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Background: E-cadherin targets to the epithelial lateral membrane.

Results: Ankyrin-G and clathrin cooperate to control E-cadherin localization.

Conclusion: A multifunction motif on E-cadherin interacts with multiple pathways.
Significance: This finding provides novel insights into how basolateral targeting motifs function.

We report a highly conserved motif in the E-cadherin jux-
tamembrane domain that determines apical-lateral polarity by
conferring both restricted mobility at the lateral membrane and
transcytosis of apically mis-sorted protein to the lateral mem-
brane. Mutations causing either increased lateral membrane
mobility or loss of apical-lateral transcytosis result in partial
mis-sorting of E-cadherin in Madin-Darby canine kidney cells.
However, loss of both activities results in complete loss of polar-
ity. We present evidence that residues required for restricted
mobility mediate retention at the lateral membrane through
interaction with ankyrin-G, whereas dileucine residues confer-
ring apical-lateral transcytosis act through a clathrin-depend-
ent process and function in an editing pathway. Ankyrin-G
interaction with E-cadherin is abolished by the same mutations
resulting in increased E-cadherin mobility. Clathrin heavy chain
knockdown and dileucine mutation of E-cadherin both cause
the same partial loss of polarity of E-cadherin. Moreover, clath-
rin knockdown causes no further change in polarity of E-cad-
herin with dileucine mutation but does completely randomize
E-cadherin mutants lacking ankyrin-binding. Dileucine muta-
tion, but not loss of ankyrin binding, prevented transcytosis of
apically mis-sorted E-cadherin to the lateral membrane. Finally,
neurofascin, which binds ankyrin but lacks dileucine residues,
exhibited partial apical-lateral polarity that was abolished by
mutation of its ankyrin-binding site but was not affected by
clathrin knockdown. The polarity motif thus integrates comple-
mentary activities of lateral membrane retention through
ankyrin-G and apical-lateral transcytosis of mis-localized pro-
tein through clathrin. Together, the combination of retention
and editing function to ensure a high fidelity steady state local-
ization of E-cadherin at the lateral membrane.

Epithelial cells provide the interface between our bodies
and the external environment and are critical for ion home-
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ostasis, prevention of microbial invasion, and absorption
and excretion of molecules and water. Most epithelial cells
are organized in polarized monolayers with apical surfaces
directed toward a lumen, lateral membrane domains
engaged in cell-cell contact, and basal surfaces associated
with extracellular matrix components. Monolayer organiza-
tion is disrupted during physiological events including
wound healing as well as in pathological conditions such as
malignant transformation. Given the central role of epithe-
lial tissues in human physiology and disease, it is not surpris-
ing that epithelial cell polarity has been the focus of vigorous
research over the last three decades (1).

An important clue to the molecular basis for epithelial cell
polarity came with discovery of basolateral targeting motifs in
cytoplasmic domains of the polymeric immunoglobulin recep-
tors and LDL receptors (2—4). Targeting motifs have subse-
quently been identified in cytoplasmic domains of many mem-
brane proteins (5). Basolateral targeting signals have been
proposed to function through interaction with clathrin adap-
tors based on similarities with endocytosis signals (3, 5) as well
as discovery of an epithelial-specific clathrin AP1 adaptor sub-
unit termed p1B (6, 7). Moreover, clathrin itself (8) as well as
clathrin APlaand AP1b adaptors (9 —11) are required for polar-
ized sorting of certain lateral membrane proteins in MDCK?
cells.

Many of the studies on the role of clathrin and its adaptors
have utilized proteins such as the LDL receptor and transferrin
receptor that experience endocytosis as an essential aspect of
their biological function (8, 11). The VSV-G viral coat protein
also has frequently been used as a model to study polarity (12).
However, it is not clear how the clathrin system contributes to
polarity of native proteins that primarily reside in the lateral
membrane. For example, nearly complete loss of clathrin
results in either partial mislocalization of E-cadherin or no
detectable effect on the Na/K-ATPase in MDCK cells (8).
Moreover, E-cadherin and Na/K-ATPase both sort to the lat-
eral membranes of LLC-PK cells lacking AP1B, suggesting the

2 The abbreviations used are: MDCK cells, Madin-Darby canine kidney cells;
FRAP, fluorescent recovery after photobleaching; ANOVA, analysis of
variance.
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existence of an AP1B-independent mechanism (13, 14). AP1A
has been recently been shown to be able to compensate for the
loss of AP1B (11). However, the lack of effect on Na/K-ATPase
and modest effect on E-cadherin localization demonstrated in
clathrin heavy chain knockdown cells (8) suggests a role for
clathrin-independent mechanisms of lateral membrane local-
ization. Furthermore, in addition, knock-out of either the w1B
subunit or Rab8, which regulates AP1B-dependent basolateral
transport, does not affect epithelial morphology in mouse tis-
sues (15, 16). Finally, the Na/K-ATPase segregates into distinct
post-Golgi transport intermediates from the AP1B-dependent
viral VSV-G protein and does not appear in the recycling com-
partment (17).

E-cadherin contains an atypical dileucine motif in a jux-
tamembrane sequence that mediates clathrin-dependent endo-
cytosis (14, 18). The dileucine motif also promotes basolateral
targeting of an interleukin-2« receptor-E-cadherin cytoplas-
mic domain chimera in both MDCK cells and as well as LLC-
PK1 cells lacking the AP1B clathrin adaptor (14). However,
E-cadherin bearing a dileucine to alanine mutation has been
reported by two groups to retain lateral membrane localization
(19, 20). The E-cadherin juxtamembrane domain also associ-
ates with p120 catenin, which has been proposed to compete for
clathrin-mediated endocytosis (21, 22). The juxtamembrane
domain in addition is phosphorylated at two tyrosine sites that
recruit an E3 ubiquitin ligase termed Hakai that promotes
E-cadherin endocytosis (23). However, the roles of p120 and
ubiquitination in regulation of E-cadherin apical-lateral polar-
ity are not known.

E-cadherin and Na/K-ATPase both bind directly to
ankyrin-G (19, 24 -26), which is localized to lateral membranes
of epithelial cells, where it is associated with the spectrin-actin
network through binding to B2 spectrin (19, 24, 27, 28). The
ankyrin-G-spectrin network could contribute to steady state
polarity of E-cadherin and Na/K-ATPase through retention of
these proteins at the lateral membrane after delivery by either
clathrin-dependent or other mechanisms. Ankyrin-G and 32
spectrin may also perform additional roles in basolateral trans-
port of E-cadherin, as knockdown of these proteins results in
accumulation of E-cadherin in an intracellular compartment
partially co-localizing with the trans-Golgi Network (19, 24,
29). However, elimination of ankyrin-G and (32 spectrin also
prevents formation of new lateral membrane in cultured epi-
thelial cells after cytokinesis (19, 24, 29). The absence of lateral
membrane in ankyrin-G- and 32 spectrin-depleted cells com-
plicates interpretation of functions of these proteins in the cel-
lular localization of E-cadherin.

