were washed with 1 x PBS and the cell lysates were
prepared using a cell lysis buffer (20 mM Tris pH 7.4, 120 mM NacCl, 1%
Nonidet P-40) containing 10 pg/ml each of leupeptin, aprotinin and 1
mM each of NaF, NagVO,4 PMSF plus 5 mM MgCl,. The lysates were then
used for immunoprecipitation by specific antibodies [28].
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2.4. Purification of recombinant GST-f-catenin fusion protein and Tat-C3
toxin

Recombinant GST--catenin was expressed in E. coli using pGEX-4T1
host vector. The protein expression was induced by adding 0.5 mM
isopropylthio-galactosidase (IPTG) to the transformed culture of E. coli
BL21. The GST-p-catenin fusion protein was purified using glutathione
(GSH)-Sepharose 4B beads. Recombinant His-tagTat-C3 exoenzyme was
purified from E. coli by using Ni*-beads [28].

2.5. Invitro kinase assay of ROCK2

To determine the phosphorylation of GSK-p47phox by ROCK2, 100
ng of active ROCK2 (amino acids, aa 17-535) and 100 ng of recombinant
GST-p47phox were mixed and incubated for 30 min at 30 °C in 40 pl of
the kinase assay buffer (10 mM HEPES (pH 7.5), 50 mM glycer-
olphosphate, 50 mM NaCl, 10 mM MgCl,, 10 mM MnCly, 1 mM DTT, 30
pM ATP), and the samples were incubated for 30 min at 30 °C. The
samples were analyzed by Western blot using anti-p-Ser345 p47phox
antibody [16].

2.6. Si-RNA and sh-RhoA plasmid transfection

The short-hairpin (sh)-RNA expression sequence for targeting RhoA
mRNA was cloned into the pSUPER RNAIi vector (Oligoengine; Seattle,
USA) (Moon et al., 2013; Shimizu et al., 2007). Transfection of RAW
264.7 cells with small interference (si)-RNA or sh-RhoA plasmid was
performed using HiPerFect(QIAGEN) transfection reagent. Si-RNA (100
ng/ml) or sh-RhoA plasmid (2 pg/ml) in 100 pl culture medium without
serum was mixed with 3 pl of HiPerFect transfection reagent for 10 s
with vortexing, and incubated for 5-10 min at room temperature. The
mixture was then added drop-wise onto the cells in 5 ml serum-free
media. After 4-5 h, 8 x 10° cells were cultured in 60 mm dish of 5 ml
appropriate culture medium containing serum and antibiotics at 37 °C
and 5% CO; [29].

2.7. Pull-down assay

RhoA activity was detected using the EZ-Detect™ Rho activation kit
(Pierce; Rockford, USA) according to the manufacturer’s instruction.
The cells were stimulated with Wnt3A (30 ng/ml); they were then
collected, washed once with cold PBS, and then lysed in a buffer of 25
mM Tris-HCl (pH7.4), 150 mM NacCl, 5 mM MgCl,, 1% NP-40, 1 mM
DTT, 5% glycerol, 1 pg/ml aprotinin, 1 pg/ml leupeptin and 1 mM
PMSF. The samples were incubated on ice for 5 min, followed by
centrifugation (16,000xg, 15 min, 4 °C). Equivalent amounts of protein
from the supernatants were then incubated with GST-Rhotekin-RBD for
GTP-RhoA (Pierce). The beads were washed 5 times with the lysis buffer
and bound proteins were eluted with 2 x Laemmli sample buffer by
boiling. The samples were electrophoresed and analyzed by Western
blotting with anti-RhoA antibody. As a control experiment, GDP (1 mM)
or GTPyS (0.1 mM) was incubated with the cell lysates (1 mg/ml, 500 pl)
in presence of 10 mM EDTA for 30 min at 30 °C; then, 60 mM MgCl, was
added to maintain GDP/GTPyS-binding to GTPases. RhoA-GTP levels in
the samples were then determined [16].

2.8. Top-flash luciferase reporter gene assay

Cells growing to 80% confluence in a 35 mm culture dish were
transfected with p-catenin/T-cell factor (TCF)/lymphoid enhancer fac-
tor (LEF) reporter plasmid (Top-flash luciferase reporter plasmid, M50
Super8X Top-flash; Clontech, 2 pg) and pCMV-B-GAL (2 pg), an
expression plasmid for E. coli p-galactosidase (for transfection level
calibration). Twenty-four hours after the transfection, the cells were
treated with 30 ng/ml Wnt3A. The cells were lysed in the lysis buffer
(Reporter Lysis buffer) (Promega; Madison, USA) and cell debris was
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removed by centrifugation. The supernatant was used for measuring the
relative luciferase activity according to the manufacturer’s instruction
(Promega Dual-Luciferase Reporter Assay system E1910) in a lumin-
ometer (Lumat LB 9057, EG and G Berthold; Wildbad, Germany).

2.9. Confocal microscopy

Cells were cultured and treated with Wnt3A (20 ng/ml). The cells
were then fixed with 4% paraformaldehyde for 10 min, neutralized with
20 mM glycine for 10 min, and then washed three times with PBS
containing 0.1% Triton X-100 (T-PBS). The samples were incubated with
the specified primary antibody (1:100) overnight at 4 °C, washed, and
then incubated with the anti-B-catenin antibody which was then recog-
nized by an Alexa Fluor 488-conjugated secondary antibody (green-
color emission) for 2 h at 24 °C. DAPI (1 pg/ml) was also added 10 min
before washing to label the nuclei. Fluorescence signals were observed
and recorded by a fluorescence microscope (Axiovert 200; Carl Zeiss;
Gottingen, Germany) and a confocal microscope (LSM 780NLO; also
from Carl Zeiss) [16].

2.10. FRET-based src biosensors

Cytosolic Src biosensor and the membrane-targeted Src biosensor,
Lyn-Src biosensor, were previously described [30,31]. In brief, cytosolic
Src biosensor is composed of a specific substrate for Src, a flexible linker,
a SH2 domain between ECFP and YPet. Lyn-Src biosensor additionally
contains membrane targeting signal derived from Lyn kinase in its
N-terminal. In the default state of the biosensor, strong FRET is observed
between ECFP and YPet. When activated Src phosphorylates the sub-
strate in the biosensor, the phosphorylated substrate binds to the SH2
domain of the Src biosensor. This interaction induces the conformational
changes of the biosensor, resulting in the decrease of FRET. Thus, by
measuring the ECFP/FRET, we can visualize the activity of Src in live
cells. In particular, membrane-targeted Src biosensor reports the local
Src activity at plasma membrane, while cytosolic Src biosensor shows
the overall Src activity throughout whole cell area.

2.11. Image acquisition of FRET

For the FRET imaging, cells were prepared on cover-glass-bottom
dishes (SPL Life Sciences) coated with 10 pg/ml of fibronectin (Invi-
trogen). Images were collected by a Nikon Ti-E inverted microscope and
a cooled charge-coupled device camera using NIS software with a
438DF24 excitation filter, a 458DRLP dichroic mirror, and two emission
filters controlled by a filter changer (483DF32 for SECFP and 542DF27
for Venus). A neutral-density filter was used to control the intensity of
the excitation light. The fluorescence intensity of non-transfected cells
was quantified as the background signals and subtracted from the SECFP
and Venus signals on transfected cells. The pixel-by-pixel ratio images of
FRET/ECFP were calculated based on the background-subtracted fluo-
rescence intensity images of ECFP and Venus by the NIS-Elements pro-
gram (Nikon) to allow the quantification and statistical analysis of FRET
responses. Red fluorescent images were collected using a 562DF40
excitation filter, a 593DRLP dichroic mirror, and a 641DF75 emission
filter. Blue fluorescent images were acquired using a 377DF50 excitation
filter, a 409 dichroic mirror, and a 447DF60 emission filter. Green
fluorescent images and Venus images were collected using a 482DF35
excitation filter, a 506DRLP dichroic mirror, and a 536DF40 emission
filter.

