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E-cadherin belongs to the classic cadherin subfamily of calcium-dependent cell adhesion molecules and is
crucial for the formation and function of epithelial adherens junctions. In this study, we demonstrate that
Vangl2, a vertebrate regulator of planar cell polarity (PCP), controls E-cadherin in epithelial cells.
E-cadherin co-immunoprecipitates with Vangl2 from embryonic kidney extracts, and this association is also
observed in transfected fibroblasts. Vangl2 enhances the internalization of E-cadherin when overexpressed.
Conversely, the quantitative ratio of E-cadherin exposed to the cell surface is increased in cultured renal
epithelial cells derived from Vangl2Lpt/1 mutant mice. Interestingly, Vangl2 is also internalized through
protein traffic involving Rab5- and Dynamin-dependent endocytosis. Taken together with recent reports
regarding the transport of Frizzled3, MMP14 and nephrin, these results suggest that one of the molecular
functions of Vangl2 is to enhance the internalization of specific plasma membrane proteins with broad
selectivity. This function may be involved in the control of intercellular PCP signalling or in the PCP-related
rearrangement of cell adhesions.

P
lanar cell polarity (PCP) is defined as uniform orientation of a group of cells within a plane of epithelium1–3,
and it occurs during tissue morphogenetic events such as alignment of cochlear hair cells4, epidermal hair
patterning5, and convergent extension movements of lateral mesoderm6. Planar polarization is mediated

through patterned cell movements and coordinated transformation of the cell shapes, and these changes depend,
in part, on the extensive remodelling of cell-cell junctions7,8. Therefore, to understand the molecular mechanism
underlying the establishment of PCP, it is important to reveal which cell adhesion molecules are involved and how
they are regulated in a spatiotemporally precise manner.

Establishment of PCP is mediated by the Wnt/PCP pathway, a branch of noncanonical Wnt signalling, which
controls gene expression changes and cytoskeletal dynamics in a transmembrane receptor Frizzled-dependent
manner3. In the planar polarized epithelium, Frizzled and Dishevelled form a protein complex that confronts the
other PCP complex composed of Strabismus/Vang and Prickle on the other side of the cell adhesion sites. These
core PCP factors also regulate cell adhesion cooperatively with the Flamingo/Celsr atypical cadherins that
mediate homophilic cell-cell adhesion9. The PCP regulators exhibit punctate localizations at the adherens junc-
tions of Drosophila wing epithelia10. In addition, Celsr1 is enriched at the adherens junctions between the
neuroepithelial cells of the neural plate to induce its polarized bending11. The PCP factors localize at adherens
junctions, which are remodelled during planar polarization12,13. However, the link between adherens junction
molecules and PCP factors is still obscure. For example, whether classic cadherins, which are the main cell
adhesion molecules at adherens junctions, actively remodel the cell-cell junctions in response to the PCP signal
or whether they are passively regulated by the Flamingo/Celsr-related rearrangement of cell adhesion is
unknown.

We have recently reported that Vang-like-2 (Vangl2), a mammalian PCP regulator of Vang family proteins,
associates with N-cadherin14, a neural subtype of classic cadherins crucial for the formation of the dendritic spines
and synaptic junctions in the vertebrate CNS15,16. Vangl2 enhances endocytosis of postsynaptic N-cadherin
through this molecular association and is also required for the normal development of dendritic spines. N-
cadherin and Vangl2 form protein complex under negative regulation by their respective primary binding
partner, b-catenin and Prickle2, suggesting that Vangl2 precisely controls the cell surface levels of N-cadherin
by this conditional protein association to mediate accurate development of synaptic junctions. Although classic
cadherins are structurally homologous17, certain subtype-specific properties have been reported18. In fact,
whether Vangl2 is directly involved in the regulation of other classic cadherins has not been addressed.
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Endocytic regulation of E-cadherin plays an important role in the
PCP-related formation, rearrangement, and maturation of cell adhe-
sions. During the gastrulation of zebrafish embryos, intracellular
trafficking of E-cadherin is controlled by the Wnt/PCP pathway
stimulated by Wnt1119. In Drosophila, development of the wing or
tracheal epithelia requires polarized trafficking of E-cadherin-con-
taining vesicles during the PCP-dependent remodelling of cell-cell
junctions20. Because Vangl2 directly controls N-cadherin traffick-
ing14, this PCP-related endocytosis of E-cadherin may be also
mediated by Vang family proteins. In the present study, we dem-
onstrate complex formation and functional association of E-cad-
herin with Vangl2 in mammalian kidney epithelial cells. Vangl2-
mediated regulation of E-cadherin transport may play a role in

epithelial morphogenesis of renal tubules, which is under the control
of PCP signalling21,22.

