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ABSTRACT
In our previous study, we characterized a mycoplasmal small GTPase-like polypeptide
of 240 amino acids that possesses an N-terminal WVLGE sequence. The N-terminal WVLGE
sequence promotes activation of Rac1 and subsequent host cancer cell proliferation. To
investigate the function of the WxxxE motif in the interaction with Rac1 and host tumor
progression, we synthesized a 35-amino acid WVLGE-containing polypeptide derived
from a cell-penetrating peptide derived from the azurin protein. We verified that the
WVLGE-containing polypeptide targeted MCF-7 cells rather than MCF-10A cells. However,
the WVLGE-containing polypeptide inhibited activation of Rac1 and induced cellular
phenotypes that resulted from inhibition of Rac1. In addition, the WVLGE-containing
polypeptide down-regulated phosphorylation of the STAT3 and ERK/GSK-3β signaling
pathways, and this effect was abolished by either stimulation or inhibition of Rac1 activity.
We also found that the WVLGE-containing polypeptide has a Rac1-dependent potential
to suppress breast cancer growth in vitro and in vivo. We suggest that by acting as a
Rac1 inhibitor, this novel polypeptide may be useful for the treatment of breast cancer.

and cell proliferation [5-9]. As an important molecular
switch that changes between GDP/GTP-bound forms,
the active GTP-bound Rac1 interferes with many signal
transduction molecules. Rac1 is correlated with STAT
family members that stimulate breast cancer progression
[10, 11]. Rac1 directly binds STAT3 and promotes
STAT3 activation [12]. On the other hand, Rac1indirectly
links integrin/FAK/PI3K signaling with the PRL-R/
JAK2/STAT5 signaling pathway in mammary epithelial
cells [13]. Besides activity in the receptor tyrosine kinase
signal pathway, Rac1 promotes crosstalk with the Ras/
Raf/MAPK pathway through ERK [14-16], which is an
important serine/threonine kinase that inhibits breast
cancer progression [17, 18]. The phosphorylation of
serine 9 (S9) of GSK-3β was activated by ERK through
its downstream molecule p90Rsk [19, 20], and inhibition
of ERK might downregulate phosphorylation of GSK3β (S9), which results in activation of GSK-3β [21-23].
The active GSK-3β promotes proteasome-dependent

INTRODUCTION
Earlier studies on the relation between infectious
pathogens and host cells have established that WxxxEcontaining bacterial proteins can activate host small
GTPases that influence a wide range of cellular functions [13]. In our previous study, we characterized a mycoplasmaderived highly conserved 240 amino acid small GTPase-like
polypeptide (SGLP) that enhances phosphorylation of the
signal transducer and activator of transcription 3 (STAT3)
by activation of Rac1 and therefore might promote tumor
growth [4]. Because the SGLP-induced effects depend on
the WxxxE motif in the conserved N-terminal domain of
SGLP [4], we investigated the effect of the WxxxE motif
per se rather than the full length of SGLP on Rac1 activity.
Rac1 is a pleiotropic small GTPase of the Rho
superfamily that is involved in a diverse array of key
cellular events, including cytoskeletal reorganization
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Synthesized polypeptide derived from cell
penetrating peptide of azurin protein can be
introduced into breast cancer cell lines

degradation of β-catenin [24-26], which downregulates
the canonical Wnt/β-catenin pathway [27]. Therefore,
we tested the possibility that the WxxxE motif of
mycoplasma origin suppresses tumor growth through
downregulation of STAT and ERK/GSK-3β signaling by
inhibiting Rac1.
However, a practical method must be established to
efficiently transport the WxxxE peptide into cancer cells.
Azurin, a bacterial redox protein found in Pseudomonas
aeruginosa, is a protein that has an anti-cancer effect
as well [28-30]. Azurin contains a 28 amino acid cellpenetrating peptide (CPP), which makes it an ideal vehicle
for transporting a covalently linked peptide sequence into
cancer cells [31, 32].
We synthesized a 35 amino acid fusion polypeptide
derived from the mycoplasmal WxxxE motif and azurin
CPP, which can elicit an anti-cancer effect in breast cancer
cells. We demonstrated that the underlying mechanism
might be WxxxE-induced inhibition of Rac1 and
subsequent suppression of STAT3 and ERK/GSK-3β/βcatenin signaling.

For inserting the WxxxE motif into cancer cells, the
azurin CPP, serving as the vehicle for peptide transduction,
was linked upstream to the WVLGE sequence. We
investigated whether this synthesized peptide enters breast
cancer cell lines. The MCF-7 cells and the nontumorigenic
breast cell line MCF-10A were incubated with the FITClabeled WVLGE-containing polypeptide at a physiological
concentration of 1.0 μM and observed by confocal
microscopy at different time points. In addition, the
membrane dye DiI was used to mark the cellular boundary.
The result showed that the polypeptide binds with MCF7 cells but not with MCF-10A cells (Figure 2A). In a
long-term incubation with MCF-7 cells, the fluorescence
of the polypeptide overlapped with the perinuclear DiIpositive vesicles, which was not observed in MCF-10A
cells (Figure 2B).

WxxxE polypeptide inhibits activation of Rac1 in
breast cancer cells

RESULTS

The hypothesis that the WxxxE motif disrupts host
cellular small GTPase Rac1 led us to investigate the effect
of the WxxxE polypeptide on the activation of Rac1. In an
active Rac1 pull-down assay, we showed that active Rac1
level decreased in MCF-7 cells treated with WVLGEcontaining polypeptide but remained nearly unchanged in
point-mutated cells treated with the VWLGE-containing
polypeptide compared with the control groups (Figure 3A).
Because inhibited Rac1 exhibits less lamellipodia
formation and more prominent filopodia [34, 35],
we investigated the cytoskeletal F-actin distribution
patterns in MCF-7 cells treated with WVLGE-containing
polypeptide, VWLGE-containing polypeptide, or negative
control. The fluorescent phalloidin-staining of F-actin in
MCF-7 cells treated with WVLGE-containing polypeptide
exhibited a phenotype of Rac1 inhibition as compared
with negative control and cells treated with VWLGEcontaining polypeptide (Figure 3B), which correlates
with the result of the active Rac1 pull-down assay that
the WxxxE motif induces inhibition of Rac1. In addition,
WVLGE-containing polypeptide increased binucleated
cells, a phenomenon of cytokinesis failure associated
with Rac1 activity [36, 37], in MCF-7 cells (Figure
3B). Because active Rac1 is with a factor in Akt, ERK,
and STAT3/5 signaling [16, 38-40], we investigated the
phosphorylation of Akt, ERK, and STAT3/5 by Western
blot analysis and the results showed that p-ERK and
p-STAT3 (Y705) levels decreased in MCF-7 cells treated
with WVLGE-containing polypeptide as compared
with cells treated with VWLGE-containing polypeptide
(Figure 3C), which is consistent with the explanation that