2.12. Chromatin immunoprecipitation (ChIP) and sequencing and PCR

We performed the ChIP using Abcam protocol (Abcam; Cambridge,
UK). Briefly, the cells were stimulated with Wnt3A, then treated with
formaldehyde (final concentration, 0.75%) for 15 min, and were sub-
sequently disrupted with sonication in the ChIP lysis buffer (RIPA
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buffer). The nuclei were harvested and then disrupted by sonication.
Anti-p-Tyr42 Rho antibody was incubated with the DNA fragment-
protein complex and precipitated by protein A-beads. The beads were
then washed and the bound DNAs were eluted by the elution buffer (1%
SDS and 100 mM NaHCOg3). RNA and proteins were removed by the
incubation with RNAse and proteinase K. Finally, DNA was purified by
phenol:chloroform extraction. The DNA fragments were used for
sequencing and PCR with primers. DNA sequencing was performed in
Ebiogen (Seoul, Korea) and PCR primers for Vim (mouse chromosome 2,
13574119-13574262: forward, 5'-ATTAGTAACAGGACTGTGCTTGTA-
3’; reverse, 5'-AGGGTCCCCTCCCACT GCCATCTA-3') were synthesized
by Bioneer (Daejeon, Korea).

2.13. Analysis of survival probability of gastric cancer patients

We determined relative p-Tyr42 Rho levels in gastric cancer patient
tissues and categorized them into two groups of low and high p-Tyr42
Rho expressers. The samples were obtained from the Cancer Centre of
Busan National University Hospital (Busan, Korea), which is supported
by the National Cancer Center of Korea. Information on death and sur-
vival of the patients were obtained from the Korean Statistical Infor-
mation Service (KOSIS) of the Korean government and approved by the
institutional review board (IRB) of Hallym University (Chuncheon,
Korea).

2.14. Statistical analysis

All experiments were performed at least in triplicate, and intra-assay
samples was analyzed in duplicate or triplicate. The data are presented
as mean + SE. Statistical comparison was made with Student’s t-test
using GraphPad Prism program (GraphPad Software, San Diego, USA)
and differences between two groups were considered to be statistically
significant if P values were less than the specified limit (*P < 0.05, **P
< 0.01, ***P < 0.001).

3. Results

3.1. Wnt3A induces superoxide production through ROCK2 and p-
p47phox

In this study, we found that Wnt3A induces superoxide production in
a time-dependent manner (Fig. 1A). However, Tat-C3 Rho inhibitor and
Y27632 ROCK inhibitor abolished the Wnt3A-mediated superoxide
production, suggesting that Rho and ROCK regulate superoxide gener-
ation from Wnt3A (Fig. 1B). Contrary to the high levels of superoxide
produced in HEK293T cells, Wnt3A barely produced superoxide in
human dermal fibroblast (HDF), a model of an untransformed cell
(Fig. 1C). Notably, LiCl prevented superoxide generation, suggesting
that GSK-3p activated by Wnt3A is required for superoxide production,
although p-Ser9 GSK-3p induced by Wnt3A has been well known to be an
inactive form (Fig. 1D). Phosphorylation at Ser345 of p47phox, a
component of NADPH oxidase was induced by Wnt3A, but Tat-C3 and
Y27632 abolished this phosphorylation, suggesting that p47phox
phosphorylation through RhoA and ROCK activation is critical for su-
peroxide formation (Fig. 1E). To examine whether ROCK is able to
directly phosphorylate p47phox, first we compared amino acid se-
quences of p47phox with other substrate proteins of ROCK including
GSK-3p, myosin phosphatase subunit 1 (MYPT1). Interestingly, p47phox
had amino acid similarity including Ser345 with GSK-3p and MYPT1
(Fig. 1F). In agreement with this observation, an active fragment of
purified ROCK2 could phosphorylate p47phox in vitro (Fig. 1G). Of note,
ROCK2 was immunoprecipitated favorably with p47phox, while ROCK1
was readily immunoprecipitated with GSK-3p, suggesting that ROCK1
preferentially binds to GSK-3p while ROCK2 preferentially binds to
p47phox (Fig. 1H). In addition, DPI and apocynin, inhibitors of NADPH
oxidase markedly prevented superoxide production by Wnt3A,
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suggesting that NADPH oxidase is engaged in regulation of Wnt3A-
mediated superoxide production (Fig. 1I). Moreover, NAC, DPI and
apocynin suppressed cell proliferation upon Wnt3A addition, suggesting
that Wnt3A stimulates cell proliferation through at least in part ROS
(Fig. 1J). Meanwhile, si-nucleoredoxin (si-NRX) significantly enhanced
superoxide production in response to Wnt3A compared to control si-
RNA, suggesting that NRX suppresses Wnt3A-mediated superoxide
production (Fig. 1K).