Results
Vangl2 Forms a Protein Complex with E-Cadherin. To determine
whether Vangl2 forms protein complex only with N-cadherin or also
with other classic cadherins, we analysed lysates of HEK293T cells
transfected with E-cadherin and GFP-Vangl2 expression vectors
using immunoprecipitation (IP). Western blot (WB) analysis
indicated that GFP-Vangl2 coprecipitates with E-cadherin
(Figure 1a) and vice versa (Figure 1b). The molecular association
was not observed with YFP-tagged CD82, another tetraspanin
highly expressed in the developing epithelia23 in the parallel

Figure 1 | Association of E-cadherin with Vangl2. (a, b, d, f) HEK293T cells were transfected with the indicated expression constructs, and the cell lysates

as well as IPs were analysed by WB using the indicated Abs. IP was performed using (a) a-E-cadherin, (b) a-GFP, or (d, f) a-FLAG Abs. The protein band

of E-cadherin with higher molecular weight indicates the immature form with propeptide. (c, e) Schematic representations of the mutated constructs of

Vangl2 (c) and E-cadherin (e) used in the co-IP experiments shown in (d) and (f), respectively. (g) In vitro binding between recombinant E-cadherin and

Vangl2. GST-Ecad incubated with either MBP-NT, nonfused MBP or MBP-CT, was immunoprecipitated using a-MBP Abs and protein G sepharose.

The Inputs (0.5%) as well as IPs (approximately 30%) were separated with SDS-PAGE and analysed by WB using the indicated Abs. Significant

degradation of MBP-CT occured during the purification for some unknown reason. The right lane indicates the no Ab control. Note the specific

precipitation of GST-Ecad by MBP-CT. WB images were captured using the same experimental condition for each series of experiments and for each kind

of antibodies. The full-length images of the WB analyses presented in Figure 1 are included in Supplementary Figure S3. IP (immunoprecipitates), IB

(immunoblot), WT (wild-type Vangl2), DNT (Vangl2 lacking N-terminal intracellular domain), DCT (Vangl2 lacking the C-terminal intracellular

domain), DPkBD (Vangl2 lacking the Prickle-binding domain), DETSV (Vangl2 lacking the PDZ-binding motif at the C-terminal end), S/A (E-cadherin

with all serine residues within the b-catenin-binding region substituted by alanine), DBD (E-cadherin lacking the catenin-binding region).

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 6940 | DOI: 10.1038/srep06940 2



experiment (Figure 1a and b). We confirmed the specificities of the
antibodies (Abs) utilized in the IP experiments (see Supplementary
Figure 1).

We next determined which region of the Vangl2 protein is
required for the complex formation (Figure 1c and d). Deletion of
the N-terminal intracellular domain did not affect the coprecipita-
tion. In contrast, the C-terminal intracellular domain (ICD) was
required. Further, deletion of the Prickle-binding region24 greatly
diminished the association (28.4 6 1.2%, compared to WT; n 5 3
experiments). On the other hand, deletion of the ETSV PDZ-binding
motif25 had a less significant effect (87.1 6 1.5%, compared to WT;
n 5 3 experiments).

Because association with Vangl2 requires the normal b-catenin-
binding region of N-cadherin26,27, we examined whether the corres-
ponding region of the E-cadherin ICD is essential for the formation
of the E-cadherin–Vangl2 complex (Figure 1e and f). Deletion of the
b-catenin-binding region as well as alanine substitution of a stretch
of serine residues within this region26,28 (Figure 1e) abolished the
protein association (Figure 1f). We confirmed that the cell surface
expression of the mutant forms of Vangl2 or E-cadherin was not
greatly affected in comparison with that of the wild-type proteins
(see Supplementary Figure 1).

These results indicate that the normal association of classic cad-
herins with Vangl2 requires the b-catenin-binding domain of E-
cadherin as well as the Prickle-binding domains of Vangl2. These
regions may be important for the molecular interaction or structural
stability of the respective proteins.

We further evaluated whether purified recombinant E-cadherin
and Vangl2 interact in vitro (Figure 1g). The GST fusion protein of
the E-cadherin intracellular domain (ICD) (GST-Ecad) and the
MBP-fused N-terminal (MBP-NT) and C-terminal ICDs (MBP-
CT) of Vangl2 were bacterially expressed and purified using glu-
tathione- and amylose-conjugated resins, respectively. GST-Ecad
was mixed with MBP-NT, nonfused MBP or MBP-CT and subjected
to co-IP using a-MBP Abs. GST-Ecad was precipitated only when
incubated with MBP-CT. Although we cannot exclude the possibility
that other factors influence this protein–protein interaction or that
their transmembrane regions also play important roles in complex

formation, these results suggest that the E-cadherin ICD is capable of
directly binding to the Vangl2 C-terminus.

Complex Formation between E-cadherin and Vangl2 is Restricted
by b-Catenin or Prickle2. Because normal association between E-
cadherin and Vangl2 requires these respective binding domains, we
determined whether cotransfection of b-catenin or Prickle2 affects
the complex formation.

HEK293T cells were transfected with expression constructs of E-
cadherin and FLAG-tagged Vangl2. The cell lysates were subjected to
IP using a-FLAG Abs and subsequent WB (Figure 2a and c).