WVLGE-containing polypeptide correlates with
small GTPase Rac1
In our previous study, we determined that
exogenous mycoplasmal WVLGE-containing SGLP
might be a factor in the activation of Rac1 [4]. In terms
of structure, the indole ring of tryptophan in WVLGE
is similar to the purine ring in GTP. Therefore, we
investigated whether a structural resemblance exists
between the WxxxE motif and GTP. As reported, the
Connolly surface algorithm is a combination of van
der Waals surface and solvent surface, generating a
smooth surface contour that can be utilized in software
to predict ligand-binding sites [33]. Thus, we simulated
the molecular surface by use of ChemBioOffice software.
The result revealed a similarity between the molecular
surfaces of GTP and the α-helical WVLGE sequence
(Figure 1A). In addition, the conserved WVLGE
sequence that promotes SGLP-induced activation of
Rac1 resides in the N-terminal domain of SGLP. To
determine the interaction between WVLGE-containing
polypeptide and Rac1, we measured the fluorescence
resonance energy transfer (FRET) between co-expressed
DsRed-Rac1 and GFP-tagged truncated N-terminal
sequences of SGLP. The result revealed that the FRET
index was high in the presence of WVLGE and the
apparent efficiency was irrelevant to the size of WVLGEcontaining polypeptides (Figure 1B), which indicates
that the WVLGE-containing peptide is the minimal
determinant for interaction with Rac1.
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inhibition of Rac1 by WVLGE-containing polypeptide
results in downregulation of ERK and STAT3 signaling.

active Rac1 (CA-Rac1) but is suppressed by the addition
of the Rac1 inhibitor NSC23766 (Figure 4A), which
was not observed for STAT5. The WVLGE-induced
decrease in p-ERK level recapitulates the dependence on
Rac1 activity (Figure 4A). In addition, the decrease in
phosphorylation of GSK-3β serine 9 (S9), as a downstream
event in ERK1/2 signaling [20, 23], is also dependent on
Rac1 activity (Figure 4A).
NSC23766 treatment in combination with either
WVLGE-containing polypeptide or VWLGE- containing
polypeptide elicited an upregulation of p-ERK as
compared with a WVLGE-treated negative control
(Figure 4A), which obscures the underlying mechanism.

WxxxE-induced inhibition of phosphorylation
of STAT3 (Y705), ERK, and GSK-3β (S9) is
dependent on Rac1 activity
We investigated whether the WxxxE-induced effect
on phosphorylation of STAT3 and ERK is dependent
on Rac1 activity. The results revealed that WVLGEcontaining polypeptide rather than VWLGE-containing
polypeptide decreased p-STAT3 (Y705), and that the
decrease is reversed by co-expression of constitutively

Figure 1: WVLGE-containing polypeptides derived from mycoplasma may directly interact with small GTPase Rac1.

(A) Structural comparison between GTP molecule and WVLGE peptide. Front and side view of Connolly surface of the GTP molecule and
the α-helical WVLGE peptide are presented (left panel), the red dotted line delineates the region of high similarity between γ-phosphate
of GTP and carboxyl side chain of glutamic acid residue (‘E’). Scale bar represents 0.2 nm. The ball-and-stick models of GTP (i and ii)
and WVLGE peptide (iii and iv) are presented as well (right panel). Each atom is indicated by the sphere’s color as follows: white for
hydrogen, black-gray for carbon, blue for nitrogen, and red for oxygen. The heterocyclic side chain of tryptophan (‘W’) and guanine part
of the GTP molecule is highlighted in yellow. (B) HeLa cells co-expressing DsRed-Rac1 with GFP-tagged SGLP (GFP-P240), GFP-tagged
N-terminal 160 amino acids of SGLP (GFP-P160), or GFP-tagged N-terminal 44 amino acids (GFP-P44) of SGLP were fixed in 4%
paraformaldehyde and observed by confocal microscopy. Fluorescence resonance energy transfer (FRET) between DsRed-Rac1 (red) and
GFP-P44, GFP-P160, or GFP-P240 were acquired at filter channels for donor, acceptor, and transfer respectively, and the FRET indices are
plotted as pseudo-color images. Scale bar is 5 μm. Representative images from three independent experiments are presented.
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WxxxE-induced phosphorylation of β-catenin
and decrease in total β-catenin level is Rac1dependent

To investigate whether the paradox is restricted to
NSC23766, we studied the p-ERK and the p-GSK-3β (S9)
levels in MCF-7 cells incubated with WVLGE-containing
polypeptide or VWLGE-containing polypeptide coexpressing dominant negative Rac1 (DN-Rac1). The result
confirmed that inhibition of Rac1 by the co-expression of
DN-Rac1 in combination with either WVLGE-containing
polypeptide or VWLGE-containing polypeptide also
increased p-ERK level as compared with a control vector
in combination with WVLGE-containing polypeptide
(Figure 4B). The implication is that the relative increase
in p-ERK level when Rac1 is inhibited is caused by the
concomitantly added azurin CPPs, ascribed to the CPP
backbone sequence rather than to the WxxxE motif.
We found that the WVLGE-induced effect on
p-GSK-3β (S9) existed at a low peptide concentration as
compared with that of p-STAT3, and that the divergence
between p-GSK-3β (S9) levels of the MCF-7 cells treated
with WVLGE-containing polypeptide and those treated
with VWLGE-containing polypeptide become much more
noticeable as incubation time increases (Figure 4C). The
divergence indicates that the effect of the WxxxE motif on
p-GSK-3β is time-dependent rather than dose-dependent.

Because dephosphorylation of GSK-3β (S9)
promotes phosphorylation of β-catenin at residues S33,
S37, and T41 [24], leading to degradation of β-catenin by
the ubiquitin-proteasome pathway [26], we investigated
whether the phosphorylation of β-catenin (S33/S37/T41)
is increased by WVLGE-containing azurin CPP. The
result showed that the WVLGE-containing polypeptide
increased phosphorylation of β-catenin (S33/S37/T41)
and a decrease in the total β-catenin level (Figure 5A). In
addition, several other phosphorylation sites of β-catenin,
such as T41/S45, S552, and S675, corresponding to the
targets of IKKα, Akt, and PKA, respectively [41-45], were
also investigated. The result showed that phosphorylation
level of those sites is not changed (Figure 5A). We
investigated the intracellular distribution of β-catenin by
immunofluorescence. The result showed that in MCF-7
cells treated with WVLGE-containing polypeptide, the
nuclear β-catenin intensity decreased proportionally to the
total β-catenin level, which is suppressed by Rac1 inhibitor

