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The intracellular carboxyl terminal domain
of Vangl proteins contains plasma
membrane targeting signals

Alexandra Iliescu and Philippe Gros*

Department of Biochemistry, McGill University, Montreal, Canada

Received 20 November 2013; Accepted 20 January 2014
DOI: 10.1002/pro.2432
Published online 22 January 2014 proteinscience.org

Abstract: Vangl1 and Vangl2 are integral membrane proteins that play a critical role in establishing

planar cell polarity (PCP) in epithelial cells and are required for convergent extension (CE) move-

ments during embryogenesis. Their proper targeting to the plasma membrane (PM) is required for
function. We created discrete deletions at the amino and carboxy termini of Vangl1 and monitored

the effect of the mutations on PM targeting in Madin–Darby canine kidney cells. Our results show

that the Vangl1 amino terminus lacks PM targeting determinants, and these are restricted to the
carboxy terminus, including the predicted PDZBM motif at the C-terminus.
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Introduction

Neural tube defects (NTDs) are a group of heteroge-

neous birth defects caused by failure of the neural

tube (precursor of the central nervous system) to

close properly during embryogenesis.1 These malfor-

mations are common (1/1000 births) and often cause

infant mortality.2 Epidemiological studies indicate

that NTDs are caused by complex genetic determi-

nants in combination with environmental factors,

both poorly understood.3 We have shown that the

Vangl1 and Vangl2 genes are essential for the devel-

opment of the neural tube, and that mutations in

these genes cause NTDs in mice and humans.4

Vangl genes are vertebrate relatives of the fly

Vang/Stbm, a gene required for polarization of epi-

thelial cell layers and their associated cellular

appendages, a process called “planar cell polarity”

(PCP).4 Core PCP genes and proteins include Vangl/

Stbm (van gogh-like, strabismus), Pk (prickle), Dgo

(diego), Fz (frizzled), Dsh (dishevelled), and Fmi (fla-

mingo).5 These assemble into membrane-bound mul-

tiprotein complexes that partition to the proximal

(Vangl/Pk/Dgo) and distal side (Dsh/Fmi/Fz) of cells

during PCP. The asymmetrical distribution of these

complexes in adjacent cells propagates polarity sig-

nals to organize cells during PCP.5 The mechanisms

underlying recruitment, assembly, and signaling by

these membrane complexes remain unknown.

Mammalian Vangl1 and Vangl2 are integral

membrane proteins that share high sequence simi-

larity (�75%), and that are expressed at the plasma

membrane (PM) of different tissues during embryo-

genesis.6–8 Polarity mapping using Vangl1 recombi-

nant proteins bearing exofacial eptitope tags

expressed at the PM of transfected cells demon-

strated that Vangl proteins contain four transmem-

brane domains, with intracellular amino and

carboxyl termini. PM recruitment of Vangl proteins
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is essential for function during PCP.8,9 In the normal

embryos in vivo, Vangl proteins are present at the

baso-lateral side of epithelial cells of several tissues;

this staining is lost in mutant embryos that harbor

NTDs caused by defective Vangl proteins.7,8 PM

recruitment of Vangl proteins is also required for

formation of complexes with other PCP proteins.6,8,9

While sequence determinants required for Vangl

membrane association are poorly characterized, sev-

eral motifs responsible for targeting in other mem-

brane proteins are found in Vangl proteins,

including tyrosine based motifs YXXu and NPXY/u
(where u is hydrophobic) and di-leucine motifs

known to act as internalization signals for clathrin-

mediated endocytosis.10 Specifically, YSGY at the

amino acid position (pst.) 7–10, YSYY (pst. 10–14),

and a di-leucine motifs (pst. 56) are found in the

amino terminus, while YKDF (pst. 284–287), NPNL

(pst. 290–294) are found at the carboxyl terminus.

Finally, Vangl proteins contain a PBM (PDZ binding

motif), that is essential for interaction and recruit-

ment of several PDZ containing partners including

PCP proteins Scribble and Dvl1, Dvl2, and Dvl3.6,11

Here, we created linear deletions of the amino and

carboxyl termini of Vangl1 and determine the effect

of the deletions on PM targeting.