We have critically addressed the roles of ankyrin-G and
clathrin heavy chain in localization of E-cadherin to the lateral
membrane of epithelial cells and observed that E-cadherin
retains at least partial polarity after depletion of either
ankyrin-G or clathrin heavy chain alone. We find that optimal
E-cadherin apical-basal polarity requires both ankyrin-G- and
clathrin-based pathways and that these interactions are coordi-
nated by the same highly conserved juxtamembrane motif in
the E-cadherin cytoplasmic domain.
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EXPERIMENTAL PROCEDURES

Reagents, Plasmids, and Antibodies—Plasmids encoding
E-cadherin (19) and HA-neurofascin-186 (30) were cloned into
pEGFP-N1 using standard techniques. An extracellular V5
epitope was inserted into the extracellular domain of E-cad-
herin in the region between cadherin repeats 3 and 4 using
QuikChange IT XL mutagenesis (Agilent Technologies). Muta-
tion of the cytoplasmic domain of E-cadherin was also per-
formed using the QuikChange IT XL mutagenesis kit according
to the manufacturer’s instructions. Plasmids encoding pLKO
Tet-On were obtained from Addgene (31, 32) and modified as
previously described (33).

Mouse anti-E-cadherin (1:1000) and mouse anti-clathrin
(1:500 immunostaining; 1:2000 Western blot) were from BD
Biosciences. Rabbit anti-ankyrin-G C-terminal domain anti-
bodies (1:1000 immunostaining; 1:5000 Western blot) were
previously described (24). Mouse anti-DsRed (1:1000) was from
Clontech. Mouse anti-GAPDH (1:5000), rat anti-E-cadherin
(DECMA-1, 1:200), and chicken anti-GFP (1:100 after preclear-
ing) were from Abcam. Rabbit anti-mouse IgG was from Pierce
(1:5000). Mouse anti-V5 (1:250) as well as all AlexaFluor-con-
jugated secondary antibodies (1:250) and streptavidin-conju-
gated AlexaFluor 488 (1:250) were from Invitrogen.

Generation of Isoform-specific Ankyrin G Null Mouse—A
conditional knock-out mouse was made to delete the Ank3
gene in a tissue-specific manner using the Cre/Lox system.
Exons 22 and 23, which are just upstream of the spectrin bind-
ing domain, were flanked by LoxP sites. A neomycin resistance
cassette, driven by the phosphoglycerate promoter (PGK-neo)
and flanked by FRT sites, was inserted between Exon 23 and the
3" LoxP site. The linearized construct was introduced into
129X1/Sv] ES cells by electroporation, and G418-resistant
clones were screened using Southern blot analysis. ES cells
bearing the modified Ank3 gene were injected into C57BL/6]
blastocysts. High percentage chimeric animals were obtained
and bred to C57BL/6 mice to produce heterozygous animals.
The PGK-neo cassette was removed by crossing the Ank3flox
mice to the mice expressing FLP recombinase (129S4/Sv]Jae-
Sor-Gt(ROSA)26Sortm1(FLP1)Dym/], stock number 003946,
The Jackson Laboratory). Exons 22 and 23 were excised by
crossing the Ank3 flox mouse with the B-actin-Cre mouse
(FVB/N-Tg(ACTB-cre)2Mrt/], stock number 003376, The
Jackson Laboratory). Ankyrin-G~/~ mice were then generated
by crossing ankyrin-G /" breeders. Generation of target con-
struct, ES cell electroporation, and colony selection, injection of
blastocysts, and generation of chimeric mice were provided as a
service of the Duke Transgenic Mouse Facility. All experiments
were performed in accordance with the guidelines for animal
care of the Animal Care and Use Program at Duke University.

Immunohistochemistry and Immunocytochemistry—Neona-
tal mouse pups (p0-pl) were sacrificed by decapitation, and
organs were immediately removed and fixed overnight in 4%
paraformaldehyde followed by an automated standard over-
night paraffin preparation protocol (PBS wash followed by
dehydrations through 70, 95, and 100% ethanol with final incu-
bations in xylene and hot paraffin under vacuum). Final paraffin
embedding was completed the following day. Paraffin sections
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were cut at 7 um using a Leica RM2155 microtome. To ensure
identical sample location between mice, kidney sections were
taken sagitally at the kidney midline, and trachea sections were
taken immediately before the trachea bifurcation into two
bronchi. Sections were deparaffinized and rehydrated using a
standard protocol of washes: 3 X 3-min xylene washes, 3 X
2-min 100% ethanol washes, and 1 X 2-min 95, 80, and 70%
ethanol (each) followed by at least 5 min in PBS. Sections were
then processed for antigen retrieval using 10 mm sodium citrate
in the microwave for 20 min. Sections were allowed to cool,
washed in PBS, and blocked using the Vector MOM kit (Vector
Laboratories) according to the manufacturer’s protocol. Slides
were incubated overnight at 4°C with primary antibodies
diluted in blocking buffer (3% fish oil, 10% horse serum, 0.1%
Tween in PBS). After extensive PBS washing, slides were incu-
bated in blocking buffer with the appropriate secondary anti-
bodies for 1 h at room temperature, washed, and mounted with
Prolong Gold antifade reagent (Invitrogen).

Cells processed for immunohistochemistry were fixed in 4%
paraformaldehyde for 15 min at room temperature and per-
meabilized with ice-cold methanol for 7 min at —20 °C. Cells
were blocked in blocking buffer and incubated overnight at
4 °C with primary antibodies diluted in blocking buffer. After
extensive PBS washing, slides were incubated in blocking
buffer with the appropriate secondary antibodies for 1 h at
room temperature, washed and mounted with Vectashield
(Vector Laboratories).

Cell Culture and Transfections—MDCKII, HEK293, and
HEK293T/17 cells were obtained from the American Type Cul-
ture Collection and maintained in a humidified environment at
37 °C with 5% CO,,. Cells were cultured in DMEM (Invitrogen
#11995) with 10% fetal bovine serum, 100 units/ml penicillin,
and 100 units/ml streptomycin.