Figure 2: WVLGE-containing polypeptide enters into breast cancer cells. (A) and (B) MCF-7 and MCF-10A cells were

incubated with FITC-labeled WVLGE-containing azurin CPP for 24 hours and stained by membrane dye DiI for 15 minutes. Cells were
incubated in fresh medium for different times as indicated before observation by confocal microscopy. Dapi was used to stain the nuclear
for observation at 24 hours and 48 hours (B). Scale bars are 20 μm (A) and 10 μm (B), respectively. The fluorescence intensities of each
pixel along the white dotted line are plotted. The X-axis represents the pixels along the white dotted line and the Y-axis represents the
fluorescence intensity.
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Anticancer effect of WxxxE-containing
polypeptide in breast cancer cells

NSC23766 (Figure 5B). We also investigated whether the
WVLGE-induced increase in phosphorylation of β-catenin
(S33/S37/T41) and the decrease in total β-catenin is
dependent on Rac1 activity. The MCF-7 cells were treated
as in Figure 4A, and p-β-catenin (S33/S37/T41) and total
β-catenin level were studied by Western blot analysis.
The result showed that WVLGE-containing polypeptide
provoked phosphorylation of β-catenin (S33/S37/T41),
accompanied by a decrease in total β-catenin level as
compared with mutated VWLGE-containing polypeptide.
Moreover, the different p-β-catenin (S33/S37/T41) and
total β-catenin levels between MCF-7 cells treated with
WVLGE-containing polypeptide and VWLGE-containing
polypeptide is suppressed by either co-expression of CARac1 or addition of NSC23766 (Figure 5C), which implies
that the WVLGE-induced alteration in β-catenin is Rac1dependent.

To evaluate the anticancer ability of WxxxEcontaining polypeptide in breast cancer, we examined
the effect of WVLGE-containing polypeptide on the
proliferation of breast cancer cells in vitro and in vivo.
Colony formation assay showed that the WVLGEcontaining polypeptide suppressed the colony formation
of MCF-7 and MDA-MB-231 cells compared with the
negative control and point-mutated VWLGE-containing
polypeptide groups (Figure 6A). Moreover, the result
showed that the suppression effect of WVLGE-containing
polypeptide on colony formation in MCF-7 cells is more
prominent at multiple low doses than at a single highdose, which indicates that the anti-proliferation effect
of WVLGE-containing polypeptide is time-dependent

Figure 3: WVLGE-containing polypeptide inhibits Rac1 activity and Rac1-associated cellular phenotypic changes.
(A) MCF-7 cells were incubated with WVLGE-containing polypeptide (P1), VWLGE-containing polypeptide (P2) at 1 μM, or negative
control (NC) for 24 hours before lysis. A GST-Pak1 pull-down assay was applied for detection of Rac1 activity. Representative data
from three independent experiments are presented. The active Rac1 level of each group was normalized to NC and plotted as indicated
(mean ± SD). (B) MCF-7 cells treated as in (A) were fixed and stained by Phalloidin-TRITC and Dapi before fluorescence microscopy.
Asterisk indicates fillopodium, solid line along the cell periphery indicates lamellipodium, and arrow pairs indicate separating direction
of cytokinesis. Scale bar is 10 μm. Percentage of lamellipodia and binucleated cells were plotted as indicated (n = 30, mean ± SD). (C)
Rac1-associated phosphorylation of Akt, ERK, STAT3, and STAT5 were determined by Western blot analysis. The representative data from
three independent experiments are presented. Fold changes of relative phosphorylation levels were normalized to each of P1 and plotted as
indicated (mean ± SD). *P<0.05, **P<0.01, ***P<0.001, n.s.: not significant.
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rather than dose-dependent (Figure 5A). In breast tumor
xenograft assays, MCF-7 cells stably transfected with
the luciferase gene were injected subcutaneously near
hind limbs of nude mice and treated as described in the
schematic graph (Figure 6B), followed by bioluminescence
imaging, tumor measurement, and immunohistochemistry
(IHC). After treatment everyday with or without the

WxxxE-containing polypeptide at a low concentration
for 2 weeks, visualizations were conducted for differently
treated groups. The luminescence images revealed that
WVLGE-containing polypeptide suppressed the growth of
the implanted tumors (Figure 6C). Quantitative analysis
based on the luminescence intensity also revealed that
WVLGE-containing polypeptide suppressed the growth of

Figure 4: WVLGE-induced decrease in the phosphorylation of STAT3 and ERK/GSK-3β is Rac1-dependent, and the
effect on ERK/GSK-3β is time-dependent. (A) MCF-7 cells were treated as described in Supplementary Figure 1. The densitometric
ratio of p-STAT3/STAT3, p-GSK-3β/GSK-3β, and p-ERK/ERK were normalized and plotted as indicated (n = 3, mean ± SEM). (B) MCF-7
cells were transfected with CA-Rac1 or DN-Rac1 for 24 hours followed by incubation with 1.0 μM WVLGE-containing polypeptide (P1) or
VWLGE-containing polypeptide (P2) for another 24 hours before harvest. The densitometric ratio of p-GSK-3β/GSK-3β and p-ERK/ERK
are normalized and plotted as indicated (n = 3, mean ± SEM). (C) MCF-7 cells were incubated with P1-polypeptide or P2-polypeptide at
100 nM for 24 hours or 48 hours, respectively, in addition to negative control for 24 hours. The densitometric ratio of p-STAT3/STAT3 and
p-GSK-3β/GSK-3β are normalized and plotted as indicated (n = 3, mean ± SEM). *P<0.05, **P<0.01, ***P<0.001; n.s.: not significant.
(NC: negative control; CA-Rac1: constitutive active Rac1; DN-Rac1: dominant negative Rac1; NSC23766: Rac1 inhibitor).
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the implanted tumors as compared with the point-mutated
VWLGE-containing polypeptide and negative control
(Figure 6C). Tumor weight measurement showed that both
the WVLGE-containing polypeptide and the VWLGEcontaining polypeptide suppressed the growth of the
implanted tumors compared with the negative control, and
the WVLGE-polypeptide suppressed tumor growth much
more than the VWLGE-containing polypeptide (Figure
6D). The paraffin-embedded tumors were processed
for hematoxylin-eosin (HE) staining and IHC study for
β-catenin and Ki-67. The HE staining showed that MCF-7
cells treated with WVLGE-containing polypeptide possess
fewer parenchymal cells at the cancer foci, and IHC
revealed that β-catenin expression level and numbers of

Ki-67-positive cells decreased in the groups treated with
WVLGE-containing polypeptide (Figure 6E).