The amount of E-cadherin protein that coprecipitated with Vangl2
decreased as the amount of cotransfected GFP-b-catenin expression
vector increased (Figure 2a and b; 0.2 mg: 0.49 6 0.03 a.u.; p 5 0.004,
0.5 mg: 0.27 6 0.03 a.u.; p 5 0.003, 1.0 mg: 0.18 6 0.02 a.u.; p 5 0.001;
n 5 3 experiments). Similarly, when cotransfected GFP-Prickle2
expression vector increased, a dose-dependent decrease in Vangl2-
associated E-cadherin was observed (Figure 2c and d; 0.2 mg: 0.75 6

0.05 a.u.; p 5 0.049, 0.5 mg: 0.42 6 0.04 a.u.; p 5 0.007, 1.0 mg: 0.28 6

0.05 a.u.; p 5 0.008; n 5 3 experiments).
Because b-catenin is expressed at a significant level in HEK293T

cells, we also determined whether silencing of endogenous b-catenin
affects the formation of the E-cadherin–Vangl2 complex (see
Supplementary Figure 2). Co-introduction of the b-catenin–
shRNA construct14 significantly increased the protein level of E-cad-
herin associated with Vangl2 (2.17 6 0.22 a.u.; p 5 0.03; n 5 3
experiments). These results indicate that the association between
E-cadherin and Vangl2 is suppressed by b-catenin or Prickle2. In
other words, E-cadherin and Vangl2 are capable of forming protein
complexes that are sensitive to the expression levels of their respect-
ive primary binding partners.

Vangl2 Enhances the Internalization of E-Cadherin. In the
previous study, we demonstrated that internalization of N-
cadherin is enhanced by Vangl2 in transfected cells as well as in
cultured hippocampal neurons14. In the present study, we
determined the effects of Vangl2 on cell surface expression of E-
cadherin.

Figure 2 | Inhibition of complex formation between E-cadherin and Vangl2 by either b-catenin or Prickle2. (a, c) HEK293T cells were transfected with

the indicated expression plasmids, and the cell lysates as well as IPs were analysed by WB. IP was performed using a-FLAG Abs. Total DNA amount was

adjusted to 3.0 mg for each well using control GFP expression vector. (b, d) Line graphs showing the ratio of the E-cadherin levels included in the IPs to

those in the total cell lysates. The ratios were calculated according to the immunosignals quantified using ImageJ. The line graphs (b) and (d) were

prepared according to the WB analyses (a) and (c), respectively. For quantification of E-cadherin levels, only signal strength of the protein band

corresponding to the mature form (lower molecular weight) was used. Note the dose-dependent reduction of the precipitated levels of E-cadherin by

increased DNA amount of b-catenin (a, b) or Prickle2 (c, d). WB images were captured using the same experimental condition for each series of

experiments and for each kind of antibodies. The full-length images of the WB analyses presented in Figure 2 are included in Supplementary Figure S4.

Data are presented as mean 6 SEM. Significant differences (p , 0.05) versus a one stage earlier group calculated using Student’s t test are marked with *.

a.u.: arbitrary unit.
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Cell surface proteins expressed on HEK293T cells transfected with
the indicated expression vectors (Figure 3a) were biotinylated and
precipitated using avidin-coated beads29. The protein samples
included in the precipitates as well as in the total cell lysates were
analysed by WB. Treatment of the cells with 4 mM EGTA, which
chelates the extracellular calcium ions, induced a reduction in cell
surface levels of E-cadherin30. Similarly, cotransfection of Vangl2
decreased the E-cadherin levels exposed to the cell surface
(Figure 3a and b). In these experiments, the EGTA treatment, but
not Vangl2 transfection, induced the internalization of transferrin
receptors (TfR; Figure 3a and c), indicating the functional specificity
of Vangl2.

The enhanced internalization of E-cadherin may be due to
increased endocytosis, decreased exocytosis or toxic effects on pro-
tein transport. To address this issue, we further introduced dom-
inant-negative forms of Rab531 (RFP-DN-Rab5) or Dynamin32

(DN-Dynamin1-GFP). Cotransfection of these constructs of endo-
cytosis inhibitors clearly rescued the cell surface expression of
E-cadherin (Figure 3a and b), demonstrating that enhanced inter-
nalization of E-cadherin by Vangl2 involves endocytic transport. In
this experiment, Vangl2 was also internalized through a pathway
involving Rab5 and Dynamin (Figures 3a and d). Reflecting the
sensitivity to dnRab5, immunofluorescence (IF) microscopy revealed
the vesicular co-localization of Rab5 with a portion of vesicles that

Figure 3 | Regulation of cell surface levels of E-cadherin by Vangl2. (a) WB analysis of the indicated proteins included in the total cell lysates or exposed

to the cell surface. The indicated expression constructs were transfected into HEK293T cells, and the cell lysates were analysed. Biotinylated surface

proteins were pulled down via avidin affinity. (b–d) Quantification of the surface levels of E-cadherin (b), TfR (c) and Vangl2 (d) treated with the

indicated reagents and expression constructs. The bar graphs show the ratio of the protein levels precipitated using the avidin beads to those included in

the total cell lysates. (e) Co-localization of the E-cadherin (green)–Vangl2 (red) vesicles with Rab5 (blue). Expression constructs of Vangl2 and E-cadherin

were transfected into HEK293T cells. E-cadherin/Vangl2 double-positive and E-cadherin/Vangl2/Rab5 triple-positive dots are indicated by arrowheads

and arrows, respectively. (f) IF analysis of colocalization of transfected E-cadherin with Vangl2. The presented images were captured without EGTA