Doxycycline-inducible shRNA Cell Lines and Lateral Mem-
brane Biogenesis—Inducible shRNA expression to achieve
silencing of ankyrin-G was previously described (33). Briefly,
shRNA oligos against the ankyrin-G membrane binding
domain (gctagaagtagctaatctcct; targets 190/220-kDa isoforms,
but not those lacking ankyrin repeats), clathrin (aatggatctcttt-
gaatacgg), or luciferase control (ggagatcgaatcttaatgtgc) were
cloned into pLKO-2A peptide-mCherry. Lentiviruses were
generated using psPAX2 and pMD2.G and harvested by cen-
trifugation at 20,000 X g for 4 h. MDCK cells were infected with
lentivirus in the presence of 8 ug/ml Polybrene overnight. After
48 h, cells were sorted by mCherry fluorescence using fluores-
cence-activated cell sorting (FACS).

For lateral membrane biogenesis, stable cells lines were pre-
induced at confluence for 48 h with 5 ug/ml doxycycline, then
trypsinized and plated at confluence in 14-mm insert MatTek
plates. Cells were fixed at the indicated times and processed for
immunocytochemistry. Parallel samples were also prepared for
Western blot analysis.

Immunoblots—Samples (10-ul volume) were run on a 3.5—
17.5% gradient gel in 1 X Tris buffer, pH 7.4 (40 mm Tris, 20 mm
NaOAc, and 2 mm NaEDTA) with 0.2% SDS (49). Transfer to
nitrocellulose was performed overnight at 300 mA at 4 °C in
0.5X Tris buffer with 0.01% SDS. Membranes were blocked
with Blot buffer I (150 mm NaCl, 1 mm NaN;, 1 mMm EDTA, 0.2%
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Triton X-100, and 10 mm phosphate buffer, pH 7.4) with 2%
bovine serum albumin and incubated overnight at 4 °C with
primary antibodies diluted in blocking buffer. For experiments
involving mouse primary antibodies, membranes were washed
with blot buffer I and incubated in rabbit anti-mouse IgG for 1 h
at room temperature. Membranes were then incubated with
['**~labeled protein A/G (1:1000). Membranes were placed on
a storage phosphor screen, and signal was detected using a
Typhoon imager (GE Healthcare).

Apical Mislocalization—MDCK cells grown on MatTek
plates were transfected with 50 ng of cDNA encoding V5-E-
cadherin-GFP or mutants using Lipofectamine 2000 (Invitro-
gen) according to the manufacturer’s protocol. After 5 h of
transfection, cells were fed, and doxycycline (or vehicle control
for uninduced samples) was added to the medium at a concen-
tration of 5 ug/ml. 48 h after transfection cells were fixed and
prepared for immunocytochemistry as described above. Con-
focal stacks of MDCKII cells were captured using a Zeiss LSM
780 using a 100 X 1.45 PlanFluor oil objective with 0.25-micron
Z spacing and pinhole set to 1 Airy unit. A three-dimensional
region corresponding to the apical surface or lateral membrane
was drawn using Volocity software (PerkinElmer Life Sciences),
and mean pixel intensity was quantified and expressed as mean
pixel intensity on the apical membrane versus mean pixel inten-
sity on the lateral membrane.

Apical E-cadherin Editing—To monitor the fate of apically
localized E-cadherin, MDCK cells grown on Transwell filters
(Corning) were transfected with 50 ng of cDNA encoding
V5-E-cadherin-GFP using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol. 48 h after transfec-
tion, cells were chilled on ice to minimize protein trafficking
and incubated on the apical surface with mouse anti-V5 anti-
bodies in DMEM for 1 h on ice to mark apically localized pro-
tein. Cells were quickly washed in cold DMEM and warmed to
37 °C for the indicated times to allow protein trafficking. Cells
were fixed in 4% paraformaldehyde for 15 min at room temper-
ature and permeabilized with ice-cold methanol for 7 min at
—20 °C. Samples were then incubated with chicken anti-GFP
antibodies to mark the total E-cadherin population. Cells were
stained with secondary antibodies and mounted as described
under “Immunohistochemistry and Immunocytochemistry”
above. To aid in visualization, laser settings were adjusted so
that the signal intensities for the apically marked protein were
similar, as wild-type exhibits much lower levels on the apical
surface.

For relocalization of endogenous E-cadherin, MDCK cells
grown on Transwell filters were stained on ice with antibodies
to the extracellular epitope of E-cadherin (rat E-cadherin) and
processed as described above. Total E-cadherin was marked by
staining with antibodies to a cytoplasmic epitope (mouse anti-
E-cadherin) after fixation and permeabilization.

Fluorescence Recovery after Photobleaching—MDCKII cells
grown on MatTek plates were transfected with 300 ng of plas-
mid encoding E-cadherin-GFP or cytoplasmic mutants. 48 h
later cells were imaged using a Zeiss Live Duo using a 63 X 1.4
Plan Apochromat oil objective. Three prebleach images were
collected in a medial plane, and a 3 X 3-um region of interest
was bleached using high intensity 488-nm illumination. Fluo-
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FIGURE 1. Selective knock-out of large spliced variants of ankyrin-G in mice results in reduced lateral membrane height but retention of E-cadherin.
A, shown is a schematic depiction of the Cre-mediated ankyrin-G null mouse strategy. LoxP sites (green), FRT sites (red), and a PGK-neo cassette (white) were
inserted on either side of exons 22 and 23 of mouse ANK3. FLP-mediated recombination was used to remove the PGK-Neo cassette. Cre-mediated excision of
exons 22-23 was performed by crossing the floxed mice with the B-actin promoter-driven Cre mouse line. B, the total number of ankyrin-G pups born based
ongenotype (n = 138for +/+;n = 259 for +/—;n = 3 for —/—).C, left, shown is Ponceau staining of membranes from wild-type (+/+) or ankyrin-G-null (—/—)
littermates from p1 brains or kidneys. Right, shown are Western blots (/B) of wild type (+/+) or ankyrin-G-null (—/—) littermates from p1 brains or kidneys using
an antibody that recognized the ankyrin-G C terminus. D, shown are representative images of neonatal mouse kidney collecting duct epithelial cells and
trachea epithelial cells stained with anti-E-cadherin to mark the lateral membrane (green) and anti-ankyrin-G (red). Bars represent 10 um. E, shown is quanti-
fication of neonatal mouse kidney collecting duct epithelial and trachea epithelial lateral membrane height from wild-type (+/+) or ankyrin-G-null (—/-)
littermates. *, p < 0.0001 compared with wild-type (Student’s t test, n = 66 for wild-type collecting duct and 84 for ankyrin-G-null collecting duct; n = 33 for
wild-type trachea and 26 for ankyrin-G-null trachea).

rescence recovery was monitored every 5 s for 300s. Fluores-
cence intensity within the region of interest was background-
subtracted and normalized to a non-bleached region of an
adjacent cell to control for photobleaching. Fluorescent recov-
ery after photobleaching (FRAP) curves were fit using a single
exponential curve using Graphpad Prism 6. For kymograph
analysis, a line was drawn along the lateral membrane, and the
Multiple Kymograph plugin was used to generate a kymograph
using Image] (National Institutes of Health).