DISCUSSION
In several species, both animals and plants, the
WxxxE motif in a variety of bacterial proteins exert bioeffects and cause disease through activation of small
GTPases in host cells [2, 46]. This cross-kingdom activity
indicates the persistence and importance of the WxxxE
motif in evolution, thus making it valuable for research.
Our previous study demonstrated that mycoplasmaderived protein fragments of SGLP, which consists of
240 amino acid residues and an N-terminal WVLGE

Figure 5: WVLGE-induced depletion of β-catenin is correlated with GSK-3β and Rac1-dependent. (A) MCF-7 cells

were incubated with WVLGE-containing polypeptide (P1), VWLGE-containing polypeptide (P2) at 1 μM, or negative control (NC) for
24 hours before lysis. The densitometric ratio of p-β-catenin/β-catenin and β-catenin/GAPDH were normalized and plotted as indicated
(n = 3, mean ± SD). (B) MCF-7 cells were treated as in (A) followed by incubation in combination with or without NSC23766 (Rac1
inhibitor) for another 24 hours. The cells were immunostained for β-catenin and counterstained by Dapi before confocal microscopy. The
fluorescence intensity of nuclear β-catenin was analyzed by ImageJ and plotted as indicated (n = 10, mean ± SD). The relative intensity of
nuclear β-catenin to whole cells were analyzed by ImageJ and plotted as indicated (n = 10). (C) MCF-7 cells were treated as described in
Supplementary Figure 1. The densitometric ratio of p-β-catenin/β-catenin and β-catenin/GAPDH were normalized and plotted as indicated
(n = 3, mean ± SEM). *P<0.05, **P<0.01, ***P<0.001, n.s.: not significant. (CA-Rac1: constitutive active Rac1).
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peptide sequence could promote phosphorylation of
STAT3 by activating Rac1. Computer simulation showed
structural homology between α-helical WVLGE and GTP
molecules, which implies potential cross-activation and/

or cross-inactivation of host small GTPases by exogenous
WVLGE-containing polypeptides. We focused on the
conservative N-terminal WVLGE-containing domain of
SGLP to investigate whether the WVLGE motif is critical

Figure 6: WVLGE-containing polypeptide suppresses growth of breast cancer cells. (A) Colony formation assay in MCF-7

and MDA-MB-231 cells. ‘Single high dose’ stands for adding the polypeptides to 1.0 μM once at the beginning of incubation, and ‘multiple
low dose’ stands for adding the polypeptides to 0.10 μM 5 times every 3 days. The number of cells in the colonies multiplied by the area
of the colonies are plotted at the lower left panel (n = 3, mean ± SD). (B) The schematic graph shows the experimental design of the
in vivo study. Four weeks after MCF-7 cells were transplanted, the tumor xenografts were treated with P1-polypeptide, P2-polypeptide, or
negative control for 2 weeks, followed by observation. (C) Tumor xenografts of MCF-7 luc+ cells were treated as described in (B). The
bioluminescence of the tumor xenografts were recorded as pseudo-color images according to the color scale presented. Red dotted lines
delineate the region of interest (ROI). The luminescence intensities of the ROI were quantified and normalized by log10 (n = 3, mean ±
SD). (D) Tumor weights were plotted as indicated. Scale bar is 1 cm (n = 10, mean ± SD). (E) The representative images of HE staining
and IHC of β-catenin and Ki-67. Scale bar is 100 μm for HE and 50 μm for IHC images. P1-treated tumor xenograft possesses fewer tumor
parenchymal cells compared with P2 and negative control groups. IHC were performed on adjacent 5-μm sections for β-catenin and Ki-67.
Quantitative data of IHC are provided in Supplementary Figure 2. *P<0.05, **P<0.01, and ***P<0.001; n.s.: not significant.
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for interaction with Rac1. As predicted, the interaction
with Rac1 is related to the WxxxE motif per se rather than
to the length of surrounding sequences.
We linked the most simplified AWVLGEA
sequence downstream to azurin-derived cell-penetrating
peptide. Our data confirmed that this optimized 35
amino acid polypeptide can be selectively targeted into
breast cancer cells. The WVLGE-containing polypeptide
inhibited activation of Rac1 rather than promoted it.
The WVLGE-containing polypeptide caused Rac1associated phenotypic alterations, such as reduction of
lamellipodia and increase in cytokinesis failure, which
can be attributed to inhibiting Rac1 either locally or
globally [37, 47]. However, the local inhibition of Rac1
at the cleavage furrow can rescue cytokinesis failure
[37], which suggests that other cytokinesis-associated
small GTPases, such as RhoA and cdc42 [48, 49], might
promote a WVLGE-induced increase in binucleated
cells. Although other small GTPases might be factors,
inhibition of Rac1 can explain the current alterations
observed in cells treated with WVLGE-containing
polypeptide. We demonstrated that the phosphorylation
of ERK and STAT3, downstream molecules correlated
with Rac1 [16, 50, 51], was suppressed by WVLGEcontaining polypeptide, which is the result of WVLGEinduced Rac1 inhibition. We further demonstrated that the
discrepancy between the effect of WVLGE-containing
polypeptide and VWLGE-containing polypeptide on
p-STAT3, p-ERK, and p-GSK-3β can be eliminated either
by expression of constitutively active Rac1 or by addition
of Rac1 inhibitor NSC23766.This outcome indicates that
WVLGE-induced downregulation of STAT3, ERK, and
GSK-3β phosphorylation is dependent on Rac1 activity.
Therefore, the exogenous WxxxE motif inhibits Rac1
activity and might downregulate the Rac1-associated
signaling pathway.
Because dephosphorylation of GSK-3β (S9) is
activated on β-catenin, we investigated the effect of
WVLGE-containing polypeptide on the expression
of β-catenin. The results showed an increase in
phosphorylation of β-catenin at the S33, S37, and T41
sites accompanied by a decrease in the total β-catenin
level. The WVLGE-containing polypeptide elicited a
decrease in nuclear β-catenin, and the nuclear to wholecell ratio of β-catenin in all groups was unchanged, which
suggests that WVLGE-containing polypeptide promotes
GSK-3β-activated β-catenin degradation without changing
intracellular β-catenin distribution. We also demonstrated
that the WVLGE-induced decrease in β-catenin is
dependent on Rac1 activity. We propose that the WxxxE
motif might downregulate the GSK-3β/β-catenin pathway
through inhibition of Rac1 activity.
Colony formation assay exhibited a more prominent
growth-inhibiting effect on breast cancer cell lines with
multiple low doses than with a single high dose of
WVLGE-containing polypeptide. This outcome suggests
www.impactjournals.com/oncotarget

that the anti-cancer effect of WVLGE-containing
polypeptide is time-dependent rather than dose-dependent.
Thus, we applied multiple low-dose polypeptides in tumor
xenografts experiments to investigate the in vivo anticancer effect of WVLGE-containing polypeptide. The
growth of transplanted breast tumors is suppressed by
WVLGE-containing polypeptide. Immunohistochemistry
of transplanted tumors treated with WVLGE-containing
polypeptides showed reduction of parenchymal cells in
the cancer foci and lower expression of β-catenin and Ki67. Alterations in these important pathological parameters
suggest an anti-cancer effect of WVLGE-containing
polypeptide.
Our findings revealed that the novel WVLGEcontaining polypeptide might serve as a breast cancer
therapeutic through inhibition of Rac1 and Rac1stimulated signaling pathways. Although the mutant
VWLGE-containing polypeptide has no effect on Rac1
activity, slight suppression of tumor growth by VWLGEcontaining polypeptide occurs compared with WVLGEcontaining polypeptide. This finding is consistent with
a previous report that the azurin CPPs have anti-cancer
effect [32]. Theoretically, the anti-tumor mechanism of
the WxxxE motif might be different from that of azurin
CPPs. However, these two peptide sequences might exert
the anti-cancer effect synergistically. Thus, further efforts
on the modification of the WxxxE-azurin fusion peptide
without damaging its anti-cancer potency will be the focus
of our future research.