treatment (0 min.), or 5 and 30 minutes after the EGTA treatment. (g) Line graph showing the transition of the ratio of the E-cadherin vesicles colocalized

with Vangl2 IF. The images captured without EGTA treatment (0 min.), or 5, 15, 30, and 60 minutes after the EGTA treatment were analysed. WB images

were captured using the same experimental condition for each series of experiments and for each kind of antibodies. The full-length images of the WB

analyses presented in Figure 3 are included in Supplementary Figure S5. Higher magnification of the delimited region is shown in the respective lower

panels. Data are presented as mean 1 SEM (b, c, d) or 6 SEM (g). Significant differences (p , 0.05) versus control groups calculated using Student’s t test

are marked with *. a.u.: arbitrary unit. Scale bars: 20 mm and 5 mm for upper and lower panels, respectively.
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were positive for both E-cadherin and Vangl2 (Figure 3e; 13.3%, n 5

400 E-cadherin/Vangl2 double-positive dots). Because Rab5 is an
early regulator of endocytosis, and because Vangl2-mediated
enhancement of E-cadherin internalization is highly sensitive to
dnRab5 (Figures 3a and b), the relatively rare coincidence of Rab5
IF with E-cadherin/Vangl2 double-positive dots may indicate that
their co-localization is transient.

Vangl2 transfection as well as EGTA treatment enhanced E-cad-
herin endocytosis. We therefore analysed whether colocalization of
Vangl2 with E-cadherin is affected by the EGTA treatment (Figure 3f
and g). We counted the E-cadherin puncta associated with Vangl2 IF.
Without EGTA treatment, we found that 49.0 6 1.6% (n 5 40 cells)
of the E-cadherin puncta are associated with Vangl2. Five minutes
after the treatment, we observed a transient increase in the colocali-
zation (57.8 6 1.9%; p 5 0.001; n 5 40 cells), which then returned to
the steady state (15 min: 47.5 6 1.7%; p 5 0.523, 30 min: 49.0 6

1.8%; p 5 0.984, 60 min: 45.2 6 1.7%; p 5 0.107). This transition in
the ratio of their co-localization suggests that Vangl2 is, to a large
extent, involved in the early phase of E-cadherin trafficking.

Vangl2 Associates with E-Cadherin In Vivo. To assess the
significance of these transfection experiments, we examined the
embryonic kidneys where the branching morphogenesis of
epithelia is dependent of Vangl233. Embryonic day 19 rat kidney
extracts were prepared as described in the ‘‘Methods’’, and
subjected to IP using either a-Vangl2 Abs or normal goat IgG14.
The immunoprecipitates (IPs) were analysed by WB using the
indicated Abs (Figure 4a). E-cadherin was specifically detected
in the IPs of a-Vangl2, suggesting that a small portion of E-
cadherin associates with Vangl2 in vivo. In this experiment, as
expected from the IP data in HEK293T cells (Figures 2a and b),
b-catenin was not detected in the a-Vangl2 IPs even when the
blots were overexposed. Although Plakoglobin can substitute for
b-catenin34, it was not included in the IPs. These results suggest

that E-cadherin is dissociated from the catenins when it is
associated with Vangl2.

Using IF microscopy, we analysed the localizations of these pro-
teins on the horizontal section of a renal tubule from the kidney of a
postnatal day 0 (P0) mouse (Figure 4b). E-cadherin and Vangl2 were
highly accumulated at the lateral borders between the epithelial cells
(Figures 4b and c). When the intensities of the IF of the enlarged
images were plotted along the border (Figure 4c; white line), the
signal peaks of both fluorophores were correlated to some extent.
On this plot, the signal peaks of phalloidin, which primarily stain the
apico-lateral region of the epithelial cells, were less significantly
associated with each IF signal (Figure 4d; blue). When the IF intens-
ities were plotted transversely to the apico-basal axis of the cell
(Figure 4c; yellow line), we found that Vangl2 was distributed more
intracellularly with punctate signals (Figure 4e; red). Taken together,
these results indicate that, at least, the subpopulations of E-cadherin
and Vangl2 co-localize in the epithelia of embryonic kidneys, prim-
arily at cell–cell junctions.

Cell Surface Expression of E-Cadherin Is Abnormal in Epithelial
Cells Derived from Vangl2Lpt/1 Mutant Kidneys. Homozygous
Loop-tail (Lpt) mutation in the mouse Vangl2 gene results in
embryonic lethality due to incomplete closure of the neural tube35.
To determine the role of Vangl2 in the regulation of the cell surface
expression of E-cadherin, we analysed cultured epithelial cells
derived from the neonatal kidneys of Vangl2Lpt/1 or wild-type
littermate mice. Because Vangl2 with the Lpt mutation is highly
unstable36,37, the total protein level of Vangl2 was significantly
decreased in the mutant cultures (Figure 5a and c; 0.46 6 0.05 a.u.;
p 5 0.002; n 5 4 experiments). It is also possible that the function of
the wild-type Vangl2 protein is affected by the residual Lpt mutant
form of Vangl2 through its dominant-negative action38.