Membrane Recruitment Assay—The HEK membrane
recruitment assay has been previously described (30). Briefly,
1 X 10° HEK293 cells were plated in 14-mm insert, collagen-
coated MatTek plates. The following day cells were co-trans-
fected with 100 ng of HA-tagged neurofascin or DsRed-E-cad-
herin ¢cDNA and 80 ng of GFP-tagged 190-kDa ankyrin-G
c¢DNA using Lipofectamine 2000 according to manufacturer’s
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protocol. 24 h later the cells were fixed and processed for
immunofluorescence as described under “Immunohistochem-
istry and Immunocytochemistry.” The membrane-to-cyto-
plasm ratio was generated by utilizing line fluorescence inten-
sity analysis of a line drawn across the membrane and cytosol
and not including the nucleus of a single medial confocal plane.
The membrane peak fluorescence intensity was compared with
the mean fluorescence intensity of the entire cytoplasm.

RESULTS

Selective Knock-out of Large Ankyrin-G Polypeptides in Mice—
To address the role of ankyrin-G in polarized localization of
E-cadherin in vivo, we created a floxed mouse that specifically
targeted 190-, 270-, and 480-kDa isoforms of ankyrin-G. To
achieve a restricted knockdown, we targeted exons 22 and 23
(Fig. 1A), which are just upstream of the spectrin binding
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domain of ankyrin-G and were expected to eliminate spliced
forms containing the ankyrin repeats that are required for
membrane protein interactions. As an initial test of effective-
ness of Cre-mediated ankyrin-G knockdown, we generated
B-actin-Cre/floxed ankyrin-G mice, which were expected to
exhibit generalized loss of large ankyrin-G polypeptides and
suffer prenatal lethality. Most homozygous mutant mice did die
before birth on a more pure C57Blk6 background (Fig. 1B).
Unexpectedly, some ankyrin-G mutant mice survived to birth
on a mixed S129/C57Blké6 background, although none survived
after postnatal day 2. However, we were able to obtain a few
postnatal mice for analysis. B-Actin-Cre/floxed ankyrin-G
mice exhibited complete loss of 190-, 270-, and 480-kDa
ankyrin-G polypeptides in neonatal brain, indicating the effec-
tiveness of the flox design for these large ankyrin-G polypep-
tides (Fig. 1C, left). However, neonatal kidney exhibited loss of
190-kDa ankyrin-G but persistence of polypeptides of 150, 120,
and 90 kDa (Fig. 1C, right). Our strategy of placing flox sites
flanking exons 22 and 23 thus unexpectedly spared a tissue-
specific subset of ankyrin-G spliced forms that persist in the
kidney and likely other tissues. The 150-kDa ankyrin-G poly-
peptide is large enough to contain ankyrin repeats and may be
responsible for survival of these animals to birth. In addition, a
119-kDa ankyrin-G isoform reported in kidney also retains
ankyrin repeats but lacks the C-terminal domain recognized by
our antibody (34).

Some cell types within the kidney retained membrane-asso-
ciated ankyrin-G immunoreactivity, suggesting that the
shorter, persistent splice isoforms may contribute to lateral
membrane formation and maintenance. We focused on the col-
lecting duct epithelial cells because these cells showed an
almost complete loss of ankyrin-G immunoreactivity associ-
ated with the lateral membrane (Fig. 1D). Ankyrin-G-deficient
collecting duct epithelial cells demonstrated significantly
reduced lateral membrane height from 11 to 5 um (Fig. 1E).
Unlike previous work in cells with a complete ankyrin-G knock-
down and accompanying loss of lateral membrane (19), we did
not detect an obvious internalized population of E-cadherin.
This discrepancy between cultured cells lacking a lateral mem-
brane and the animal model may reflect the ability of E-cad-
herin to properly target to the remaining lateral membrane. In
addition, bronchial epithelial cells, which showed a partial loss
of ankyrin-G immunoreactivity at their lateral membranes (Fig.
1D), also exhibited reduced lateral membrane height from 17 to
12 um (Fig. 1E). These results demonstrate that 190-kDa
ankyrin-G is required for normal lateral membrane biogenesis
in vivo but is not required for localization of E-cadherin to the
lateral membranes of either kidney collecting ducts or bron-
chial epithelial cells. We cannot exclude compensation by other
ankyrin-G isoforms that are still expressed in these kidneys or
ankyrin-R (Fig. 1 (34)).

Comparison of Knockdown of Ankyrin-G and Clathrin in
MDCK Cells—The persistence of E-cadherin polarity in col-
lecting duct and bronchial epithelial cells partially depleted of
ankyrin-G suggested the possibility of a redundant mechanism
involving other proteins. Clathrin has been implicated in epi-
thelial polarity in MDCK cells, although the effects of clathrin
depletion on E-cadherin localization are modest (8). We, there-
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fore, compared the effects of knockdown of either ankyrin-G or
clathrin on both lateral membrane biogenesis and E-cadherin
polarity using MDCK cells (Fig. 2). Complete loss of ankyrin-G
prevents formation of new lateral membrane after cytokinesis
in cultured epithelial cells (24, 29). However, the absence of a
lateral membrane complicates interpretation of polarity exper-
iments as proteins may not target properly simply due to the
absence of an acceptor membrane. We, therefore, created an
inducible shRNA system that allows selection of transfected
cells by FACS before induction of shRNA expression. We
devised a vector based on pLKO but substituted a viral 2A pep-
tide-mCherry for the IRES-puromycin resistance gene. The 2A
peptide mediates co-translational cleavage and allows efficient
expression of both mCherry and the Tet repressor. The result-
ing fluorescent transfected cells can be selected by FACS under
non-induced conditions for higher levels of sShARNA expression.