MATERIALS AND METHODS
Molecular surface analysis
The molecular surface was drawn by the
ChemBio3D module of ChemoBioOffice Ultra 2010
software (Cambridge Soft, MA, USA). The structure of
the WVLGE peptide sequence was set as in an α-helix,
and the Connolly surface algorithm was applied for
surface simulation [33].

Cell lines
HeLa, MCF-7, MCF-10A, and MDA-MB-231
cells were purchased from ATCC (Manassas, VA, USA)
and used in early passes. HeLa cells were cultured in
Dulbecco’s Modified Eagle Medium (Hyclone, Logan,
UT, USA) supplemented with 10% fetal bovine serum
(Hyclone). MCF-7 cells were cultured in Eagle’s
Minimum Essential Medium (Hyclone) supplemented
with 0.01 mg/mL of human recombinant insulin and 10%
fetal bovine serum (Hyclone). MDA-MB-231 cells were
cultured in L-15 medium supplemented with 10% fetal
bovine serum. MCF-10A cells were cultured in MEBM
(Hyclone) supplemented with 100 ng/mL cholera toxin
and 10% fetal bovine serum. MCF-7 cells were stably
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transfected with the luciferase gene by adding commercial
lentiviral particles (S&E Bio-Pharmaceutical Technology
Co., Shanghai, China) containing pCMV-mCherry-2Aluciferase gene at a multiplicity of infection of 10. The
MCF-7 luciferase positive (MCF-7 luc+) cells were
selected and maintained as described previously [4]. All
cells were maintained in a humidified 5% CO2 atmosphere
at 37° C.

in fresh medium for 1, 4, 6, 24, or 48 hours and observed
by an Olympus FV1000 confocal microscope, for
which Dapi (Beyotime) of 0.3 mM was used for nuclear
counterstaining in 24-hour and 48-hour groups.
MCF-7 cells were treated with 1.0 μM of P1polypeptide, P2-polypeptide (GeneScript), or control for
24 hours, and then cells were fixed and permeabilized
before staining with 50 μg/mL Phalloidin-TRITC
(Sigma) at room temperature for 2 hours. Cells were
then counterstained with Dapi and observed by use of an
Olympus BX51 wide field microscope. The cell perimeter
occupied by lamellipodia was defined as an actin-rich
fringe as described [53]. The percentage of lamellipodia
is measured by ImageJ. The binucleated cells are defined
as cells that contain two nuclei and determined by two
uninformed observers.
MCF-7 cells were treated with P1-polypeptide, P2polypeptide (1.0 μM), or control for 24 hours, followed by
incubation with or without NSC23766, and then cells were
fixed in 4% paraformaldehyde for 30 minutes, rinsed with
PBS twice, and permeabilized with 0.1% Triton-X100 in
PBS for 10 minutes. Cells on coverslips were blocked
with 5% BSA in PBS for 30 minutes, and then incubated
with anti-β-catenin (Cell Signaling Technology) at 4° C
overnight. Cells were washed three times and incubated
with goat-anti-rabbit Alexa 488-conjugated secondary
antibodies (Invitrogen, California, USA) for 30 minutes
at 37° C before counterstaining with Dapi for 5 minutes.
Confocal images were acquired by use of an Olympus
FV1000 microscope. Images were processed by ImageJ
software for presentation.

Plasmids and transfection
Constitutively active Rac1 (CA-Rac1) and dominant
negative Rac1 (DN-Rac1) plasmids were purchased from
Addgene (Cambridge, MA, USA). Lipofectamine™ 2000
(Invitrogen Life Technologies, Carlsbad, CA, USA) was
used for transfection of plasmids per the manufacturer’s
instruction. For each 10 cm2 well, 4 μg DNA and 10 μL
Lipofectamine were diluted in 250 μL Gibco™ OptiMEM (Invitrogen) respectively and incubated at room
temperature for 5 minutes before mixture. The 500 μL
mixture were incubated at room temperature for 20
minutes before adding to the 2 mL Opti-MEM at 90-95%
cell confluence. Fresh medium was changed after 6 hours.

Fluorescence resonance energy transfer
MCF-7 cells were plated on glass-bottomed petri
dishes and fixed in 4% paraformaldehyde before confocal
microscopy. Images were acquired by use of an Olympus
confocal microscope with a 100×/1.40 oil lens. FRET
was acquired at three channels for donor, acceptor, and
transfer, and analyzed by ImageJ software FRET and
Colocalization Analyzer plugin. The donor and acceptor
Bleed Through was determined and the apparent FRET
index was plotted as described [52].

Western blot analysis
Active Rac1 pull-down assay and Western blot
analysis were performed as previously described [4].
MCF7 Cells incubated with polypeptides at 1.0 μM were
lysed in a NP-40 lysis buffer (0.15 M NaCl, 1% NP-40,
and 0.05 M Tris-HCl, pH 8.0) with a mixture of protease
inhibitors (0.25 mM phenylmethylsulfonyl fluoride, 10
mg/mL aprotinin and leupeptin, and 1 mM dithiothreitol).
Approximately 20 μg of total protein was separated via
10% SDS-PAGE and transferred to a PVDF membrane
(Millipore, MA, USA). The primary antibodies purchased
from Cell Signaling Technology were as follows: antip-Akt (Thr308, #13038), anti-p-Akt (Ser473, #4060),
anti-Akt (#4691), anti-p-ERK (Thr202/Tyr204, #4094),
anti-ERK(#4695), anti-p-STAT5 (Tyr694, #4322), antip-STAT3 (Tyr705, #4113), anti-STAT5(#94205), anti-pGSK-3β (Ser9, #9323), anti-GSK-3β (#12456), anti-p-βcatenin (Ser33/37/Thr41, #9561), anti-p-β-catenin (Thr41/
Ser45, #9561), anti-p-β-catenin (Ser552, #5651), anti-p-βcatenin (Ser675, #4176), anti-β-catenin (#8480), and antiGAPDH (#5174). The primary antibodies purchased from
Santa Cruz Biotechnology were anti-STAT3 (SC-8019)
and anti-c-Myc (SC-40).