Using the same method employed for HEK293T cells (Figure 3a),
we assessed the cell surface expression of E-cadherin in these primary

Figure 4 | E-cadherin–Vangl2 association in vivo. (a) E19 rat kidney extracts were subjected to IP using normal goat IgG or a-Vangl2 Abs, and then to

WB analysis. Note the specific precipitation of E-cadherin by a-Vangl2. b-catenin or Plakoglobin were not detected in the IPs even when the blots were

overexposed. (b, c) IF localization of Vangl2 (red) and E-cadherin (green) shown together with phalloidin staining (blue) on a cryosection of a P0 mouse

kidney. E-cadherin is robustly expressed in the epithelial cells of the urinary tubule, which is horizontally cut on this section. Higher magnification of the

delimited region (b) is shown in (c). Apical and basal limits of the epithelia are shown using white broken lines in the images of phalloidin staining (blue)

and are displayed at the upper and lower side of the images of (c), respectively. The white characters in the phalloidin image of (b) denote the following: M,

mesenchyme; E, epithelia; and L, lumen. (d, e) Plot profile analysis of the IF intensity along the delimited regions (c). The origin of the plot is shown as

‘‘0’’. The signal intensities are plotted along one of the lateral borders between the epithelial cells (d; delimited with white dots) or transverse to these

borders (e; delimited with yellow dots). The X-axis indicates the distance from the origin of the plot. The Y-axis delineates fluorescent signal intensity. For

each fluorophore and each plot, the most intense signal peak was set as one arbitrary unit of the Y-axis. WB images were captured using the same

experimental condition for each series of experiments and for each kind of antibodies. The full-length images of the WB analyses presented in Figure 4 are

included in Supplementary Figure S6. Scale bars: 20 mm and 5 mm for (b) and (c), respectively.
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Figure 5 | Increased cell surface expression of E-cadherin on the epithelial cells derived from the Vangl2Lpt/1 mutant kidneys. (a) WB analysis of both biotinylated

cell surface proteins and proteins included in the total cell lysates of the cultured kidney cells derived from the wild-type or Vangl2Lpt/1 mutant mice. (b) Bar graphs

showing the cell surface ratios of E-cadherin levels, which were quantified according to the immunosignal intensities shown in (a). (c–e) Quantitative analysis of

Vangl2 levels in the kidney cells derived from wild-type or Vangl2Lpt/1 mutant mice. The WB signal levels of total Vangl2 (c), those exposed to the cell surface (d) and

their ratios (e) were compared between these two genotypes. (f, h, j) Image analysis of cultured kidney epithelial cells derived from wild-type and Vangl2Lpt/1 mutant

mice using the a-ECD and a-ICD Abs. a-ECD Abs were applied before (f) or after (j) membrane permeabilization. In (h), wild-type cells were stained either with or

without permeabilization for both Abs. The images were captured using the same exposure time and gain for each fluorophore and for each series of experiments.

(g, i, k) Bar graphs showing the relative average ratios of the signal intensities of a-ECD and a-ICD. The geometric mean of ratio of the wild-type (g, k) and that of

the permeabilized culture was set as one arbitrary unit for each experimental condition (f), (j) and (h). WB images were captured using the same experimental

condition for each series of experiments and for each kind of antibodies. The full-length images of the WB analyses presented in Figure 5 are included in

Supplementary Figure S7. Data are presented as geometric mean 6 95% CI (b, e, g, i, k) or mean 1 SEM (c, d). Significant differences (p , 0.05) versus control

groups calculated using Mann-Whitney’s U test (b, e, g, i, k) or Student’s t test (c, d) are marked with *. a.u.: arbitrary unit. Scale bars: 50 mm.
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cultures. Consistent with the data obtained by the transfection
experiments (Figures 3a and b), the surface fraction of the cell lysate
derived from the mutant cells, which was purified using biotin–avi-
din affinity, contained a significantly increased level of E-cadherin
(Figures 5a and b; 139%, 95% CI: 118–164%; p 5 0.0079; n 5 5
experiments). In this experiment, the cell surface level of Vangl2
was also decreased in the mutant cells (Figure 5d; 0.51 6 0.07 a.u.;
p 5 0.005; n 5 4 experiments), and the quantitative ratio of Vangl2
expressed on the cell surface was not significantly different between
these two genotypes (Figure 5e; 109%, 95% CI: 73.3–162%; p 5 0.829;
n 5 4 experiments).

The cell surface levels of E-cadherin were also assessed by IF
intensity39. The primary cultures were fixed using 4% paraformalde-
hyde (PFA) and stained with a rat DECMA-1 monoclonal Ab, which
was raised against the extracellular domain (ECD) of E-cadherin40.
Cells were then washed extensively, permeabilized with Triton X-
100, and then incubated with mouse a-E-cadherin intracellular
domain (ICD) Abs. These primary Abs were detected using Alexa-
594-conjugated a-rat and Alexa-488-conjugated a-mouse IgG sec-
ondary Abs, respectively. By this procedure, whilea-ECD Abs almost
solely recognize cadherin molecules exposed to the cell surface,
a-ICD Abs detected both the cell surface and intracellular popula-
tions14,39. We calculated the ratio of total signal intensity of Alexa-594
to that of Alexa-488 for each image pair as the quantitative ratio of E-
cadherin molecules exposed to the cell surface. We then calculated
the geometric means of the ratios for both genotypes, and compared
them. By this image analysis, we found that the cell surface ratio of E-
cadherin on the Vangl2Lpt/1 epithelial cultures significantly increased
(Figure 5f and g; 117%, 95% CI: 108–126%; p 5 0.008; n 5 5 experi-
ments), as shown for the cell surface levels of N-cadherin on the
cultured neurons14.