MDCKII cells stably expressing inducible shRNA against
ankyrin-G, clathrin heavy chain, or luciferase as a control were
pre-induced at confluence for 48 h followed by trypsinization
and replating at high density to avoid progression through cyto-
kinesis. Under these conditions, ankyrin-G was reduced about
90% (Fig. 2, D and E). However, the 10% residual ankyrin-G
remained associated with the lateral membrane (Fig. 2B).
Reduction of ankyrin-G in MDCK cells recapitulated results
from in vivo knockdown with respect to lateral membrane for-
mation and E-cadherin polarity (Fig. 1). Ankyrin-G-depleted
cells exhibited a marked reduction in growth of the lateral
membrane that remained at about 4 um after 72 h in culture. In
contrast, luciferase shRNA-expressing control cells rapidly
assembled lateral membranes and reached an average height
of ~8 wm within 24 h (Fig. 2, A-C). However, E-cadherin
co-localized with residual ankyrin-G at the remaining lateral
membrane in ankyrin-G-depleted cells and did not exhibit
intracellular accumulation or apical mis-localization (Fig. 2,
A and B). These results indicate that previously observed
internalized E-cadherin in epithelial cells depleted of
ankyrin-G and B-2 spectrin (19, 24, 29) was secondary to loss
of lateral membrane rather than a specific failure of E-cad-
herin transport. Interestingly, depletion of ankyrin-G caused
an ~40% increase in clathrin heavy chain levels (Fig. 2G).
This increase in clathrin may represent a functional coupling
between the ankyrin-G and clathrin systems and could com-
pensate for loss of ankyrin-G.

Cells expressing shRNA against clathrin heavy chain, despite
>90% reduction of polypeptide levels (Fig. 2, D and F), were
indistinguishable from control cells in the rate or extent of lat-
eral membrane assembly (Fig. 2, A—C). However, clathrin-de-
pleted cells did demonstrate modest apical mislocalization of
E-cadherin (Fig. 24) consistent with previous reports (8). These
results demonstrate that ankyrin-G, but not clathrin, promotes
biogenesis of the epithelial lateral membrane and confirm pre-
vious observations of partial mis-localization of E-cadherin in
the absence of clathrin (8).

A Multi-function Motif Determines E-cadherin Polarity—We
next addressed the E-cadherin sequence requirements for
polarity. Interestingly, a previously identified atypical dileucine
motif resides within the proposed ankyrin-G-binding site (Fig.
3, A and B). These dileucine residues are required to direct
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FIGURE 2. Lateral membrane biogenesis in MDCK cells requires ankyrin-G but not clathrin. A, shown are representative XZ projections of MDCK cells stably
expressing inducible shRNA against ankyrin-G (left), luciferase (middle), or clathrin (right). Cells were plated at high confluence 2 days after induction of shRNA
expression and fixed at the indicated times. E-cadherin, marking the height of the lateral membrane, is shown in green. The arrowhead marks apically
mislocalized E-cadherin. Bars represent 5 um. B, shown are representative XY images of MDCK cells stably expressing inducible shRNA against ankyrin-G (left),
luciferase (middle), or clathrin (right). Cells were plated at high confluence 2 days after induction of shRNA expression and fixed at the indicated times. Ankyrin-G
is shown in green. Bars represent 5 um. C, shown is the average MDCK lateral membrane height for cells stably expressing inducible shRNA against ankyrin-G
(red triangle), luciferase (black circle), or clathrin (blue squares). Average data are shown from 50 cells per time point. D, quantification of Western blot for
ankyrin-G (red triangles) or clathrin (blue squares) demonstrate efficient silencing of both ankyrin-G and clathrin. Each time point was normalized to the
respective Luc shRNA control. £, shown is a Western blot of ankyrin-G in either ankyrin-G shRNA MDCK cells (left) or Luc shRNA MDCK cells (right) at 8, 16, or 24 h
post-plating. GAPDH is used as a loading control. F, shown is a Western blot of clathrin in either clathrin (CHC) shRNA MDCK cells (left) or Luc shRNA MDCK cells
(right) at 8, 16, or 24 h post-plating. GAPDH was used as a loading control. G, shown are Western blots of luciferase shRNA or ankyrin-G shRNA MDCK cells.
Labeling with ankyrin-G antibodies demonstrates that only the 220-kDa isoform of ankyrin-G is affected by this shRNA. Migration rate (M) is shown in kDa.
Antibodies against clathrin heavy chain demonstrate up-regulation of clathrin in ankyrin-G shRNA cells (1.00 =+ 0.07 for Luc shRNA and 1.43 =+ 0.14 for ankyrin-G
shRNA; n = 3 for each condition; p < 0.05). GAPDH antibodies were used for the loading control.

interleukin receptor-E-cadherin chimeras to the lateral mem-
brane (14). However, mutation of the dileucine residues to ala-
nine had no effect on binding of the E-cadherin cytoplasmic
domain to ankyrin-G and a small effect on lateral membrane
localization of full-length E-cadherin (19, 20).
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To dissect the function of ankyrin binding and dileucine res-
idues in more detail, we created mutants of the E-cadherin
cytoplasmic domain that targeted the highly conserved resi-
dues within the proposed ankyrin-G-binding site defined pre-
viously (19) as well as the dileucine residues that were not
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FIGURE 3. Identification of a highly conserved, independently evolved
motif. A, shown is a schematic depiction of the location of protein interaction
sites on cytoplasmic domains of different members of the cadherin superfam-
ily. The transmembrane segment is depicted as a gray box. Conserved puta-
tive ankyrin-G binding motif is shown as a yellow box. The p120 site is shown
as a red ellipse. The B-catenin binding site is shown as a green ellipse. The
plakoglobin-binding site is shown as a magenta box. Cadherin repeats are
shown as blue ellipses, and desmoglein repeats are shown as pink circles. B,
alignment of the proposed ankyrin-G-binding site shows conservation of crit-
ical binding residues (yellow) both across species and throughout other mem-
bers of the cadherin super family. The dileucine motif is marked in cyan. Con-
servative substitutions are shown in green. Non-conservative substitutions
are shown in gray.

required for ankyrin-G binding. The amino acids required for
ankyrin binding as well as dileucine residues are conserved back
to the urochordate Ciona intestinalis (Fig. 3B). Interestingly,
ankyrin binding residues are conserved within other members
of the cadherin superfamily, including desmoglein and desmo-
collin, whereas dileucine residues are in a different location
within the same motif. We generated mutants either () com-
pletely lacking ankyrin binding activity (all seven conserved res-
idues mutated to alanine; referred to as the Poly(A) mutant), (b)
lacking the dileucine motif (dileucine residues mutated to ala-
nine), or (c) lacking both ankyrin binding and the dileucine
residues (Fig. 44, left). Using a plasma membrane recruitment
assay in HEK293 cells (30), we found that the Poly(A) mutant of
E-cadherin was unable to recruit ankyrin-G-GFP to the plasma
membrane, indicating loss of ankyrin-G binding (Fig. 44, right;
supplemental Fig. 1). In contrast, the LL/AA mutant of E-cad-
herin was able to recruit ankyrin-G to a level indistinguishable
from wild type, indicating that ankyrin-G binding is not
affected by the dileucine mutation (Fig. 44, right, supplemental
Fig. 1). As expected, the Poly(A) + LL/AA mutant was unable to
recruit ankyrin-G (Fig. 44, right; supplemental Fig. 1).