3.2. Wnt3A increases p-Tyr42 RhoA and both p-Ser9 and p-Tyr216 GSK-
3p levels

In a previous report, we found that Tyr42 phosphorylation of RhoA
(p-Tyr42 RhoA) is induced by hydrogen peroxide (H202) in RAW264.7
cells, a macrophage cell line [18]. Here, hydrogen peroxide also induced
Tyr42 phosphorylation of Rho GTPase in HEK293T cells (Fig. 2A).
Consistent to the result of Fig. 1B, si-RhoA abolished superoxide pro-
duction, and reconstituted RhoA WT and phospho-mimetic RhoA Y42E
restored superoxide production. However, reconstituted
dephospho-mimetic RhoA Y42F could not recover superoxide produc-
tion in response to Wnt3A, suggesting that p-Tyr42 RhoA, in turn, reg-
ulates superoxide production (Fig. 2B). Wnt3A also elevated levels of
p-catenin, p-Tyr416 Src (mouse; human in p-Tyr419), p-Ser9 GSK-3p and
p-Tyr216 GSK-3p as well as p-Tyr42 Rho (Fig. 2C). ROS scavenger, NAC
and NADPH oxidase inhibitors, DPI and apocynin abolished upregula-
tion of p-Tyr42 Rho, p-catenin, p-Tyr41l6 Src, p-Ser9 GSK-3p and
p-Tyr216 GSK-3p upon Wnt3A in HEK293T cells, suggesting that su-
peroxide is closely involved in the increases of the above molecules via
Wnt3A (Fig. 2C). PP2 Src inhibitor suppressed not only p-Tyr416 Src but
also p-Tyr216 GSK-3p and p-Try42 Rho levels (Fig. 2D). Real time
measurement of membranous and cytosolic Src activities revealed that
membranous Src activity was reduced while cytosolic Src was activated
in response to Wnt3A in 293 A cells (Fig. 2E). Likewise, a stimulant such
as platelet-derived growth factor (PDGF) ensures Src translocation from
the plasma membrane to the cytosol along with 4-fold activation of its
kinase activity [32]. Since proline rich tyrosine kinase 2 (PYK2) activity
was reported to be reduced by C3-transferase and Y27632 [33] and
PYK2 can phosphorylate Tyr216 residue of GSK-3p [34,35], we exam-
ined PYK2 involvement in Wnt3A signaling in this study. PF431396, an
inhibitor of PYK2 which is a member of Src family prevented p-Tyr216
GSK-3f, but not p-Ser9 GSK-3f, suggesting PYK2 regulates p-Tyr216
GSK-3p upon Wnt3A (Fig. 2F). In addition, si-Src inhibited p-Tyr216
GSK-3p, suggesting that Src is also directly participated in the Tyr216
phosphotylation of GSK-3f (Fig. 2G). Meanwhile, Y27632 inhibited both
p-Tyr216 and p-Ser9 GSK-3p (Fig. 2H). As p-Ser9 and p-Tyr216 GSK-3f
were known to be inactive and active forms of GSK-3p, respectively, we
examined localization of p-Ser9 and p-Tyr216 GSK-3f in 293 A cells with
a feature of flattened large shape. There were three pools of GSK-3 such
as p-Ser9 (green color), p-Tyr216 (red color) and co-localized GSK-3f
(yellow color) in 293 A cells. However, Wnt3A enhanced the intensity of
p-Tyr216 GSK-3p, which was also enriched in peripheral region
including plasma membrane, whereas p-Ser9 GSK-3p was localized
mainly in cytosol region (Fig. 2I). ROCK1 was co-immunoprecipitated
preferentially with RhoA, but much less with p-Tyr42 RhoA. However,
ROCK2 was preferentially co-immunoprecipitated with p-Tyr42 RhoA
upon Wnt3A, although ROCK2 was co-immunoprecipitated less with
RhoA. The results suggest that ROCK2 is a preferential downstream
effector protein of p-Tyr42 RhoA while ROCK1 is activated dominantly
by RhoA (Fig. 2J). Furthermore, ROCK2 preferentially associates with
p-p47phox (Fig. 1H), suggesting that p-Tyr42 RhoA/ROCK2/p-47phox
signaling pathway may contribute superoxide production upon Wnt3A
stimulation.
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Fig. 1. Wnt3A induces superoxide production through ROCK2 and p47phox. (A) HEK293T cells (2-5x10*) were cultured in DMEM 5% FBS and 1% P/S. For Wnt3A
signaling, they were starved for 12 h without serum and treated with Wnt3A (30 ng/ml) for the indicated periods. Produced superoxide was visualized with
hydroethidine (1 pM) for 5-15 min, detected using a fluorescence microscope (Axiovert 200, Carl Zeiss). (B) Cells were pretreated with Tat-C3 (0.1 pg/ml) and
Y27632 (10 uM) for 1 h and then activated with Wnt3A (30 ng/ml) for 2 h and superoxide was detected with hydroethidine as in (A). (C) Human dermal fibroblast
(HDF) and HEK293T cells (2-5x10%) were treated with Wnt3A (30 ng/ml) for 2 h and the produced superoxide was detected as in (A). (D) Cells were pretreated with
LiCl (20 mM) or NaCl (20 mM) for 1 h and then treated with Wnt3A (30 ng/ml) for 2 h with produced superoxide detected as above. (E) Cells were pretreated with
Tat-C3 (0.1 pg/ml), Y27632 (10 puM) for 1 h and then treated with Wnt3A (30 ng/ml) for 2 h. P-Ser345 p47phox level changes were determined with western blotting.
(F) Amino acid sequences of GSK-3p, p47phox, myosin phosphatase 1 (MYPT1) were compared. (G) Recombinant purified GST-p47phox (0.2 pg) protein was
incubated with an active fragment of purified ROCK2 protein (0.1 pg), ATP (0.1 mM) and MgCl; (1 mM) for 30 min at RT. P-Ser345 p47phox was detected by western
blotting. (H) HEK293T cells were stimulated with Wnt3A and ROCK1 and ROCK2 were immunoprecipitated and co-precipitated p-47phox and GSK-3f were
determined by western blotting. (I, J) Cells were pretreated with DPI (10 pM) and apocynin (10 uM) for 1 h and then treated with Wnt3A (30 ng/ml) for 2 h and
produced superoxide was detected as above (I), and cell proliferation was determined using DAPI staining (J). (K) HEK293T cells were transfected with si-control and
si-nucleoredoxin (NRX) (10 nM) for 72 h, then treated with Wnt3A (30 ng/ml) for 2 h with the produced superoxide detected as described above.
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Fig. 2. Wnt3A increases p-Tyr42 RhoA and both p-Ser9 and p-Tyr216 GSK-3p levels. (A) HEK293T cells (2-5x10°) were treated with H,O5 (100 pM) for the indicated
periods and p-Tyr42 RhoA was detected by western blotting. (B) HEK293T cells were transfected with si-RhoA (10 nM) for 72 h and then transfected with RhoA WT,
Y42E and Y42F plasmid DNA (4 pg) for 18 h. Produced superoxide was detected with hydroethidine as above. (C) Cells were pretreated for 1 h with NAC (10 mM),
DPI (10 pM), and apocynin (10 pM) and the indicated proteins were detected by western blotting. (D) Cells were pretreated with PP2 (10 pM) for 1 h and then treated
with Wnt3A (30 ng/ml) for 2 h and subsequently, the indicated proteins were detected by western blotting. (E) Real time activation of Src in membrane and cytosol of
293 A cells was measured using FRET methods. (F) HEK293T cells were pretreated with PF431396 (10 pM), an inhibitor of PYK2, stimulated by Wnt3A and then p-
Tyr216 and p-Ser9 GSK-3p were determined. (G) Cells were transfected with si-Src and stimulated by Wnt3A. p-Tyr216 GSK-3p was determined by immunoblotting.
(H) HEK293T cells were pretreated with Y27632 (10 pM) for 1 h and then treated with Wnt3A (30 ng/ml) for 2 h; p-Tyr216 GSK-3 level changes were detected by
western blotting. (I) 293 A cells were incubated for 12 h without serum and were then treated with Wnt3A (50 ng/ml) for 30 min. Cells were then fixed using 4% PFA
and p-Ser9 GSK-3p (green: Alexa-488) and p-Tyr216 GSK-3 (red: Alexa546) levels were visualized with the respective secondary antibodies. (J) Cells were stimulated
with Wnt3A (30 ng/ml) for 2 h, RhoA and p-Tyr42 RhoA were immunoprecipitated and co-immunoprecipitated ROCK1 and ROCK2 were detected with western
blotting. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.3. p-Tyr216 and p-Ser9 GSK-3p temporally regualte f-catenin
accumulation during the Wnt3A stimulation: p-Ser9 GSK-3p
phosphorylates Ser493, Ser51 and Ser43 of src

We corroborated the observation that Wnt3A regulates levels of
B-catenin, p-Tyr416 Src, p-Tyr216 GSK-3f and p-Tyr42 RhoA in a time-
dependent manner, with a steady increase in activity up to 120 min
post treatment and then followed by a decline. However, for p-Ser9 GSK-
3B levels, they begin to increase after 120 min post treatment with
Wnt3A (Fig. 3A). In addition, RhoA-GTP maximal levels are achieved
between 60 and 120 min following treatment with Wnt3A (Fig. 3B).
Herein, we explored whether p-Ser9 or p-Tyr216 GSK-3p regulated
B-catenin accumulation in a series of experiments with various recom-
binant mutants of GSK-3p. In vitro, either the phospho-mimetic GSK-3p
Y216E or the dephospho-mimetic GSK-3p S9A elevated the levels of
B-catenin, p-Tyr416 Src and p-Tyr42 RhoA. On the other hand, neither
dephospho-mimetic GSK-3p Y216F nor phospho-mimetic GSK-3p S9D
could do the same (Fig. 3C and sFig. 1A). These results suggest that upon
Wnt3A stimulation, p-Tyr216 GSK-3p and dephospho-Ser9 GSK-3p, both
of which are known to be active forms of GSK-3p, are critical for p-cat-
enin accumulation along with Tyr416 phosphorylation of Src and Tyr42
phosphorylation of RhoA (Fig. 3C). In the same experiments, GSK-3p
Y216F abolished p-Ser1490 LRP6, suggesting that p-Tyr216 GSK-3p was
critical for Ser1490 phosphorylation of LRP6 upon Wnt3A treatment of
the cells (Fig. 3C).

To delineate how GSK-3f potentially regulates Src activity, we per-
formed a series of experiments with a number of in vitro kinase assays
using Src and mutants of GSK-3p in presence of ATP/Mg?". The inactive
mimetic forms of GSK-3p S9D or Y216F but neither the active mimetic
forms GSK-3p S9A nor Y216E markedly reduced p-Tyr416 Src levels.
Interestingly, GSK-3p S9D, known to be a phospho-mimic inactive ki-
nase form of the enzyme, apparently could also increase Ser phosphor-
ylation of Src in vitro (Fig. 3D and sFig. 1B). This suggested that S9D and
Y216F GSK-3f modulated Src activity. In Wnt3A-treated cells, Wnt3A
augmented Ser phosphorylation of Src (Fig. 3E). Src was also already
associated with GSK-3f and p-Ser9 GSK-3f before and after Wnt3A
activation of the cells as demonstrated by co-immunoprecipitation
(Fig. 3E). These findings suggested that Src was a potential substrate
of p-Ser9 GSK-3p, it being able to phosphorylate Src in vivo.