In the control experiments, a-ICD Abs did not detect the ICD
epitope at a comparative level without permeabilization (Figure 5h
and i; 14.8%, 95% CI: 9.1–24.3%; p , 0.0001), indicating that mem-
brane permeabilization is required for sufficient penetration of the
Abs. Further, in the experiments in which both a-ECD and a-ICD
were applied after permeabilization, the average ratio of both IF
signals was not greatly different between the two genotypes
(Figure 5j and k; 95.5%, 95% CI: 69.1–132%; p 5 0.802; n 5 5
experiments), indicating that the permeabilization significantly
enhances the penetration of not only a-ICD but also a-ECD Abs
in these experiments.

Taken together, these results indicate that Vangl2 is required for
maintaining the normal cell surface levels of E-cadherin in the kidney
epithelial cells.

Discussion
The PCP factors localize to and regulate adherens junctions11,20. A
possible mechanism of this regulation was shown by a genetic study
of Vangl241. Transgenic overexpression as well as genetic ablation of
Vangl2 in mice resulted in aberrant formation of adherens junctions
between embryonic neuroepithelial cells. In addition, MDCK cells
transfected with a Vangl2 expression vector displayed decreased cell–
cell adhesion in hanging drop cultures, suggesting that precise regu-
lation of Vangl2 levels is required for the appropriate formation of
adherens junctions. Although Rac1-mediated cytoskeletal rearrange-
ment is suggested to play an important role in this regulation,
whether cell adhesion molecules are directly affected by Vangl2
has not been addressed. In the present study, we have demonstrated
that Vangl2 associates with E-cadherin to enhance its internalization
in the developing epithelial cells. The bacterially expressed E-cad-
herin ICD directly bind C-terminal ICD of Vangl2. It is therefore
possible that this control is one of the causes of the impaired adhe-
rens junction formation in these transgenic animals41. The cell sur-
face levels of E-cadherin on the Vangl2Lpt/1-derived renal epithelial
cells were indeed significantly increased in our analysis. Similarly, in

Drosophila, the PCP pathway controls recycling and turnover of E-
cadherin during junctional remodelling, and E-cadherin levels
increase at junctions between tracheal epithelial cells of the
Strabismus/Vang mutant20,42. Although the detailed molecular mech-
anism is unknown, similar protein interactions shown in our mam-
malian studies might be involved in the Drosophila phenotype of the
E-cadherin regulation.

Vangl2 is also known to induce endocytosis of several other mem-
brane proteins. At the growing axonal tips, Vangl2 antagonizes
Dishevelled1-mediated phosphorylation of Frizzled3 and enhances
its endocytosis43. Through this regulation of Wnt signalling, Vangl2
mediates the precise extension of filopodia in response to chemoat-
tractants. During the gastrulation of zebrafish embryos, the PCP
pathway regulates endocytosis of the metalloproteinase MMP14 to
control remodelling of the extracellular matrix44. Loss of Vangl2 in
trilobite mutants leads to increased cell surface amounts of MMP14,
abnormal remodelling of extracellular matrix, and disturbance of
convergent extension movements45. Further, a cell adhesion mole-
cule expressed in the kidney podocyte, nephrin, is regulated by
Vangl246. Activation of the PCP pathway promotes nephrin endo-
cytosis in a clathrin- and b-arrestin-dependent manner. Depletion of
Vangl2 increases the cell surface amount of nephrin and disturbs the
maturation of glomeruli. How is the endocytosis of these structurally
unrelated molecules enhanced by Vangl2? We deduce that Vangl2
regulates their internalization with selectivity, as the cell surface
expression of TfR was not significantly affected by Vangl2 in our
study (Figure 3a and c). It should be noted that TfR is a single-pass
type II membrane protein with a cytosplasmic N-terminal domain,
and classic cadherins, nephrin, MMP14 and Frizzled are all single-
pass type I membrane proteins with intracellular C-terminal
domains. This difference in membrane topology may affect the sens-
itivity of transmembrane proteins to Vangl2-mediated internaliza-
tion. With regard to the molecular interactions organized by Vangl2,
it is suggested that MAGI2, a podocyte scaffold protein, forms a link
between nephrin and Vangl2, the interaction of which may be
involved in the endocytosis of nephrin47. By contrast, classic cadher-
ins can directly bind Vangl2 dependently on their b-catenin-
and Prickle-binding sites14. Taken together, these results suggest that
the molecular mechanism of the Vangl2-promoted endocytosis is
context-dependent. Interestingly, the assembly of extracellular
matrix during zebrafish gastrulation, which is controlled by the cell
surface levels of MMP14, seems to be influenced by the cadherin-
mediated cell adhesion48. Given that the E-cadherin ICD can directly
associate with Vangl2, we propose the hypothesis that regulation of
the cell surface expression of classic cadherin by Vangl2 plays a
primary role in multiple aspects of PCP-related remodelling of cell
adhesion.