To address the roles of the ankyrin binding and dileucine
residues of E-cadherin and their relationship to clathrin, we
expressed these constructs in polarized MDCK cells stably
expressing an inducible clathrin heavy chain-shRNA (see Fig.
2). In the absence of doxycycline induction (+ CHC), wild-type
E-cadherin-GFP localizes 90% to the lateral membrane with
<10% mislocalizing to the apical membrane (Fig. 4, B and C),
which is similar to results obtained with endogenous E-cad-
herin using cell surface biotinylation (8). Mutation of either the
residues critical for ankyrin-G binding (Poly(A)) or the dileu-
cine motif (LL/AA) each showed a modest 25—-30% apical mis-
localization (Fig. 4, B and C). In contrast, mutation of both

14024 JOURNAL OF BIOLOGICAL CHEMISTRY

ankyrin binding and dileucine residues caused a complete loss
of polarized localization of E-cadherin with equal distribution
on the apical and lateral membranes (Fig. 4, B and C). These
results demonstrate that E-cadherin polarity requires both
ankyrin binding and dileucine residues contained in the same
linear sequence.

To determine the role of clathrin in interaction with the
dileucine motif, we induced clathrin heavy chain shRNA
expression with doxycycline for 48 h, which caused greater than
a >90% reduction in clathrin levels compared with luciferase
controls (Fig. 4D). Induction of clathrin shRNA (—CHC)
resulted in mis-localization of ~25% of wild-type E-cadherin to
the apical membrane, which is similar to the magnitude of
E-cadherin mis-localization observed with the E-cadherin
LL/AA mutant in control cells. The LL/AA mutant of E-cad-
herin, however, was insensitive to clathrin silencing and exhib-
ited no additional mis-localization. In contrast, the Poly(A)
mutant of E-cadherin became completely depolarized after
clathrin depletion (Fig. 4, B and C). Apical mis-localization
found in the LL/AA mutant, therefore, is likely due to a loss of
interaction with the clathrin pathway. These results demon-
strate that the cytoplasmic domain of E-cadherin contains
overlapping codes for interacting directly with ankyrin-G and
likely indirectly with clathrin through the clathrin adaptor(s).
Loss of either ankyrin binding residues or dileucine residues
causes modest effects, whereas loss of both sites causes ran-
domization of E-cadherin localization.

Ankyrin Binding Activity of Neurofascin Is Necessary but Not
Sufficient for High Fidelity Apical-Basal Polarity in MDCK
Cells—These results suggest that optimal polarity for E-cad-
herin requires both ankyrin binding and capability of engaging
the clathrin pathway. The E-cadherin juxtamembrane domain
also interacts with p120 catenin (21, 35) and possibly other
proteins. To further examine the role of ankyrin binding inde-
pendent of p120 in polarized localization of epithelial proteins,
we expressed the 186-kDa form of neurofascin in polarized
MDCK cells. Neurofascin tightly binds to ankyrin-G through
an independently evolved binding site, and loss of ankyrin-G
binding activity through mutation of a critical tyrosine residue
causes mis-localization of neurofascin from the axon initial seg-
ment (30, 36, 37). Neurofascin, however, does not contain an
endocytosis motif and likely does not participate in clathrin-
mediated endocytosis. When expressed in MDCK cells, wild-
type neurofascin exhibits lateral membrane localization,
although the fidelity of this localization is not as great as E-cad-
herin with ~25% mislocalization to the apical membrane (Fig.
5). Mutation of the tyrosine within the previously identified
ankyrin-G-binding site to alanine (NF YA) caused a complete
loss of polarized neurofascin localization (Fig. 5). However,
silencing of clathrin had no effect on wild-type neurofascin.
These results demonstrate that ankyrin-G binding is sufficient
for partial lateral membrane localization of neurofascin in
polarized MDCK cells but that additional factors are required
for complete exclusion from the apical membrane.

The Polarity Motif Restricts E-cadherin Mobility within the
Lateral Membrane—To evaluate a possible role of ankyrin
binding in retention of E-cadherin to the lateral membrane, we
performed FRAP analysis of wild-type and mutant E-cadherin-
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FIGURE 4. Clathrin and ankyrin-G cooperate in localization of E-cadherin to MDCK cell lateral membranes. A, left, shown is a schematic representation of
E-cadherin. Cadherin repeats (light blue), transmembrane segment (gray), ankyrin-G-binding site (yellow), p120 site (red), and B catenin site (green). Ankyrin-G
binding sequences are shown below for wild-type (top), Poly(A) (2nd row), LL-AA (3rd row), and Poly(A) + LL-AA mutant (bottom) E-cadherin. Residues critical
for ankyrin-G binding are shown in red, and the dileucine motif is highlighted in yellow. Right, membrane recruitment of ankyrin-G in HEK293 cells is shown.
Cells were either transfected with ankyrin-G alone (control, white) or plus Wild-type (black), Poly(A) (blue), LL-AA (green), or Poly(A) + LL-AA (red) E-cadherin.
Line fluorescence intensity analysis was performed on a single plane, and peak pixel intensity on the membrane was compared with average pixel intensity in
cytoplasm. ¥, p < 0.05 compared with control, Poly(A), and Poly(A) + LL-AA mutant (one way ANOVA followed by the Tukey post hoc test, n = 10 cells for each
condition). B, MDCK cells stably expressing an inducible clathrin shRNA were transfected with wild-type (top), Poly(A) (2nd row), LL-AA (3rd row), or Poly(A) +
LL-AA (bottom) E-cadherin in the absence (+clathrin (+CHC)) or presence (—clathrin) of doxycycline induction of clathrin shRNA expression. XZ projections
shown on the left. The bar represents 10 um. XY projection of apical planes are shown on the right. C, shown is quantification of the apical mean pixel intensity
in the absence (+clathrin) or presence (—clathrin) of doxycycline induction of clathrin shRNA expression. Mean pixel intensity of a three-dimensional region of
interest containing the apical membrane was quantified and compared with a three-dimensional region of interest containing the lateral membrane. *, p <
0.05 compared with WT + clathrin. #, p < 0.05 compared with Poly(A) +clathrin (one-way ANOVA followed by the Tukey post hoc test, n = 5-8 cells for each
condition). D, shown is a Western blot of MDCK cells stably expressing either luciferase shRNA (Luc, left) or clathrin shRNA (right) demonstrating silencing of

clathrin (top) with GAPDH used as a loading control (bottom).