We next studied the amino acid sequence of Src in comparison to
those of p-catenin and glycogen synthase (GS) for putative Ser phos-
phorylation site(s) of Src by GSK-3f. p-Catenin and GS are both already
known to be substrates of GSK-3f. Src had a high degree of amino acid
sequence similarity with GS in various regional domains, and we hy-
pothesized that Ser493 (human; Ser490 in chicken) (sFig. 1C) residue of
SH1 domain might be a candidate for phosphorylation by p-Ser9 GSK-3f
(Fig. 3F). Ser35, Ser39, Ser43 and Ser51 of Src Unique domain were also
analogous to Ser33, Ser37, Ser41 and Ser49 of f-catenin, all in domains
harboring high levels of proline residues, similar to GS. Among them,
Ser41, Ser37 and Ser33 residues are known to be potential GSK-3f
phosphorylation sites (Fig. 3F). We determined the phosphorylation
sites of Src by GSK-3p in vitro by kinase assays set up with recombinant
GST-S9D GSK-3p and Src protein in presence of ATP/MgCl,. The kinase
products were analyzed by MALDI-TOF. Consequently, Ser51 of Src was
determined to be tentatively phosphorylated by GSK-3f (Fig. 3G) with
partial homology to the corresponding Ser residue in f-catenin and GS
(Fig. 3F). Positions of p-Ser candidate residues in several domains of Src
were shown (Fig. 3H).

To verify that various Ser residues of Src can become phosphorylated
post treatment with Wnt3A, we prepared mutants of Src including ver-
sions D5 (S493D/S51D/S43D/S39D/S35D), D4 (S493D/S51D/S43D/
S39D), D3 (S493D/S51D/S43D), and D2 (S493D/S51D). The D5, D4,
and D3 Src versions had no p-Ser signals detected, while the D2 version
had a p-Ser signal upon Wnt3A treatment, indicating that S43 of Src was
can be phosphorylated in response to Wnt3A (sFig. 2A). To confirm this
separately, we explored the Ser phosphorylation signals with S493A,
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S51A, and S43A mutants of Src. In particular, S493A and S51A had low
p-Ser Src signals and had higher p-Tyr416 Src levels, while S43A had
high p-Ser Src signals and low p-Tyr416 Src levels (Fig. 3I). On the other
hand, S493D and S51D had increased p-Ser Src signals along with
reduced p-Tyr416 Src signals, while S43D had reduced p-Ser Src signals
along with increased signals for p-Tyr416 Src (Fig. 3J and sFig. 2B).

Moreover, both Src versions, D3 (S493D/S51D/S43D), A3 (S493A/
S51A/S43A), and A2 (S493A/S51A) had abolished p-Ser Src signals
along with high p-Tyr416 Src levels and the association with ROCK2
(Fig. 3K and sFig. 2C-2E). As both S43A/S493A and S43A/S51A Src
mutants were Ser-phosphorylated post Wnt3A treatment, this suggested
that Ser51 and Ser493 of Src were the phosphorylation sites in Src
following the cell activation by Wnt3A (sFig. 2E).

Moreover, p-Tyr216 GSK-3p, p-Tyr42 RhoA and ROCK2, but neither
P-S9 GSK-3p nor ROCK1 were associated with Src S493A, S51A, S43D,
S51A/S493A (A2), S43/51/493D (D3) and S43/51/493 A (A3) (Figs. 3I-
3K and sFig. 2B). In addition, p-Ser9 GSK-33/ROCK1 and p-Tyr216 GSK-
3B/ROCK2/p-Tyr42 RhoA were reciprocally associated with Src,
depending on the phosphorylation states of Src, as revealed by p-Ser and
p-Tyr416 levels of Src (Fig. 3I-Figs. 3I-3K). GSK-3 S9A could not
phosphorylate Src Ser residues upon Wnt3A treatment, suggesting that
p-Ser9 GSK-3p was a valid kinase in phosphorylating Ser residues of Src
in response to Wnt3A stimulation (Fig. 3L). From these results, depicted
in a schematic, we propose Ser493 and Ser51 phosphorylation of Src by
p-Ser9 GSK-3p, leading to Src inactivation and subsequent phosphory-
lation of Src Ser43, recovering the Src activity (Fig. 3M).

3.4. Wnt3A induces formation of RhoA/p-catenin complex

Remarkably, we observed that p-catenin was co-immunoprecipitated
with RhoA upon Wnt3A (Fig. 4A). In turn, p-Tyr42 Rho was also co-
immunoprecipitated with f-catenin (Fig. 4B). As lysophosphatidic acid
(LPA) has been reported to activate p-catenin along with nuclear
translocation of f-catenin [36,37], the possibility of formation of a
complex of p-catenin/RhoA or p-Tyr42 Rho by LPA was explored. LPA
did not change the levels of RhoA and f-catenin, while p-Tyr42 Rho
levels were apparently increased (Fig. 4C). Likewise,
co-immunoprecipitation of RhoA and p-catenin was clearly observed,
but the relative levels of the co-immunoprecipitants were rarely altered.
Association of p-catenin and p-Tyr42 Rho shown via
co-immunoprecipitation, however, was notably increased with LPA
treatment (Fig. 4C). We next tried to identify whether GDP/GTP-bound
states of RhoA determine the interaction between RhoA and f-catenin.
Recombinant GST-p-catenin binding to RhoA-GTPyS or RhoA-GDP in
vitro was not significantly different, suggesting that GDP or GTP binding
to RhoA is not critical for regulating interaction between RhoA with
p-catenin (Fig. 4D).

To identify the specific domain of f-catenin associating with RhoA,
we expressed and purified GST-fusions of p-catenin domains composed
of amino acids (aa) 1-140, 141-390, 391-662 and 663-782 (Fig. 4E and
F). Of note, three dimensional (3D) structure of p-catenin armadillo
repeat (ARM) domain was presented. However, N-terminal domain
(NTD) of p-catenin was only partially revealed in Lys21-Pro44 and
Asp83-1le140 peptide fragments, whereas other parts of the NTD were
not determined (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?
id=index; http://proteopedia.org). RhoA preloaded with GTPyS
readily bound to aa 1-140 NTD of GST-f-catenin domain, conjugated to
beads, whereas other domain fusion proteins only marginally bound to
RhoA (Fig. 4G). Also, only the ectopic expression of NTD (aa 1-140)
markedly interfered with cell proliferation due to Wnt3A (Fig. 4H).

3.5. Tyr42 phosphorylation of RhoA is critical for binding to f-catenin
We next examined whether p-Tyr42 RhoA regulates f-catenin level.