From the viewpoint of molecular evolution, a predominant role
for the cadherin superfamily in the establishment of the PCP signal-
ling pathway should be noted. There are three classes of regulators of
PCP signalling: the upstream activators, the core factors, and the
downstream effectors49. Other than Wnt proteins, Fat (Ft) and
Dachsous (Ds) protocadherins are known to function as the
upstream activators of PCP signalling. Whereas Ft is expressed uni-
formly, Ds is expressed in a gradient in the Drosophila eye and wing.
Because Ds acts as the ligand for Ft, Ft is activated in a gradient,
providing the long-range cue for PCP activation in these tissues to
establish the polarized distributions of the core PCP factors within
each cell50. In mammals, Fat1, Fat4, and Dachsous1 control tubular
elongation of renal epithelia through PCP signalling, preventing the
development of polycystic kidney diseases51. Interestingly, both Ft
and Ds harbour homologous regions to the intracellular b-catenin-
binding domain of classic cadherins52, with which Vangl2 may phys-
ically interacts. Therefore, whether Vangl2 also associates Ft and/or
Ds to form feedback loops in the PCP pathway is an issue to be
addressed. As for the core PCP regulators, Fmi/Celsr proteins are
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serpentine receptor-like atypical cadherins9. Further, we have shown
that classic cadherin is one of the effectors of Vangl214. We therefore
conclude that cadherin superfamily proteins are included in all three
classes of PCP regulators. This strong correlation suggests a crucial
role for calcium-dependent cell adhesion in the appearance of tissue
polarity during evolution. We propose that advancement of cell-cell
interaction in complexity or elaboration by gene evolution of cad-
herin motif-containing molecules is a plausible mechanism for cre-
ating multicellular organisms with PCP-like tissue organization.

In conclusion, we observed physical and functional associations of
Vangl2 with E-cadherin, which are essentially similar to that with
N-cadherin. Vangl2 positively regulates endocytosis of both N- and
E-cadherin in a Rab5-dependent manner. Microscopically, the vesi-
cular colocalization of cadherins with Vangl2 is approximately 50%
in common14 (53.1% for N-cadherin; 49.0% for E-cadherin). On the
other hand, we noticed a significant difference in the ratio of Rab5-
colocalization. While 71% of the Vangl2-colocalized N-cadherin
puncta are associated with Rab5 IF14, only 13% of those of E-cadherin
are Rab5-positive (Figure 3c). The high ratio of Rab5 association with
the N-cadherin–Vangl2 complex may explain why N-cadherin
undergoes a high rate of endocytosis at the postsynapse, where
Vangl2 is enriched. N-cadherin, but not E-cadherin, is known to
interact with the fibroblast growth factor receptor through the fourth
cadherin domain (EC4)53. The associated fibroblast growth factor
receptor signalling may enable Vangl2 to recruit Rab5 to N-cadherin
more efficiently than to E-cadherin. Future comparative analysis of
the constituents of the cadherin–Vangl2 protein complexes would
reveal the subtype-specific features of the cadherin transport during
PCP-related tissue morphogenesis.

Methods
Animals. Loop-tail mutants of the LPT/Le stock54 were purchased from the Jackson
Laboratory (Bar Harbor, ME), and backcrossed to C57BL/6J strain for at least 8
generations. The Animal Use and Care Committee of Niigata University authorized
all animal experiments, which were performed in accordance with the NIH
Guidelines for Care and Use of Laboratory Animals.

Plasmids and Antibodies. Expression constructs of Vangl2, FLAG-Vangl2,
dominant-negative Rab5, GFP-b-catenin, and GFP-Prickle2 are as described14. The
supplemental Excel file contains detailed information on other plasmid constructs
(sheet #1) and Abs (sheet #2) used in this study. The plasmid constructs were
sequenced to confirm the absence of sequence errors.

Tissue Culture. HEK293T cells (ATCC, Manassas, VA) were maintained in standard
conditions using DMEM containing GlutaMAX (Life Technologies, Carlsbad, CA)
supplemented with 10% foetal bovine serum (BioWest, Kansas City, MO) at 37uC in
the presence of 5% CO2 in a water-jacketed incubator. Transfections of the plasmid
DNA were performed using Lipofectamine 2000 (Life Technologies) or
polyethylenimine (Polysciences Inc., Warrington, PA: #23966) according to the
manufacturer’s instructions. 24 h after transfection, cells were either treated or
untreated with the indicated reagents, and then either harvested for biochemical
analysis or fixed for microscopic analysis.

Primary Culture of the Mouse Kidney Cells. Both kidneys were dissected out from
each P0 Vangl2Lpt/1 mutant mouse or their control littermate of wild-type, minced
using razor blades, and incubated with 200 ml of 0.25% trypsin in HBSS for 15 min at
37uC. Loosened tissues were washed with HBSS and then passed through the P-200
pipet tips. Dissociated cells were seeded onto either coverslips coated with poly-L-
lysine for IF or 6-well plates for the biotinylation assay. Cells were cultured for 4 days
before analysis.