Polypeptide and reagent
Polypeptide (GeneScript China, Nanjing, Jiangsu,
China) was synthesized by use of FlexPeptideTM
technology. The sequences are LSTAADMQGVVTD
GMASGLDKDYLKPDDAWVLGEA (P1) and LSTA
ADMQGVVTDGMASGLDKDYLKPDDAVWLGEA
(P2). FITC conjugated P1 was provided by GeneScript
China as well. Polypeptide powder was resolved in
PBS to a final concentration of 1.0 μM before use and
PBS served as control. NSC23766 (Selleck Chemicals,
Houston, TX, USA) was resolved in H2O and used at a
final concentration of 100 μM in cell cultures.

Immunofluorescent staining and fluorescence
microscopy
MCF-10A and MCF7 cells were treated with FITC
conjugated P1-polyptptide (GeneScript Biotechnology) for
24 hours before DiI (Beyotime Biotechnology, Shanghai,
China) staining for 15 minutes. Cells were then cultured
www.impactjournals.com/oncotarget
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Colony formation assay

exchange factors SopE-like and WxxxE effectors. Infect
Immun. 2010; 78: 1417-25. doi: 10.1128/IAI.01250-09.

MCF-7 and MDA-MB-231 cells were plated in
a six-well plate at a density of 5×102 cells per well and
incubated with P1-polypeptide, P2-polypeptide, or
negative control for 2 weeks followed by staining with
crystal violet. Colony forming ability was calculated as
the number of cells in colonies multiplied by the area of
discrete colonies obtained by particle function of ImageJ.

2. Felix C, Kaplan Turkoz B, Ranaldi S, Koelblen T, Terradot
L, O'Callaghan D, Vergunst AC. The Brucella TIR domain
containing proteins BtpA and BtpB have a structural
WxxxE motif important for protection against microtubule
depolymerisation. Cell Commun Signal. 2014; 12: 53. doi:
10.1186/s12964-014-0053-y.
3. Raymond B, Crepin VF, Collins JW, Frankel G. The
WxxxE effector EspT triggers expression of immune
mediators in an Erk/JNK and NF-kappaB-dependent
manner. Cell Microbiol. 2011; 13: 1881-93. doi:
10.1111/j.1462-5822.2011.01666.x.

Tumor xenografts assay
Female BALB/c nu/nu mice at 4 weeks of age
were purchased from the Institute of Laboratory Animal
Science, Chinese Academy of Medical Sciences (Beijing,
China). At 8 weeks post-natal, (sexually mature) mice
were injected with 1 × 106 MCF-7 luc+ cells mixed
with 50 μL extracellular matrix (BD Transduction
Laboratories, Franklin Lakes, NJ, USA) subcutaneously
into fat pads near the hind limbs. Four weeks after
injection, when implanted tumors began to appear, the
mice were divided into three groups and treated with P1polypeptide, P2-polypeptide (each time, 50 nmol/site)
or PBS control injection in situ in 2-day interval for 2
weeks. The mice with tumor xenografts were anesthetized
and injected intravenously (caudal vein) with 150 mg/
kg D-luciferin (Xenogen, Berkeley, MA, USA) before
being photographed by use of an in vivo bioluminescence
imaging system (Xenogen, Berkeley, CA, USA). Then
tumors were removed from mice and the tumor weight was
recorded immediately. IHC was performed as previously
described [54, 55].

4. Hu X, Yu J, Zhou X, Li Z, Xia Y, Luo Z, Wu Y. A small
GTPaselike protein fragment of Mycoplasma promotes
tumor cell migration and proliferation in vitro via
interaction with Rac1 and Stat3. Mol Med Rep. 2014; 9:
173-9. doi: 10.3892/mmr.2013.1766.
5. Kallergi G, Agelaki S, Markomanolaki H, Georgoulias
V, Stournaras C. Activation of FAK/PI3K/Rac1 signaling
controls actin reorganization and inhibits cell motility in
human cancer cells. Cell Physiol Biochem. 2007; 20: 97786. doi: 10.1159/000110458.
6. Collins C, Tzima E. Rac[e] to the pole: setting up polarity
in endothelial cells. Small GTPases. 2014; 5: e28650. doi:
10.4161/sgtp.28650.
7. Hein AL, Post CM, Sheinin YM, Lakshmanan I, Natarajan
A, Enke CA, Batra SK, Ouellette MM, Yan Y. RAC1
GTPase promotes the survival of breast cancer cells
in response to hyper-fractionated radiation treatment.
Oncogene. 2016; 35: 6319-29. doi: 10.1038/onc.2016.163.
8. Wertheimer E, Gutierrez-Uzquiza A, Rosemblit C, LopezHaber C, Sosa MS, Kazanietz MG. Rac signaling in breast
cancer: a tale of GEFs and GAPs. Cell Signal. 2012; 24:
353-62. doi: 10.1016/j.cellsig.2011.08.011.

Statistical analysis
Data plotting and statistical analysis were conducted
using GraphPad Prism 5.0 software (GraphPad Software,
Inc., La Jolla, CA, USA). Two-tailed unpaired Student’s
t-tests were used for comparisons between groups,
and paired t-tests were used for comparisons between
normalized data groups in Figure 3C and Figure 4B.

9. Takai Y, Sasaki T, Matozaki T. Small GTP-binding proteins.
Physiol Rev. 2001; 81: 153-208.
10. Walker SR, Xiang M, Frank DA. Distinct roles of STAT3
and STAT5 in the pathogenesis and targeted therapy of
breast cancer. Mol Cell Endocrinol. 2014; 382: 616-21. doi:
10.1016/j.mce.2013.03.010.

CONFLICTS OF INTEREST

11. Hughes K, Watson CJ. The spectrum of STAT functions in
mammary gland development. JAKSTAT. 2012; 1: 151-8.
doi: 10.4161/jkst.19691.

The authors have no conflicts of interest to declare.

12. Simon AR, Vikis HG, Stewart S, Fanburg BL, Cochran
BH, Guan KL. Regulation of STAT3 by direct binding to
the Rac1 GTPase. Science. 2000; 290: 144-7. doi: 10.1126/
science.290.5489.144

FUNDING
This study was funded by National Natural Science
Foundation of China (No. 81502373).

13. Akhtar N, Streuli CH. Rac1 links integrin-mediated
adhesion to the control of lactational differentiation in
mammary epithelia. J Cell Biol. 2006; 173: 781-93. doi:
10.1083/jcb.200601059.

REFERENCES
1. Bulgin R, Raymond B, Garnett JA, Frankel G, Crepin
VF, Berger CN, Arbeloa A. Bacterial guanine nucleotide
www.impactjournals.com/oncotarget

14. Wang Z, Fu M, Wang L, Liu J, Li Y, Brakebusch C, Mei Q.
p21-activated kinase 1 (PAK1) can promote ERK activation
43101

Oncotarget

in a kinase-independent manner. J Biol Chem. 2013; 288:
20093-9. doi: 10.1074/jbc.M112.426023.