Remarkably, si-RhoA impaired p-catenin accumulation, but re-
constitutive dephospho-mimetic RhoA Y42F as well as RhoA WT and
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Fig. 3. P-Tyr216 GSK-3p stimulates p-catenin in early period and then p-Ser9 GSK-3p attenuates B-catenin through Src phosphorylation in late period of Wnt3A
stimulation. (A) HEK293T cells were stimulated by Wnt3A in time-dependent manner and indicated proteins were determined. (B) RhoA-GTP levels were determined
using RBD-beads pull-down assay. (C) HEK293T cells were transfected with si-GSK3p and reconstituted with GSK-3p WT, S9A, S9D, Y216E and Y216F. Cells were
stimulated by Wnt3A (30 ng/ml) for 2 h and indicated proteins were determined. (D) Recombinant GST-GSK-3f WT, S9A, S9D, Y216E and Y216F proteins were
incubated with Src protein in the presence of ATP (20 pM) and MgCl, (25 mM) for 60 min and p-Ser and p-Tyr416 Src were detected with western blotting. (E)
HEK293T cells were stimulated with Wnt3A (30 ng/ml) for 2 h and Src was immunoprecipitated and then indicated proteins were detected. (F) Amino acids se-
quences of N- (NTD) and C-terminal domains (CTD) of Src, B-catenin and glycogen synthase (GS) were compared. Identical amino acids were indicated in blue and
similar ones were noted in cyan blue. Specific Ser candidate residues to be phosphorylated were noted in red. Particularly identical proline residues were noted in
green. (G) GST-GSK-3p S9D and Src proteins were incubated with ATP/MgCl,, the SDS-PAGE was performed, and Src protein was analyzed to identify phosphor-
ylation site by using MALDI-TOF. Ser51 was identified to be phosphorylation site. (H) Domains of Src including SH4, Unique domain (UD), SH3, SH2, and SH1 was
presented. P-Ser51 and p-Ser43 were localized in UD and p-Ser493 was localized in SH1 domain. (I) Cells were transfected with Src S493A, S51A, S43A mutants and
WT (wild type), then Src was immunoprecipitated and then p-Ser and p-Tyr416 Src, p-S9 GSK-3p, p-Tyr216 GSK-3B, p-Tyr42 RhoA, ROCK1, and ROCK2 were
immunoblotted. (J) Cells were transfected with Src S493D, S51D, S43D mutants, and WT (wild type), then Src was immunoprecipitated and then p-Ser and p-Tyr416
Src, p-S9 GSK-3f, p-Tyr216 GSK-3p, p-Tyr42 RhoA, ROCK1 and ROCK2 were immunoblotted. (K) Cells were transfected with Src A3 (S493A/S51A/S43A), D3
(S493D/S51D/S43D), A2 (AA: S493A/S51A), D2 (DD: S493D/S51D), AD (S493A/S51D) and DA (S493A/S51A), and WT (wild type) and Sc was immunoprecipitated
and then p-Ser and p-Tyr416 Src, p-S9 GSK-38, p-Tyr216 GSK-3p, p-Tyr42 RhoA, ROCK1 and ROCK2 were immunoblotted. (L) si-GSK-3p, GSK-3p WT and GSK-3f S9A
were transfected and treated with Wnt3A for 2 h. Src was immunoprecipitated and p-Ser was immunoblotted. (M) Tentative model for p-Ser9 GSK-3p to phos-
phorylate Ser493, Ser51, and Ser43 residues of Src was presented. p-Ser493 and p-Ser51 Src are inactive forms, but p-Ser43 Src is an active form. (For interpretation
gf the references to color in this figure legend, the reader is referred to the Web version of this article.)
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luciferase activity was measured.

phospho-mimetic RhoA Y42E allowed recovery of f-catenin accumula-
tion (Fig. 5A). This result suggests that RhoA is critical for p-catenin
accumulation with Wnt3A stimulation, but that p-Tyr42 of RhoA is not
essential for p-catenin accumulation. We then examined whether p-
Tyr42 residue of RhoA is critically involved in interaction with p-cat-
enin. f-Catenin was co-immunoprecipitated with WT RhoA and RhoA
Y42E, but much less with RhoA Y42F (Fig. 5B). GST-RhoA WT, Y42E and
Y42F preloaded with GDP or GTPyS were incubated recombinant puri-
fied p-catenin in vitro. RhoA WT, but either RhoA Y42E or Y42F mutants
was much less associated with p-catenin irrespective of GDP and GTP
GTPyS (Fig. 5C). Similarly, GST-RhoA phosphorylated by Src and ATP
[18] also readily bound to B-catenin in vitro, irrespective of GDP- or
GTPyS-preloaded RhoA, suggesting that phosphorylation of Tyr42, but
not GTP/GDP-binding state is critical for interaction between RhoA and
B-catenin (Fig. 5D). Herein, we presented and compared 3D structure of
RhoA-GDP [38] and -GTPyS [39] by using Proteopedia site (http://pr
oteopedia.org/wiki/index.php/). Distances between Tyr34, Tyr42 and
Tyr66 and Ile10 and Lys140, arbitrary standards in N- and C-terminal
domains in GDP and GTPyS bound states of RhoA were calculated
(Fig. 5E). Tyr34 and Tyr66 of RhoA are known to be also phosphorylated
[40]. The 3D of RhoA revealed Tyr42 residue positioning in extended 2
region did not dramatically alter 3D location, while Tyr34 in switch 1
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(aa 28-38) and Tyr66 in switch 2 (aa 61-78) regions revealed significant
alteration [39] (Fig. 5E), suggesting that GDP or GTP may not contribute
p-Tyr42 RhoA binding to f-catenin. Next, the effect of mutation of Tyr42
in RhoA on f-catenin activity in nucleus was assessed with RhoA Y42E
and Y42F transfection in HEK293T cells. RhoA Y42F also had impaired
luciferase activity for gauging f-catenin activity. Likewise, si-RhoA also
prevented f-catenin activity, and reconstitution of RhoA WT and
phospho-mimetic Y42E restored the p-catenin activity, but not with
dephospho-mimetic RhoA Y42F, it having a remarkably reduced p-cat-
enin activity (Fig. S5F).

3.6. p-Tyr42 RhoA is critical for cell proliferation upon Wnt3A

Wnt3A enhanced proliferation of HEK293T cells (Fig. 6A). However,
RhoA inhibitor (Tat-C3) and ROCK inhibitor (Y27632) abolished this
proliferation (Fig. 6B). Similarly, Tat-C3 and Y27632 also inhibited
Wnt3A-mediated proliferation in the macrophage cell line RAW264.7
(Fig. 6C). RhoA Y42F transfection also markedly abrogated cell prolif-
eration (Fig. 6D), consistent with p-catenin activity being due to the role
of a phosphorylated Tyr42 in RhoA (Fig. 5F). Wnt3A also induced
expression of cyclin D1 and c-Myc in the test cells, but Tat-C3 and
Y27632 abolished this Wnt3A increased expression (Fig. 6E). RhoA WT
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Fig. 6. P-Tyr42 RhoA induces cell proliferation in response to Wnt3A. (A) HEK293T cells were stimulated Wnt3A (30 ng/ml) for 48 h. Cell were stained with DAPI (1
pg/ml) for 10 min, and DAPI fluorescence was measured with a fluorescence microscope. In addition, cell proliferation was also measured using MTT assay. (B, C)
HEK293T and RAW264.7 cells, respectively, were pretreated with Tat-C3 (1 pg/ml) and Y27632 (10 pM) for 1 h and then treated with Wnt3A (30 ng/ml) for 2 days.
Cell proliferation was measured by measuring DAPI fluorescence with a fluorescence microscope. In addition, cell proliferation was also measured using MTT assay.
(D) HEK293T cells were transfected with RhoA WT, Y42E and Y42F (4 pg DNA) for 24 h, then treated with Wnt3A (30 ng/ml) for 2 days. MTT assay was used for cell
proliferation. (E) HEK293T cells were pretreated with Tat-C3 (1 pg/ml) and Y27632 (10 pM) for 1 h and then treated with Wnt3A (30 ng/ml) for 2 h and cyclin D1
and c-Myc were detected by western blotting. (F) HEK293T cells were transfected with RhoA WT, Y42E and Y42F (4 pg DNA) for 24 h, then treated with Wnt3A (30

ng/ml) for 2 days and cyclin D1 and c-Myc were detected by western blotting.

and RhoA Y42E transfection to cells also had increased expression of
cyclin D1 and c-Myc in presence of Wnt3A, whereas RhoA Y42F trans-
fection inhibited this cyclin D1 and ¢-Myc up-regulation (Fig. 6F).