GFP on the lateral membrane of polarized MDCK cells. After
bleaching a region in a medial plane of a MDCK lateral mem-
brane, wild-type E-cadherin achieved a plateau of ~50% recov-
ery within 5 min (Fig. 6), consistent with a previous report dem-
onstrating a much longer time (>20 min) needed to achieve
complete recovery (38). Poly(A)-E-cadherin exhibited a much
higher mobile fraction (~80%), indicating that loss of ankyrin
binding removed a restraint limiting lateral mobility of E-cad-
herin (Fig. 6). In contrast, mutation of the dileucine motif had
no effect on FRAP recovery of E-cadherin (Fig. 6). Finally,
mutation of both the ankyrin-G binding residues and the dileu-
cine motif showed no additional effect on mobile fraction com-
pared with the Poly(A) mutation alone (Fig. 6). These results
show that the Poly(A) mutations, which confer loss of
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ankyrin-G binding, also cause an increased mobile fraction of
E-cadherin within the lateral membrane. This suggests that
association with ankyrin-G restricts E-cadherin mobility within
the plane of the lateral membrane and could also function as a
retention mechanism.

Dileucine Mutation Prevents Retrieval of Apically Mis-sorted
E-cadherin—We next addressed how the dileucine residues
contribute to E-cadherin localization. We evaluated the
hypothesis that clathrin, acting through its well established role
in mediating endocytosis of plasma membrane proteins,
removes apically mis-sorted E-cadherin. Native E-cadherin
exhibits less than 5% apical label at steady state, which is diffi-
cult to detect using standard labeling procedures (Fig. 2A).
However, apical staining can be amplified using vectorial label-
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(—clathrin) of doxycycline induction of clathrin ShRNA expression. Mean pixel intensity of a three-dimensional region of interest containing the apical
membrane was quantified and compared with a three-dimensional region of interest containing the lateral membrane. *, p < 0.05 compared with WT +
clathrin (one-way ANOVA followed by Tukey post hoc test, n = 5 cells for each condition). D, shown are representative images of membrane recruitment of
ankyrin-G-GFP (green) by wild-type V5-186-kDa neurofascin (WT-NF) but not V5-FIGQY-A neurofascin (NF-YA). The V5 signal is shown in red. The merged image

is shown on the right. The bar represents 10 wm.

ing at 4 °C from the apical compartment with antibody against
the E-cadherin extracellular domain (Fig. 7A). Interestingly,
native E-cadherin labeled on the apical surface relocates to the
lateral membrane over a 2-h period after warming to 37 °C (Fig.
7B). To determine the role of specific cytoplasmic sequences in
this relocalization, we introduced an extracellular V5 epitope
into wild-type and mutant versions of E-cadherin-GFP, which
allowed detection of apically localized E-cadherin by incuba-
tion with V5 mouse antibody at 4 °C (Fig. 7A). The extent of
apical versus lateral E-cadherin was measured in arbitrary units
by determining the ratio of lateral label with antibody against
GEFP to apical label with antibody against mouse IgG (Fig. 7C).
At the starting time point, before warming, wild-type E-cad-
herin exhibited low but detectable apical label, whereas both the
Poly(A) and LL/AA mutants exhibited 5-fold more apical relative
to lateral protein than wild-type (Fig. 7C). The Poly(A) + LL/AA
mutant exhibited a further 2-fold increase in the apical/lateral
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ratio or about 10-fold above wild type (Fig. 7C). Similar patterns
of negligible apical localization for wild type, increased apical
localization with Poly(A) and dileucine mutants, and equivalent
apical and lateral localization for the double Poly(A) +LL/AA
mutants are evident in the steady state experiment in Fig. 4.
Importantly, apical labeling with V5 antibody demonstrates
that the mislocalized E-cadherin shown in Fig. 4 is indeed on
the apical surface and accessible to the extracellular V5
antibody.

We next determined the fate of apically labeled wild type and
mutant E-cadherin by warming the cells to 37 °C for various
times followed by fixation, permeabilization, and labeling with
a fluorescent anti-mouse IgG (Fig. 7A). Apical wild-type E-cad-
herin completely re-localized to the lateral membrane over the
course of 2 h (Fig. 7, D and E). Similarly, apical Poly(A) E-cad-
herin mutant also rapidly and nearly completely relocalized to
the lateral membrane. However, both the LL/AA and Poly(A) +
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FIGURE 6. Poly(A) E-cadherin demonstrates increased mobility within the MDCK lateral membrane. A, representative images of FRAP experiments in
MDCK cells transiently expressing Wild-type (top), Poly(A) (middle), and LLAA (bottom) E-cadherin-GFP are shown before (Prebleach), immediately after (Bleach),
or 100 s after high laser power illumination of the bleach region of interest (yellow square). The bar represents 5 um. B, kymographs are from cells in panel A. A
line was drawn along the lateral membrane, and fluorescence intensity was quantified along that line from time 0 (top) to 300 s (bottom). The bleach region of
interest is denoted by a black bar. Time of bleach is marked by an arrowhead. The fluorescence intensity scale is shown below. C, shown are FRAP recovery
curves for wild type (black), Poly(A) (blue), LL-AA (green), and Poly(A) + LL-AA mutant (red) E-cadherin-GFP. Curves represent single exponential best fits of the
average data from seven cells per condition. D, shown is mobile fraction of FRAP recovery for recovery curves from panel C.*, p < 0.05 compared with WT and

LL-AA E-cadherin (one-way ANOVA followed by Tukey post hoc test, n = 7 cells per condition).

LL/AA E-cadherin mutants remained at the apical membrane
with minimal transcytosis to the lateral membrane (Fig. 7, D
and E). Alanine mutation of the dileucine residues thus pre-
vents retrieval of apically mislocalized E-cadherin and delivery
to the lateral membrane.