25. McCubrey JA, Steelman LS, Bertrand FE, Davis NM,
Abrams SL, Montalto G, D'Assoro AB, Libra M, Nicoletti
F, Maestro R, Basecke J, Cocco L, Cervello M, et al.
Multifaceted roles of GSK-3 and Wnt/beta-catenin in
hematopoiesis and leukemogenesis: opportunities for
therapeutic intervention. Leukemia. 2014; 28: 15-33. doi:
10.1038/leu.2013.184.

15. Dillon LM, Bean JR, Yang W, Shee K, Symonds LK, Balko
JM, McDonald WH, Liu S, Gonzalez-Angulo AM, Mills
GB, Arteaga CL, Miller TW. P-REX1 creates a positive
feedback loop to activate growth factor receptor, PI3K/AKT
and MEK/ERK signaling in breast cancer. Oncogene. 2015;
34: 3968-76. doi: 10.1038/onc.2014.328.

26. Clevers H, Nusse R. Wnt/beta-catenin signaling and disease.
Cell. 2012; 149: 1192-205. doi: 10.1016/j.cell.2012.05.012.

16. Niba ET, Nagaya H, Kanno T, Tsuchiya A, Gotoh A,
Tabata C, Kuribayashi K, Nakano T, Nishizaki T. Crosstalk
between PI3 kinase/PDK1/Akt/Rac1 and Ras/Raf/MEK/
ERK pathways downstream PDGF receptor. Cell Physiol
Biochem. 2013; 31: 905-13. doi: 10.1159/000350108.

27. Fu Y, Zheng S, An N, Athanasopoulos T, Popplewell L,
Liang A, Li K, Hu C, Zhu Y. β-catenin as a potential key
target for tumor suppression. Int J Cancer. 2011; 129: 154151. doi: 10.1002/ijc.26102.

17. Neuzillet C, Tijeras-Raballand A, de Mestier L, Cros J,
Faivre S, Raymond E. MEK in cancer and cancer therapy.
Pharmacol Ther. 2014; 141: 160-71. doi: 10.1016/j.
pharmthera.2013.10.001.

28. Punj V, Bhattacharyya S, Saint-Dic D, Vasu C, Cunningham
EA, Graves J, Yamada T, Constantinou AI, Christov
K, White B, Li G, Majumdar D, Chakrabarty AM, et al.
Bacterial cupredoxin azurin as an inducer of apoptosis and
regression in human breast cancer. Oncogene. 2004; 23:
2367-78. doi: 10.1038/sj.onc.1207376.

18. Shen P, Chen M, He M, Chen L, Song Y, Xiao P, Wan
X, Dai F, Pan T, Wang Q. Inhibition of ERalpha/ERK/
P62 cascades induces “autophagic switch” in the
estrogen receptor-positive breast cancer cells exposed to
gemcitabine. Oncotarget. 2016; 7: 48501-16. doi: 10.18632/
oncotarget.10363.

29. Yamada T, Fialho AM, Punj V, Bratescu L, Gupta TK,
Chakrabarty AM. Internalization of bacterial redox
protein azurin in mammalian cells: entry domain and
specificity. Cell Microbiol. 2005; 7: 1418-31. doi:
10.1111/j.1462-5822.2005.00567.x.

19. McCubrey JA, Steelman LS, Bertrand FE, Davis NM,
Sokolosky M, Abrams SL, Montalto G, D'Assoro AB,
Libra M, Nicoletti F, Maestro R, Basecke J, Rakus D, et
al. GSK-3 as potential target for therapeutic intervention
in cancer. Oncotarget. 2014; 5: 2881-911. doi: 10.18632/
oncotarget.2037.

30. Chakrabarty AM. Bacterial azurin in potential
cancer therapy. Cell Cycle. 2016; 15: 1665-6. doi:
10.1080/15384101.2016.1179034.
31. Taylor BN, Mehta RR, Yamada T, Lekmine F, Christov K,
Chakrabarty AM, Green A, Bratescu L, Shilkaitis A, Beattie
CW, Das Gupta TK. Noncationic peptides obtained from
azurin preferentially enter cancer cells. Cancer Res. 2009;
69: 537-46. doi: 10.1158/0008-5472.CAN-08-2932.

20. Ding Q, Xia W, Liu JC, Yang JY, Lee DF, Xia J,
Bartholomeusz G, Li Y, Pan Y, Li Z, Bargou RC, Qin J, Lai
CC, et al. Erk associates with and primes GSK-3beta for its
inactivation resulting in upregulation of beta-catenin. Mol
Cell. 2005; 19: 159-70. doi: 10.1016/j.molcel.2005.06.009.

32. Mehta RR, Yamada T, Taylor BN, Christov K, King
ML, Majumdar D, Lekmine F, Tiruppathi C, Shilkaitis
A, Bratescu L, Green A, Beattie CW, Das Gupta
TK. A cell penetrating peptide derived from azurin
inhibits angiogenesis and tumor growth by inhibiting
phosphorylation of VEGFR-2, FAK and Akt. Angiogenesis.
2011; 14: 355-69. doi: 10.1007/s10456-011-9220-6.

21. Zhang F, Phiel CJ, Spece L, Gurvich N, Klein PS. Inhibitory
phosphorylation of glycogen synthase kinase-3 (GSK-3) in
response to lithium. Evidence for autoregulation of GSK3. J Biol Chem. 2003; 278: 33067-77. doi: 10.1074/jbc.
M212635200.
22. Takahashi-Yanaga F, Sasaguri T. Drug development
targeting the glycogen synthase kinase-3beta (GSK-3beta)mediated signal transduction pathway: inhibitors of the
Wnt/beta-catenin signaling pathway as novel anticancer
drugs. J Pharmacol Sci. 2009; 109: 179-83. doi: 10.1254/
jphs.08R19FM

33. Huang B, Schroeder M. LIGSITEcsc: predicting ligand
binding sites using the Connolly surface and degree
of conservation. BMC Struct Biol. 2006; 6: 19. doi:
10.1186/1472-6807-6-19.
34. Steffen A, Ladwein M, Dimchev GA, Hein A,
Schwenkmezger L, Arens S, Ladwein KI, Margit
Holleboom J, Schur F, Victor Small J, Schwarz J, Gerhard
R, Faix J, et al. Rac function is crucial for cell migration but
is not required for spreading and focal adhesion formation.
J Cell Sci. 2013; 126: 4572-88. doi: 10.1242/jcs.118232.

23. Nagarajan D, Melo T, Deng Z, Almeida C, Zhao W.
ERK/GSK3beta/Snail signaling mediates radiationinduced alveolar epithelial-to-mesenchymal transition.
Free Radic Biol Med. 2012; 52: 983-92. doi: 10.1016/j.
freeradbiomed.2011.11.024.

35. Brock AL, Ingber DE. Control of the direction of lamellipodia
extension through changes in the balance between Rac and
Rho activities. Mol Cell Biomech. 2005; 2: 135-43.