3.7. Upon Wnt3A stimulation, p-Y42 RhoA is localized in the nucleus

Next, we explored the localization of RhoA/B-catenin complex.
Wnt3A induced nuclear localization of B-catenin (Fig. 7A). However, si-
RhoA interfered with p-catenin nuclear localization likely due to failure
of p-catenin accumulation (Figs. 7A and 5F). We then followed any
localization changes for RhoA and p-Tyr42 Rho with Wnt3A stimulation.
Wnt3A did not affect the un-phosphorylated RhoA distribution
compared with the control cells (Fig. 7B). However, p-Tyr42 Rho readily
moved to the nucleus in response to Wnt3A (Fig. 7B). In addition, p-
Tyr42 Rho localized in nuclear fraction was found to be increased
whereas a decrease of p-Tyr42 Rho in cytoplasmic fraction was revealed
when it was detected with Western blot (Fig. 7C). si-p-Catenin did not
alter the nuclear localization of p-Tyr42 Rho (Fig. 7D and
sFig. 3AFig. S3A. However, RhoA Y42F (dephospho-mimic) transfection
remarkably interfered with nuclear localization of p-catenin due to
Wnt3A (Fig. 7E and sFig. 3B), suggesting that Tyr42 phosphorylation of
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RhoA is critical for nuclear translocation of p-catenin. These suggest that
p-Tyr42 Rho translocation is likely upstream of $-catenin. Major f-cat-
enin and p-Tyr42 Rho were apparently co-localized in nucleus upon
Wnt3A stimulation, and a small portion of p-Tyr42 Rho and p-catenin
was not co-localized in the nucleus with Wnt3A stimulation in 293 A
cells of flattened large shape (Fig. 7F) in HEK293T cells (sFig. 3C). In
addition to Wnt3A, hydrogen peroxide also induced nuclear localization
of p-Tyr42 Rho in treated HEK293T cells (Fig. 7G and sFig. 3D). Contrary
to p-Tyr42 Rho, the un-phosphorylated RhoA levels were at the basal
level and not altered in human stomach cancer tissue. However, the p-
Tyr42 Rho staining in human stomach cancer tissues revealed to be
localized to the nucleus of the tumor cells by approximately 61%
(Fig. 7H and sFig. 3E). Moreover, immuneofluorescence staining with p-
Tyr42 Rho antibody in human stomach cancer tissues apparently
revealed nuclear localization of p-Tyr42 Rho (Fig. 7I). RhoA was
analyzed to be an intermediate potent level (score 4.5) of NLS as pre-
dicted by cNLS Mapper (http://nls-mapper.iab.keio.ac.jp/cgi-bin/
NLS_Mapper_form.cgi), suggesting that RhoA can be localized to both
the nucleus and the cytoplasm.
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flattened large shape were treated with Wnt3A (50 ng/ml) for 30 min and p-Tyr42 Rho (red) and f-catenin (green) were visualized with immunohistochemical
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the reader is referred to the Web version of this article.)

3.8. p-Tyr42 Rho binds to promoters of specific genes such as Vim

We analyzed RNA expression changes due to Wnt3A treatment and
found that expression of many genes were up-regulated or down-
reguated (sFig. 4A). Furthermore, expression of many genes was
inhibited by si-RhoA and reconstituted RhoA Y42F, while expression of
many genes was recovered to control upon Wnt3A, suggesting p-Tyr42
RhoA regulates expression of many genes (sFig. 4B). However, it was
difficult to estimate which gene(s) is directly regulated by p-Tyr42
RhoA. Therein, we performed DNA sequencing after ChIP with p-Tyr42
Rho antibody from 4T1 cells which were stimulated by hydrogen
peroxide (sFig. 5A). We identified specific genes, the promoters of which
were associated with p-Tyr42 Rho. We selected common genes, the
promoters which p-Tyr42 Rho binds to and which are stimulated by
Wnt3A (Fig. 8A). Archive of target genes of Wnt was obtained from The
Atlas of Genetics and Cytogenetics in Oncology and Haematology (htt
p://atlasgeneticsoncology.org/Categories/WNT.html). We found Vim
gene was one of them and selected Vim gene as a representative of target
gene of p-Tyr42 Rho, because the human vimentin promoter has been
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reported to be also upregulated by p-catenin and TCF-4 co-transfection
[41]. We presented that the promoter of Vim gene for vimentin was
associated with p-Tyr42 RhoA antibody (Fig. 8B). Accordingly, we
observed that DNA fragment covering promoter of Vim was shown to
bind with p-Tyr42 RhoA by using PCR after ChIP with p-Tyr42 RhoA
antibody (Fig. 8C). In addition, Wnt3A increased the expression of
vimentin, N-cadherin and Snail, whereas that of E-cadherin was
decreased; these all turn out to be markers of epithelial-mesenchymal
transition (EMT) (Fig. 8D). We have now provided evidence that
p-Tyr42 RhoA regulates the expression of vimentin in response to
Wnt3A. Transfection with si-RhoA attenuated vimentin expression in-
creases due to Wnt3A, but reconstituted RhoA WT restored vimentin
protein expression. In contrast, transfection with RhoA Y42F, the
dephospho-mimic, could not restore the vimentin expression change,
suggesting that p-Tyr42 version of RhoA is critical for vimentin
expression (Fig. 8E). To ascertain whether p-Tyr42 RhoA and/or p-cat-
enin directly regulate(s) transcription of Vim, a Vim-promoter-luciferase
(Luc) assay was performed. Wnt3A significantly induced the Top-flash
reporter luciferase gene expression and WT RhoA slightly enhanced,
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transfected with RhoA WT, Y42E and Y42F were measured. (I) Survival probability of gastric cancer patients harboring low and high VIM mRNA levels was obtained

from Kaplan-Meier Plotter site.

whereas RhoA Y42F, dephospho-mimetic significantly reduced reporter
luciferase gene expression (Fig. 8F), suggesting that p-Tyr42 RhoA reg-
ulates vimentin expression. As expected, si-f-catenin also abolished
Vim-Luc activity in response to Wnt3A (Fig. 8G). As vimentin is a typical
marker for EMT, we measured cell migration. RhoA Y42F inhibited cell
migration upon Wnt3A (Fig. 8H). In addition, survival probability of
human stomach cancer patients with respect to the relative expression
levels of vimentin was determined. High expression of vimentin
exhibited lower survival probability compared to low level of vimentin
(Fig. 8I). The result was derived by using Kaplan-Meier Plotter site (https
://kmplot. com/analysis/).

3.9. Upregulation of p-Tyr42 RhoA levels in gastric cancer patients
We next assessed the relative levels p-Tyr42 Rho in certain human
cancer types. From tissue antibody staining, cervix invasive squamous

carcinoma (SCC), esophagus SCC, lung SCC, colon adenocarcinoma,

13

stomach adenocarcinoma, liver hepatocellular carcinoma (HCC), lung
SCC, and breast ductal carcinoma samples expressed higher levels of p-
Tyr42 Rho (Fig. 9A). Moreover, p-Tyr42 Rho levels were remarkably
increased in the more advanced cancer types with our data being
focused on the stomach adenocarcinoma cases. For these cases, the pa-
tient specimens from stage III stomach adenocarcinoma revealed much
stronger staining of p-Tyr42 Rho than in the stage I and II samples
(Fig. 9B). Stomach cancer patients containing different RhoA tran-
scription levels (mRNA levels) did not reveal dramatic different survival
probability (Fig. 9C and sFig. 6B, respectively) and the mRNA expression
levels of RhoA and vimentin, and survival probabilities were different
depending on types of cancer (sFig. 6A and 6B) For an absolute com-
parison of various stomach cancer patient samples, relative levels of p-
Tyr42 RhoA were determined via western blotting and then correlated
with patient survival data (Fig. 9D-9F, and sFig. 6C for information of
stomach cancer patients). p-Tyr42 RhoA intensity was generally
increased in the more advanced stages of the cancer tumors and
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vimentin expression, which is a typical marker of EMT. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
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surprisingly, almost patients harboring high p-Tyr42 RhoA level were
markedly dead (Fig. 9E). Remarkably, the patients harboring higher p-
Tyr42 RhoA GTPase levels also exhibited much worse survival proba-
bility at 5 years (60 months) (survival < 5%) compared with patients
having lower p-Tyr42 Rho levels, (survival >85%) in Kaplan-Meier Plot
(Fig. 9F). These results indicate that the higher levels of p-Tyr42 RhoA in
stomach tumor samples are critically detrimental for survival. Taken
together we propose the schematic illustration of Wnt3A signaling
pathway of p-Tyr42 RhoA/p-catenin activation (Fig. 9G).