Immunofluorescence Microscopy and Image Analysis. Immunostaining and image
analysis of cultured cells were performed essentially as described14. Cells were fixed
with 4% paraformaldehyde in phosphate-buffered saline (PBS). 20 image pairs were
analysed for measurement of total IF intensity in each experiment unless otherwise
stated.

Immunoprecipitation and Western Blot Analysis. IP and WB analysis were
performed essentially as described14. Cell lysis buffer (1% NP-40, 150 mM NaCl,
50 mM Tris–Cl pH 7.5, 2 mM EDTA and 10% glycerol, supplemented with 20 mg/ml
leupeptin) was used for all steps of cell lysis and bead washing. For preparation of
kidney tissue extracts, ,24 kidneys dissected out from E19 SD rats (Japan SLC,
Hamamatsu, Shizuoka) were lysed in 2.4 ml of cell lysis buffer by sequential passages
through P-1000 pipet tips, 21-gauge needles, and 25-gauge needles. The lysates were

centrifuged at 14,000 3 g for 10 min at 4uC, and the supernatants were used as the
kidney extracts. To prepare recombinant proteins of the E-cadherin ICD and Vangl2
ICDs, cDNA encoding these protein regions were PCR-amplified and ligated into
pGEX-4T-1 and pMAL-c2X vectors in frame, respectively. Bacterial expression and
purification of the fusion proteins were performed according to the manufacturer’s
instructions. For IP of the purified proteins, approximately 1.5 mg of each
recombinant was added to 300 ml of cell lysis buffer, incubated overnight at 4uC with
rotation and treated with a-MBP Abs and 10 ml of a slurry of protein G Mag
Sepharose Xtra (GE Healthcare, Waukesha, WI) overnight at 4uC.

Cell Surface Biotinylation Assay. Cells, seeded at 8 3 105 per well of 6-well plates and
grown for 4 days (primary kidney) or for 24 hr after transfection (HEK293T), were
washed 3 times with ice-cold PBS and treated with 0.4 mM NHS-PEG4-Biotin
(Thermo, Waltham, MA) for 30 min on ice. The biotinylation reaction was quenched
and excess reagents were washed out using PBS containing 0.1 M glycine. Cells were
then lysed in 700 ml of cell lysis buffer. Three hundred ml of the cell lysate were
incubated with 5 ml of High Capacity NeutrAvidin agarose resin (Thermo) for 2 h at
4uC with rotation. The resins were washed 3 times with cell lysis buffer and boiled in
23 Laemmli SDS sample buffer (Bio-Rad, Hercules, CA) supplemented with 0.1 M
DTT.

Immunofluorescent Quantification of E-Cadherin Exposed on the Cell Surface.
Image analysis of the cell surface expression of cadherin was performed essentially as
described14. After culturing for 4 days, the primary kidney cells were fixed with 4%
PFA in PBS at 37uC for 15 min, incubated with the blocking solution for 1 h and
incubated at 4uC for 1 h with the rat monoclonal Abs raised against a-E-cadherin
ECD (DECMA-1). The unbound Abs were removed by washing five times with PBS
for 10 min each, and the plasma membranes were permeabilized using 0.1% Triton
X-100 for 10 min. The cells were blocked again and incubated at 4uC for 1 h with
mouse Abs against E-cadherin ICD (clone#36). The a-ECD and a-ICD Abs bound to
the primary cultures were detected using secondary Abs conjugated to different
fluorophores (Alexa-594 for a-rat IgG and Alexa-488 for a-mouse IgG). The cell-
surface and total populations of E-cadherin were identified by red and green
fluorescence, respectively. All images were captured when more than 10 E-cadherin-
expressing cells were clustered in the field of view using an 340 objective lens. For
each series of experiments and for each fluorophore, images were captured using the
same exposure time and gain without saturation using MetaMorph (Molecular
Devices, Sunnyvale, CA), and the signal strength of each image was quantitatively
analysed using ImageJ (NIH, Bethesda, MD).

Immunofluorescence Analysis of Mouse Kidney. Mouse kidneys were dissected out
from P0 C57BL/6J mice and freshly frozen in OCT compound (Sakura Finetek,
Tokyo, Japan) using dry ice. The kidneys were sectioned at 5-mm thickness along the
dorsal-ventral axis using a cryostat (CM1850, Leica Biosystems, Nussloch, Germany)
and dried on MAS-coated glass slides (Matsunami Glass, Osaka, Japan). The
sectioned tissues were fixed using 4% PFA in PBS, blocked using 10% FBS in PBS, and
sequentially incubated with the indicated antibodies accompanied by intervening
washing procedures. IF images were captured and analysed as described14. To profile
the signal intensity of IF along lines, Plot Profile analysis was conducted using ImageJ.
The signal intensity of each plot (0.1 mm/plot) was statistically analysed.

Statistical Analysis. All counts and measurements were conducted in blind fashion.
Each experiment was repeated at least twice and produced consistent results. The
measured values from three independent experiments were used for each statistical
analysis unless otherwise stated. The average ratio of one of the control samples was
set as one arbitrary unit to represent the relative amounts, and used as the standard for
the statistical analysis. Data are presented as mean 1 SEM or geometric mean 6 95%
CI unless otherwise stated.
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