24. Liu C, Li Y, Semenov M, Han C, Baeg GH, Tan Y, Zhang
Z, Lin X, He X. Control of beta-catenin phosphorylation/
degradation by a dual-kinase mechanism. Cell. 2002; 108:
837-47. doi: 10.1016/S0092-8674(02)00685-2

www.impactjournals.com/oncotarget

36. Cannet A, Schmidt S, Delaval B, Debant A. Identification
of a mitotic Rac-GEF, Trio, that counteracts MgcRacGAP

43102

Oncotarget

function during cytokinesis. Mol Biol Cell. 2014; 25: 406371. doi: 10.1091/mbc.E14-06-1153.

46. Ham JH, Majerczak DR, Nomura K, Mecey C, Uribe F, He
SY, Mackey D, Coplin DL. Multiple activities of the plant
pathogen type III effector proteins WtsE and AvrE require
WxxxE motifs. Mol Plant Microbe Interact. 2009; 22: 70312. doi: 10.1094/MPMI-22-6-0703.

37. Bastos RN, Penate X, Bates M, Hammond D, Barr FA.
CYK4 inhibits Rac1-dependent PAK1 and ARHGEF7
effector pathways during cytokinesis. J Cell Biol. 2012;
198: 865-80. doi: 10.1083/jcb.201204107.

47. Faix J, Weber I, Mintert U, Kohler J, Lottspeich F, Marriott
G. Recruitment of cortexillin into the cleavage furrow is
controlled by Rac1 and IQGAP-related proteins. EMBO J.
2001; 20: 3705-15. doi: 10.1093/emboj/20.14.3705.

38. Kim SJ, Yoon S. Activated Rac1 regulates the degradation
of IkappaBalpha and the nuclear translocation of STAT3NFkappaB complexes in starved cancer cells. Exp Mol
Med. 2016; 48: e231. doi: 10.1038/emm.2016.17.

48. Prokopenko SN, Saint R, Bellen HJ. Untying the Gordian
knot of cytokinesis. Role of small G proteins and their
regulators. J Cell Biol. 2000; 148: 843-8. doi: 10.1083/
jcb.148.5.843

39. Mattagajasingh SN, Yang XP, Irani K, Mattagajasingh
I, Becker LC. Activation of Stat3 in endothelial cells
following hypoxia-reoxygenation is mediated by Rac1 and
protein Kinase C. Biochim Biophys Acta. 2012; 1823: 9971006. doi: 10.1016/j.bbamcr.2012.02.008.

49. Breznau EB, Semack AC, Higashi T, Miller AL.
MgcRacGAP restricts active RhoA at the cytokinetic furrow
and both RhoA and Rac1 at cell-cell junctions in epithelial
cells. Mol Biol Cell. 2015; 26: 2439-55. doi: 10.1091/mbc.
E14-11-1553.

40. Wang RA, Vadlamudi RK, Bagheri-Yarmand R, Beuvink I,
Hynes NE, Kumar R. Essential functions of p21-activated
kinase 1 in morphogenesis and differentiation of mammary
glands. J Cell Biol. 2003; 161: 583-92. doi: 10.1083/
jcb.200212066.

50. Arulanandam R, Geletu M, Feracci H, Raptis L. Activated
Rac1 requires gp130 for Stat3 activation, cell proliferation
and migration. Exp Cell Res. 2010; 316: 875-86. doi:
10.1016/j.yexcr.2009.10.017.

41. Provost E, Yamamoto Y, Lizardi I, Stern J, D'Aquila
TG, Gaynor RB, Rimm DL. Functional correlates of
mutations in beta-catenin exon 3 phosphorylation sites.
J Biol Chem. 2003; 278: 31781-9. doi: 10.1074/jbc.
M304953200.

51. Tsai CT, Lin JL, Lai LP, Lin CS, Huang SK. Membrane
translocation of small GTPase Rac1 and activation of
STAT1 and STAT3 in pacing-induced sustained atrial
fibrillation. Heart Rhythm. 2008; 5: 1285-93. doi: 10.1016/j.
hrthm.2008.05.012.

42. Fang D, Hawke D, Zheng Y, Xia Y, Meisenhelder J, Nika H,
Mills GB, Kobayashi R, Hunter T, Lu Z. Phosphorylation of
beta-catenin by AKT promotes beta-catenin transcriptional
activity. J Biol Chem. 2007; 282: 11221-9. doi: 10.1074/
jbc.M611871200.

52. Hachet-Haas M, Converset N, Marchal O, Matthes H,
Gioria S, Galzi JL, Lecat S. FRET and colocalization
analyzer--a method to validate measurements of sensitized
emission FRET acquired by confocal microscopy and
available as an ImageJ Plug-in. Microsc Res Tech. 2006;
69: 941-56. doi: 10.1002/jemt.20376.

43. Ponce DP, Maturana JL, Cabello P, Yefi R, Niechi I,
Silva E, Armisen R, Galindo M, Antonelli M, Tapia
JC. Phosphorylation of AKT/PKB by CK2 is necessary
for the AKT-dependent up-regulation of beta-catenin
transcriptional activity. J Cell Physiol. 2011; 226: 1953-9.
doi: 10.1002/jcp.22527.

53. Yang C, Czech L, Gerboth S, Kojima S, Scita G, Svitkina T.
Novel roles of formin mDia2 in lamellipodia and filopodia
formation in motile cells. PLoS Biol. 2007; 5: e317. doi:
10.1371/journal.pbio.0050317.

44. van Veelen W, Le NH, Helvensteijn W, Blonden L,
Theeuwes M, Bakker ER, Franken PF, van Gurp L,
Meijlink F, van der Valk MA, Kuipers EJ, Fodde R, Smits
R. β-catenin tyrosine 654 phosphorylation increases Wnt
signalling and intestinal tumorigenesis. Gut. 2011; 60:
1204-12. doi: 10.1136/gut.2010.233460.

54. Yu J, Hu X, Yang Z, Takemori H, Li Y, Zheng H, Hong S,
Liao Q, Wen X. Salt-inducible kinase 1 is involved in high
glucose-induced mesangial cell proliferation mediated by
the ALK5 signaling pathway. Int J Mol Med. 2013; 32: 1517. doi: 10.3892/ijmm.2013.1377.

45. Zhu G, Wang Y, Huang B, Liang J, Ding Y, Xu A, Wu W.
A Rac1/PAK1 cascade controls beta-catenin activation
in colon cancer cells. Oncogene. 2012; 31: 1001-12. doi:
10.1038/onc.2011.294.

www.impactjournals.com/oncotarget

55. Qiu X, Jiao J, Li Y, Tian T. Overexpression of FZD7
promotes glioma cell proliferation by upregulating
TAZ. Oncotarget. 2016; 7: 85987-99. doi: 10.18632/
oncotarget.13292.

43103

Oncotarget