Results

Recombinant proteins were constructed using a

human VANGL1 cDNA modified by addition of a

GFP protein and a cMyc epitope tag at the amino

terminus, and by the in-frame insertion of a hemag-

glutinin (HA) epitope tag at position 139 in the first

extracellular loop delineated by trans-membrane

domains 1 and 2 [Fig. 1(A)]. Six deletions overlap-

ping different segments of the amino (N1, D1–13;

N2, D1–95) and carboxyl termini (C1, D520–524; C2,

D354–524; C3, D284–524; C4, D249–524) were cre-

ated by PCR mutagenesis, cloned in an expression

vector and transfected into Madin–Darby canine kid-

ney (MDCK) kidney cells, in which transfected

VANGL1 is expressed at the basal and lateral mem-

branes.8 At the amino terminus, the putative mem-

brane targeting function of sequence motifs YSGY

(pst. 7–10), YSYY (pst. 10–14), and di-leucine LL

(pst. 56–57) can be assessed using constructs N1

and N2, while at the carboxy terminus, a role of the

PDZ binding motif ETSV (pst. 520–524) can be

tested in construct C1. The functions of motifs

YKDF (pst. 284–287) and NPNL (pst. 290–294) can

be examined in constructs C3 and C4 (Fig. 1). The

level of expression of the various recombinant Vangl

proteins was measured by immunoblotting (anti-HA

Figure 1. A: Schematic representation of the WT Vangl1 protein and of 6 deletion constructs, including position (pst.) corre-

sponding to amino acid residue number, sequence features (GFP, Myc, and HA), and expected molecular mass of correspond-

ing truncated proteins. B: Expression of the recombinant Vangl proteins was monitored by immunoblotting of total cell extracts

from stably transfected MDCK cells, and using an anti-HA monoclonal antibody directed against an HA epitiope tag inserted in

frame in all Vangl constructs. Positive control (1): WT protein and negative control (2): whole cellular extracts of untranscfected

MDCK cells.
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antibody) and shows low level of all variants, except

for C4 in transfected MDCK cells [Fig. 1(B)].

The effect of the deletions on PM targeting of

VANGL1 was assessed by double immunofluores-

cence using the Na,K-ATPase as a PM marker.8

Recombinant VANGL1 proteins lacking N-terminal

segments D1–13 (N1) and D1–95 (N2) are correctly

targeted to the PM, and co-localize with Na,K-

ATPase similarly to the WT VANGL1 (Fig. 2). Con-

versely, VANGL1 proteins lacking any portion of the

C-terminal domain failed to reach the PM (Fig. 2).

Indeed recombinant proteins C1 (D520–524), C2

Figure 2. MDCK cells stably transfected with either GFP-tagged hVANGL1 WT or GFP-tagged hVANGL1 amino or carboxy ter-

minal truncated constructs (green) were grown on cover slips and either (A) stained with the PM marker Na,K-ATPase (red) or

(B) incubated with an anti-HA antibody (each construct possessed an extracellular HA tag at position 139) under either non-

permeabilized or permeabilized (0.5% TritonX-100) condition, followed by incubation with a Cy3-conjugated secondary anti-

body. Images were acquired by confocal microscopy.
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(D354–524), C3 (D284–524), and C4 (D249–524) did

not co-localize with Na,K-ATPase, but rather dis-

played a punctate intracellular staining. These

results suggest that sequence elements in the car-

boxyl terminus of the protein are essential for PM

association of VANGL1 (Fig. 2).

To further validate the presence or absence of

VANGL1 deletion variants at the PM, we monitored

surface expression and accessibility of an exofacial

HA epitope tag inserted in the first extracellular

loop of VANGL1 (pst. 139, predicted TM1–TM2

interval). Intact cells producing a fluorescent signal

with an anti-HA monoclonal antibody detect cell sur-

face expression, while permeabilized conditions also

reveal intracytoplasmic protein expression (Fig. 2).

Under these conditions, wild type VANGL1 protein

is inserted at the PM, exposing the HA tag to the

extracellular milieu, resulting in immunofluores-

cence detection under both permeabilized and non-

permeabilized conditions. While amino-terminal

deletion constructs N1 and N2 produce staining sim-

ilar to the WT protein, C1–C4 are only detected

under permeabilized conditions, verifying that there

is little if any expression of these proteins at the

PM. Under these conditions, mutant variants C1–

C4, but not WT or NI–N2 constructs, show overlap-

ping staining with the ER marker calreticulin, sug-

gesting inappropriate ER retention of these mutants

(Fig. 3). Results reveal that (a) the N-terminal of

VANGL1 is not essential for PM targeting, and (b)

that the C-terminal domain is required for PM tar-

geting of the protein in MDCK cells, including the

short PDZ binding motif (ETSV; C1, D520–524),

whose deletion abrogates PM targeting.