4. Discussion
4.1. Function of superoxide produced by Wnt3A stimulation

In the previous study, we showed that activation of RhoA is critical
for B-catenin accumulation with Wnt3A stimulation [26]. Here, we
showed that Wnt3A induces superoxide production through p47phox.
Notably, p-Tyr42 RhoA preferentially bound to ROCK2, which in turn
preferentially bound to p47phox, leading Ser345 phosphorylation of
p47phox (Figs. 1H and 2H). Meanwhile, the oxidation of Src through
intramolecular disulfide bridge between Cys245 and Cys487 upon
exposure to ROS leads to Src activation [42]. Hereby, we propose this
sequence of superoxide production pathway: superoxide — Src —
p-Tyr42 RhoA — ROCK2 — p-p47phox — superoxide, a positive
feed-forward loop accelerating superoxide production.

It was reported that nucleoredoxin (NRX) binds to Dishevelled (Dvl)
and overexpression of NRX suppresses the Wnt-p-catenin pathway.
However, hydrogen peroxide inhibited the association of Dvl and NRX
[43]. Here, we verified that si-NRX enhances superoxide production
upon stimulation with Wnt3A (Fig. 1K). Accordingly, superoxide pro-
duced by Wnt3A is likely to stimulate feed-forwardly Dishevelled
through the inhibition of NRX (Fig. 9G).

4.2. p-Catenin accumulation through p-Tyr216 GSK-3f

In general, RhoA activated by Wnt has been known to be via the non-
canonical pathway, which is not related to p-catenin [1]. However, in
consistent to the previous report [26], we revealed that si-RhoA
impaired p-catenin accumulation and reconstitution of RhoA restored
p-catenin accumulation (Fig. 5A), suggesting that RhoA activity and
B-catenin stability are very closely linked, although the underlying
mechanism by which RhoA induces p-catenin accumulation in response
to Wnt3A remains to be revealed.

Of note, we found that p-Ser9 and p-Tyr216 GSK-3p are concurrently
induced by Wnt3A (Fig. 2D). However, it has been controversial as to
whether p-Ser9 GSK-3p is critical for p-catenin accumulation with Wnt
stimulation [44]. Some reports have described that p-Ser9 GSK-3f is
required for B-catenin activity [45], whereas others have revealed that
Wnt signaling is intact without p-Ser9 GSK-3p [9,10]. As such, phos-
phorylation of other sites such as p-Thr390/Ser389 of GSK-3p induced
by p38 may be involved in GSK-3p inactivation and p-catenin accumu-
lation [46]. Therein, the function of p-Ser9 GSK-3f in Wnt signaling
pathway has not been fully elucidated.

Meanwhile, Src was reported to activate Wnt3A signaling through
Tyr phosphorylation of Dishvelled and p-catenin [47]. However, the
function of Src in Wnt signaling is controversial in that LRP6 phos-
phorylation at Tyr1460 by Src serves a negative regulatory function to
prevent over-activation of Wnt signaling [48]. This discrepancy may be
due to time-dependency of Src activity. Nonetheless, membrane portion
of Src, which may be involved in LRP6 phosphorylation, was reduced
whereas cytosolic Src was increased (Fig. 3C).

Insulin as well as Wnt3A has also been reported to concurrently
induce both p-Ser9 and p-Tyr216 GSK-3p in HepG2 cells [49]. It remains
controversial whether p-Tyr216 GSK-3 is an active kinase. P-Tyr216 for
GSK-3p and p-Tyr279 for GSK-3a are required for their full GSK-3 kinase
activity in vitro [50,51]. However, some reports revealed that Tyr216
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phosphorylation of GSK-3f has no or minimal impact on GSK-3 activity
in vitro, in a kinase assay using myelin basic protein (MBP) or tau
(Ser396,/404 residues) as substrates [52,53]. These results indicate that
p-Tyr216 GSK-3p has a kinase activity towards specific favorable sub-
strates, or that there may be different compartmental pools of p-Ser9 and
p-Tyr216 GSK-3f [2]. In presence of Wnt, GSK-3p phosphorylates
Ser1490 of LRP6 along with CK1 priming phosphorylation of Thr1479 in
LRP6, leading to Axin binding to LRP5/6 receptor along with GSK-3p.
Consequently, GSK-3p cannot interact with and phosphorylate p-cat-
enin, resulting in increased fB-catenin stability. Therein, we propose that
RhoA activated by Wnt3A stimulation allows the activated p-Tyr216
GSK-3p to phosphorylate LRP5/6, resulting in increased p-catenin sta-
bility. Notably, p-Tyr216 GSK-3f was much enhanced even in peripheral
regions including plasma membrane by Wnt3A stimulation, while
localization of a portion of p-Ser9 was different from p-Tyr216 GSK-3f
(Fig. 2I).

We speculates that RhoA-GTP/ROCK1 rather than p-Tyr42 RhoA/
ROCK2 may favorably regulate PYK2 via its phosphorylation, in that not
only RhoA WT and RhoA Y42E but RhoA Y42F, a dephospho-mimic
form also induced f-catenin accumulation (Fig. 5A), and in that PYK2
is regulated by RhoA/ROCK [33], although the detail molecular mech-
anism by which RhoA/ROCK1 or/and p-Tyr42 RhoA/ROCK2 regulates
PYK2 activity remains to be discovered. However, it is evident that Src
also directly regulated Tyr216 phosphorylation of GSK-3p in response to
Wnt stimulation (Fig. 2G).

4.3. p-Ser9 GSK-3f phosphorylates Ser43, Ser51, and Ser493 residues of
src, regulating src activity

In this study, we revealed that Src was activated in early period and
then inactivated in late phase upon Wnt3A (Fig. 3A). In addition, we
surprisingly observed GSK-3p S9D (phospho-mimic mutant form) cor-
responding to p-Ser9 GSK-3p, which has been known to be a kinase
inactive form regarding to GS, was revealed to phosphorylate Ser493
and Ser51 residues of Src along with binding with ROCK1 and p-Ser9
GSK-3p and reduced Tyr416 phosphorylation of Src in vitro, leading to
Src inactivation (Fig. 3J). In contrast, the phosphorylation of Ser43 of
Src caused low level of p-Ser of Src and reduced ROCK1 binding to Src
along with an increase of p-Tyr416 Src, but induced Src binding with p-
Tyr42RhoA, ROCK2, and p-Tyr216 GSK-3f. The regulatory mechanism
of Src through Ser phosphorylation is that ROCK1 bound to Src phos-
phorylates Ser9 of GSK-3p, leading to phosphorylation of Ser493 and/or
Ser51, along with reduced p-Tyr416 of Src (Fig. 3L). However, Ser43
phosphorylation by p-Ser9 GSK-3f induces p-Tyr416 Src, leading to Src
activation. ROCK2 and p-Tyr42 RhoA bind to Src, where they transmit
other signaling pathway through p-p47phox (Figs. 1H, 2G and 3L). P-
Ser493 and p-Ser51 of Src is likely to be prerequisite for Ser43 phos-
phorylation of Src. Notably, N-terminal domain of Src critically regu-
lates Src activity via specific phosphorylation at Ser51 and Ser43 along
with Ser493 of C-terminal domain of Src in response to Wnt3A. We
showed positions of Ser493 and Tyr416 in 3D Src structure, but Ser51
and Ser43 cannot be correctly indicated, because three dimensional
structure of N-terminal region of Src could not be defined (sFig. 1D)
(inactive form, PDB 2src; activated form PDB 1y57; http://proteopedia.
org). We speculate that the Unique domain of Src containing Ser51 and
Ser43 residues (Fig. 3H) may be localized near Ser493-contained region
and p-Ser9 GSK-3p is able to phosphorylate in series these Ser residues.
Thereby, to our knowledge, we here first propose a novel function that p-
Ser9 GSK-3p regulates Src activities and may be a feed-back inhibitory
modulator in Wnt signaling in late phase. Furthermore, other function(s)
of the phosphorylation of Unique domain of Src may remain to be
revealed.

4.4. Interaction of p-Tyr42 RhoA with f-catenin

Here, we found that Wnt3A also induces the complex formation of
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B-catenin and RhoA, particularly p-Y42 RhoA. Also, RhoA preferentially
binds to N-terminal domain (NTD: aa 1-140) of p-catenin (Fig. 4G). NTD
and C-terminal domain (aa 665-781) of f-catenin may be structurally
flexible while the central ARM domains (aa 141-664) forming a rela-
tively rigid scaffold. The central region of p-catenin is known to play a
role as a platform for many p-catenin-binding proteins [54]. However,
both terminal regions of f-catenin (NTD and CTD) have been proposed
to fold back on the central armadillo repeat. WT p-catenin cannot bind to
TATA box binding protein (TBP), but the central ARM domain of
B-catenin readily binds to TBP [55]. Here, we propose that p-Tyr42 RhoA
binds to the NTD of f-catenin, suggesting that RhoA does not compete
with other known partner proteins of p-catenin (Fig. 8E). Hence, RhoA
binding likely enables B-catenin to bind to specific regulator protein(s).
Interestingly, Snaill as well as directly binds to NTD (aa 1-89) of
B-catenin and enhances Wnt-target gene expression in a positive
feed-back loop [56].

We found that p-Y42 RhoA also readily translocated to the nucleus,
similarly to p-catenin, upon Wnt3A signaling (Fig. 7A). It is remarkable
that RhoA Y42F (dephospho-mimetic) did not interfere with f-catenin
accumulation (Fig. 5A), but RhoA Y42F could not bind to p-catenin
(Fig. 5B and 5C). Moreover, RhoA Y42F impaired f-catenin activity and
nuclear localization of f-catenin (Figs. 5F and 7E, respectively).
Thereby, we propose that p-Y42 RhoA is able to facilitate B-catenin
translocation to nucleus. However, the mechanism by which p-Tyr42
RhoA translocates to the nucleus remains elusive. P-Tyr42 Rho was also
found in nucleus of the human stomach cancer cells from patient sam-
ples (Fig. 7H and 7I). Of note, in contrast to p-Tyr42 RhoA, Tyr34 and
Tyr66 of RhoA are able to be also phosphorylated by Src, which renders
RhoA to be an inactive form [40].

4.5. Function of p-Tyr42 RhoA in the nucleus

The function of p-catenin in the nucleus has been extensively studied
where f-catenin binds with TCF, which then regulates transcription of
specific genes in nucleus. We also tried to focus on the function of p-
Tyr42 RhoA in the nucleus for this study. One clue for this function is
that the RhoA effector protein, ROCK2, which was supposed to be
activated by p-Tyr42 RhoA (Fig. 2H), may enhance the activation of
p300 acetyltransferase by phosphorylation [57]. Thereby, it is possible
that p-Tyr42 RhoA GTPase causes the acetylation of p-catenin through
p300 acetyltransferase, remarkably enhancing p-catenin activity as a
co-activator of TCF4 in the nucleus. Previously, Netl, a RhoGEF, was
reported to exist in the nucleus, where it activates the nuclear RhoA.
Moreover, ionizing radiation specifically promotes the activation of the
nuclear pool of RhoA in a Netl-dependent manner, while the cyto-
plasmic RhoA activity is not affected [58]. However, we could not find
significant change of nuclear RhoA by Wnt3A.

In this study, we have demonstrated an alternative possible function
of p-Tyr42 RhoA to regulate the expression of specific genes, in partic-
ular EMT markers including increases of vimentin, N-cadherin and Snail,
but a decrease of E-cadherin (Fig. 8D). Of note, B-catenin binds to Lefl
and activates Lefl transcription complex, leading to down-regulation of
E-cadherin expression [59]. Besides Snail, Slug and ZEB1 bind to the
promoter of E-cadherin gene, resulting in repression of E-cadherin
expression [60]. In particular, vimentin promoter is composed of many
elements, including binding sites for activator protein-1 (AP-1), NF-kB,
Smad/AP1SP1, and hypoxia induced factor-1 (HIF-1) [61-65]. For
instance, HDAC1 promotes nuclear translocation of NF-kB, which binds
to the promoter of Vim gene, thereby leading to enhanced vimentin
expression [66].

In this study, as a novel mechanism, p-Tyr42 RhoA binds to promoter
of Vim and regulates vimentin expression, suggesting that p-Tyr42 RhoA
regulates EMT (Fig. 8). Since expression of vimentin can be also induced
by p-catenin [41], we speculate p-Tyr42 RhoA binding to f-catenin
facilitate vimentin expression.

Vimentin is known to be an intermediate filament protein, but it also
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plays a variety of other roles in cells [67]. Of note, vimentin can activate
RhoA through GEF-H1 (also known as ARHGEF2) [68]. In addition,
vimentin is a notable marker of EMT, and it binds to several proteins
including ERK, 14-3-3, and AKT, and stabilizes proteins including Axl
and Scrib for cell migration [69]. Although vimentin can be secreted to
extracellular region [70], its function has not been established. From
these previous reports it can be considered that p-Tyr42 RhoA regulates
a variety of cellular functions through vimentin expression.

In addition to p-Tyr42 RhoA, nuclear localization/transactivation of
B-catenin is regulated by several regulatory proteins including Racl/
Tiaml [71], p-catenin Serl91 and Ser605 phosphorylation by Jun
N-terminal kinase (JNK) [72], pyruvate kinase M2 (PKM2) in response
to epithelial growth factor (EGF) [73], FoxM1 [74], importin [75], and
FOXO [76]. Thus, it is likely that the nuclear translocation/activity of
B-catenin is regulated by a variety of mechanisms in the context of
specific signaling pathways.

p-Tyr42 Rho was shown to be upregulated in gastric cancer tissues as
well as several other cancer types (Fig. 9). Furthermore, p-Tyr42 Rho
may be a good prognostic marker for gastric cancer and a favorable
target for anti-cancer intervention because gastric cancer patients with
relatively high expression of Tyr42 Rho exhibited significantly lower
survival probability (Fig. 9E), although a mouse study with targeting of
Tyr42 Rho or its target in a gastric cancer model may be required to
support this statement. Nonetheless, we demonstrated that 4T1 mouse
breast cancer cells transfected with dephospho-mimic RhoA Y42F could
not promote tumorigenesis in allograft experiments [18]. From Fig. 9A,
p-Tyr42 Rho may turn out to be a critical mediator of enhancing or
exacerbate several cancers.

5. Conclusion

Taken together, we propose that RhoA/ROCK is also an essential
regulatory player in f-catenin accumulation and activation through ROS
production and Src activation in response to Wnt3A (Figs. 1 and 2).
Intriguingly, p-Ser9 GSK-3p induced by Wn3A can phosphorylate Ser493
and Ser51 of Src, thereby leading to Src inactivation in feed-back inhi-
bition phase (Fig. 3M). In addition, it was demonstrated that p-Tyr42
RhoA directly interact with p-catenin and nuclear localization of p-Tyr42
RhoA is required for nuclear delivery of p-catenin. P-Tyr42 RhoA along
with p-catenin regulates expression of specific genes such as Vim in the
nucleus by binding to Vim promoter due to Wnt3A, thus possibly
ensuring cancer progression (Fig. 9G). p-Tyr42 RhoA was a critical
prognosis marker for survival in gastric cancer patients and may be a
crucial target for anti-cancer intervention. P-Tyr42 RhoA is also closely
related to the Alzheimer disease [77] and we speculate that p-Tyr42
RhoA plays a critical role pathogenesis in many diseases.
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