Discussion

Previous work in vivo and in transfected mamma-

lian cell lines has demonstrated that PM targeting

of Vangl proteins and asymmetric partitioning of

Vangl-containing PCP complexes to polar opposites

of epithelial cells are critical for biological function.4

For example, Vangl mutations in Lp mice (D255E,

S464N) abrogate this partitioning to PM domains

and cause PCP defects, including NTDs.6,8,9 Addi-

tionally, Lp-associated Vangl2 variants (D255E,

S464N) fail to interact with Sec24b, a cargo-

selecting component of COPII vesicles responsible

for ER–Golgi transport, resulting in ER retention of

Vangl proteins. This, combined with the observation

that Sec24b mutant mice exhibit craniorachischisis,

further emphasized the critical importance of Vangl

proteins trafficking in regulating PCP and ulti-

mately neural tube closure in mammals.12,13 Here,

we used deletion analysis to locate sequence deter-

minants responsible for Vangl membrane targeting.

Both amino terminal deletions, including D1–13

(N1) which eliminates both tyrosine-based motifs

YSGY(7–10) and YSYY(10–14) and D1–95 (N2) which

additionally removes the di-leucine motif LL(56) did

not affect PM targeting. Indeed, both truncated con-

structs showed baso-lateral staining in MDCK cells,

co-localization with Na,K-ATPase membrane marker,

and showed staining with an HA antibody under

non-permabilized conditions, suggesting that the

amino terminus of Vangl proteins does not contain

major determinants for PM membrane targeting.

Interestingly, previous study of the Vangl zebrafish

relative trilobite showed that a 13 amino-acid addi-

tion at pst. 21 in the N-terminus of this protein

causes a loss of function in vivo.14 In addition, the

N-terminal segment of VANGL1/VANGL2 proteins

harbors pathological variants (S83L and S84F) asso-

ciated with sporadic cases of NTD15,16; in particular,

S84F maps to a Ser/Thr cluster that is phosphoryl-

ated in response to a Wnt5 signaling gradient

required for PCP.17 Hence, the amino terminal seg-

ment of Vangl proteins does not harbor critical

determinants for PM targeting, but is nevertheless

required for other functional aspects.

Conversely, none of the C-terminal deletions

D520–524 (C1), D354–524 (C2), D284–524 (C3),

D249–524 (C4) were recruited to the PM, and they

displayed intracellular staining (Fig. 2), reflecting

retention in the ER, as demonstrated by overlapping

staining with calreticulin (Fig. 3). The �280 amino

acid residues carboxy terminal intracellular domain

is highly conserved across species (> 80% sequence

similarity), and all three Lp mutant alleles (D255E,

R259L, and S464N) and the majority of human var-

iants associated with NTDs (VANGL1: R274Q,

M328T, and A404S and VANGL2: L242V, T247M,

R270H, R353C, F437S, and R482H) map to this

domain. Furthermore, a recent study deleting the

Vangl segment spanning amino acid positions 280–

291 (Vangl2 numbering) impaired membrane target-

ing. More specifically, the Phe in the YXXF(280–283)

motif was found to be a critical amino acid responsi-

ble for the binding to the m subunit of the clathrin

adaptor complex AP1, thus mediating the export of

Vangl proteins from the trans-Golgi network (TGN)

to the PM.18 Finally, the recent description of a new

Lp-allele, Vangl2m1Yzcm (displaying craniorachischi-

sis) showing a stop codon at position 449, thus lack-

ing the PDZ binding motif, additionally highlights

the importance of this domain for PCP signaling and

neural tube closure.19

Our data suggests that deleting the PDZ bind-

ing motif in the Vangl1 protein is sufficient for intra-

cellular retention and impaired PM targeting. Our

findings do not indicate that the PDZ binding motif

functions directly as a membrane targeting motif,

but that its action could be indirect, for example, by

permitting interactions with other proteins which

are relevant for membrane targeting. This motif is

generally thought to mediate interactions with other

PDZ containing proteins. These include interaction
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with the PDZ and DIX domains of Dvl1, Dvl2, and

Dvl3, which is abrogated by Lp mutations (D255E,

S464N) and by NTD specific human variants

(R353C, F437S).6,15 Additionally, the Vangl2 PDZ

binding motif recruits the PDZ domain of Scribble,

and is disrupted by the Lp variant S464N and by

Figure 3. MDCK cells stably transfected with either GFP-tagged hVANGL1 WT or GFP-tagged hVANGL1 amino or carboxy ter-

minal truncated constructs (green) were immunostained with the ER marker calreticulin (red) to determine subcellular localiza-

tion. The magnification views point to overlapping staining of the ER marker with mis-targeted Vangl constructs. Images were

acquired by confocal microscopy.
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absence of the PBM itself.11 More recently, interac-

tion with a member of the nexin family, the PDZ

containing protein SNX-27, which promotes the

recycling of transmembrane proteins from endo-

somes to the PM has also been demonstrated.20

Additionally, this motif was also shown to affect the

localization of Vangl2 at post-synaptic sites in the

rat brain, by directly mediating interaction between

Vangl2 and the third PDZ motif of PSD-95.20 These

findings together with the results reported here

strongly suggest that the PDZ binding motif of

Vangl proteins is required for interactions with a

number of PCP proteins, which is essential for tar-

geting PCP complexes to the PM.

Materials and Methods

Material and antibodies

Geneticin (G418) and penicillin/streptomycin were

purchased from Invitrogen (Carlsbad, CA). Restric-

tion endonucleases were from New England Biolabs

(Ipswich, MA), and Taq DNA polymerase was from

Invitrogen. The mouse monoclonal antibodies

directed against the influenza hemagglutinin epitope

(HA.11) were purchased from Covance (Berkeley,

CA). The mouse monoclonal antibody recognizing

Na,K-ATPase (a) was from Santa Cruz Biotechnol-

ogy (Santa Cruz, CA). Cy3-conjugated goat anti-

mouse antibody and peroxidase-coupled goat anti-

mouse antiserum were from Jackson ImmunoRe-

search Laboratories (West Grove, PA). The rabbit

polyclonal antibody against calreticulin was obtained

from Affinity BioReagents (Golden, CO).

Plasmids and site-directed mutagenesis
The human VANGL1 cDNA was used for constructing

all deletions. The cDNA was amplified from total

human RNA by reverse transcriptase polymerase

chain reaction (RT-PCR) and cloned into the pCS21

plasmid vector. PCR-mediated mutagenesis with

overlapping oligonucleotides was used to insert a

short antigenic peptide epitope (EQKLISEEDL) from

the human c-Myc protein at the N-terminus of

VANGL1 and a small hemagglutinin (HA) epitopes

(YPYDVPDYA) in the extra-cellular loop between

TM1–2 at position 139, followed by cloning into the

pCB6 mammalian expression vector, as we have pre-

viously described.8 To facilitate identification of trans-

fected cells expressing recombinant hVANGL1

proteins, c-Myc/HA-tagged hVANGL1 cDNAs were

fused in-frame to the green fluorescent protein (GFP)

by cloning into the peGFP-C1 vector (Clontech,

Mountain View, CA). The deletions were introduced

in hVANGL1 cDNA by PCR overlap extension muta-

genesis, using the following primers; N1 (D 1–15)

(Forward: ATCGAATTCCATGGAGCAGAAGCTAA;

Reverse: CTTTGTAGTAATTTTCTAGGACCACC), N2

(D 1–95) (F: ATCGAATTCATGGAGCAGAAGCTAAT;

R: CTTTGTAGTAATTTTCTAGGACCACC), C1 (D
520–524) (F: TACTACAAAGATTTCACCATCTATAAC;

R: ATCTCTAGACTGTAAGCGAAGGACAA), C2 (D
354–524) (F: CTATTGGCTTTTTTACGGGGTCCGCAT;

R: GTCATCTCTAGATACTCGCCGTTCAT), C3 (D
284–524) (F: TTTACCTCCGATCCTGTGGAGGTAC

CC; R: GTCATCTCTAGAGTAATTTTCTAGGA), C4 (D
249–524) (F: TTTACCTCCGATCCTGTGGAGGTACC;

R: GTCATCTCTAGAGGGCTGCAGCTGCC). The integ-

rity of all VANGL1 cDNA constructs was verified by

nucleotide sequencing.

Cell culture, transfection, and Western blotting
MDCK epithelial cells were grown in Dulbecco’s modi-

fied Eagle’s medium (DMEM) supplemented with 10%

fetal bovine serum, 100 units/mL penicillin, and 100

lg/mL streptomycin (37�C, 5% CO2). To generate sta-

ble transfectants, MDCK cells were transfected with

c-Myc/HA-tagged VANGL1 WT or linear deletion con-

structs (subcloned in peGFP-C1) using Lipofectamine

Plus Reagent as described in the manufacturer’s

instructions (Invitrogen). Total cell lysates, Western

blot analysis, immunofluorescence (HA, Na,K-ATPase,

calreticulin), and cell surface expression were per-

formed as we have previously described.9
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