DISCUSSION

We report here that a highly conserved 21-amino acid
stretch in its cytoplasmic domain determines apical-lateral
polarity of E-cadherin and that distinct residues within this
motif confer both restricted mobility at the lateral membrane as
well as transcytosis of apically mis-sorted proteins to the lateral
membrane. Mutations resulting in separate loss of either
restricted mobility or apical-lateral transcytosis result in partial
mis-sorting. However, loss of both activities results in com-
pletely randomized localization of E-cadherin between apical
and lateral domains in MDCK cells. The following evidence
supports the interpretation that residues required for restricted
mobility mediate retention at the lateral membrane through
interaction with ankyrin-G, whereas dileucine residues confer-
ring apical-lateral transcytosis act through a clathrin-depen-
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dent process that functions as an editing pathway. Ankyrin-G
interaction with E-cadherin is abolished by the same mutations
that result in increased E-cadherin mobility but not by dileu-
cine mutation, eliminating apical-lateral transcytosis (Figs. 4
and 7). Clathrin knockdown and dileucine mutation both cause
the same partial loss of polarity of E-cadherin (Fig. 4). More-
over, clathrin knockdown causes no further change in polarity
of E-cadherin with dileucine mutation but completely random-
izes E-cadherin mutants with loss of ankyrin binding (Fig. 4).
Finally, neurofascin, which has an independently evolved
ankyrin binding site but lacks a dileucine motif, exhibited par-
tial apical-lateral polarity that was abolished by mutation of
ankyrin-binding site but was not affected by clathrin
knockdown.

These findings suggest a model where the E-cadherin polar-
ity motif integrates the distinct but complementary activities of
lateral membrane retention through ankyrin-G and apical-lat-
eral transcytosis of mis-localized protein through clathrin.
Together the combination of membrane retention and editing
functions ensure a high fidelity steady state localization of
E-cadherin at the lateral membrane. Steric considerations sug-
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shown in red. Bars represent 10 um. C, shown is quantification of the amount of apical V5 labeling of V5-E-cadherin and mutants normalized to total GFP
expression.*, p < 0.05 compared with wild-type. #, p < 0.05 compared with both Poly(A) and LL-AA mutants (one way ANOVA followed by Tukey post hoc test;
n = 5 cells per condition). D, shown is the quantification of the fraction of apically labeled E-cadherin remaining on the apical surface. Mean pixel intensity of
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the lateral membrane. *, p < 0.05 compared with both wild-type and Poly(A) E-cadherin (two-way ANOVA followed by Tukey post hoc test, n = 5 cells for point).
E, shown are representative XZ projections of MDCK cells transfected with wild-type (top), Poly(A) (2nd row), LL-AA (3rd row), or Poly(A) + LL-AA mutant
(bottom) E-cadherin warmed to 37 °C for 0 min (left) or 120 min (right). Total E-cadherin-GFP is marked with anti-GFP antibodies and is shown in green (left).
Apically labeled anti-V5 to the extracellular epitope of E-cadherin is shown in red (right). Bars represent 5 um.

gest that the polarity motif can interact with either ankyrin-G
or a clathrin-based adaptor but not both at the same time. Thus
E-cadherin associated with ankyrin-G on the lateral membrane
would not be engaged by the clathrin system, whereas E-cad-
herin mis-localized to the ankyrin-G-free apical domain would
be removed by endocytosis (Fig. 8B).

Such a model begs the question of how ankyrin-G itselflocal-
izes to epithelial lateral membranes. Several lines of evidence
support an intimate relationship between ankyrin-G and the
lateral membrane independent of E-cadherin. We demonstrate
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here that knock-out of 190-kDa ankyrin-G in the mouse kidney
collecting duct (Fig. 1) and in MDCK cells (Fig. 2) results in
marked reduction in lateral membrane height and rate of lateral
membrane biogenesis. Moreover, ankyrin-G persists on the
plasma membrane of MDCK cells in low calcium in the absence
of E-cadherin and -2 spectrin (33).

Surprisingly, mutation of the ankyrin-G-binding site in
E-cadherin (Fig. 4) caused apical mis-localization that was not
seen in either the ankyrin-G mutant mouse (Fig. 1) or in the
shRNA experiments in cultured cells (Fig. 2; Ref. 19). Interest-
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FIGURE 8. Schematic model of complementary roles of the E-cadherin
polarity motif in lateral membrane retention and apical membrane
retrieval. A, ribbon diagrams based on crystal structures from ankyrin-G,
p120,and B-catenin (21,46, 47) show the prevalence of the solenoid structure
in binding of the unstructured cytoplasmic domain of E-cadherin. B, shown is
amodel for E-cadherin localization. The dileucine motif (red star) engages the
clathrin system for internalization of apically mislocalized protein. In contrast,
protein localized to the lateral membrane can interact with ankyrin-G (green
rectangle) and thus the underlying spectrin/actin cytoskeleton, p120 (blue
ellipse), and or B-catenin (yellow rectangle). Interaction with p120, and per-
haps ankyrin-G, will sterically hinder access to the dileucine motif and mini-
mize clathrin-mediated endocytosis of properly localized protein. More work
remains to be done to determine if ankyrin-G binding precludes binding of
p120. Length of domains shown are based on the crystal structure for E-cad-
herin ectodomain (48) and using 152 amino acids at 3.6 A per amino acid for
cytoplasmic domain.

ingly, shRNA silencing of ankyrin-G causes up-regulation of
clathrin heavy chain (Fig. 2G). Thus, under conditions of
chronic loss of ankyrin-G, clathrin-dependent editing is up-
regulated and can promote removal of apically mislocalized
proteins. In addition, divergent results involving apical mislo-
calization of E-cadherin likely reflect the very different types of
experiments used to address the role of ankyrin-G. Both the
null mouse (~21 days) and hypomorphic knockdown of
ankyrin-G (5 days) are chronic conditions that result in deple-
tion but not complete removal of ankyrin-G. In contrast, the
Poly(A) mutation of E-cadherin completely lost interaction
with ankyrin-G (Fig. 44) and was transiently expressed in the
context of normal levels of wild-type E-cadherin, which may
saturate the carrying capacity of the clathrin editing pathway. It
also is possible that the residual ankyrin-G, which remains
localized at the lateral membrane (Figs. 1 and 3) is sufficient to
retain E-cadherin.
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Up-regulation of clathrin heavy chain in response to
ankyrin-G silencing (Fig. 2G) indicates a functional coupling
between ankyrin-G and clathrin systems that goes beyond shar-
ing the same linear motif. This result demonstrates that
ankyrin-G and clathrin are functionally coupled at the protein
level. This result strengthens the model where ankyrin-G and
clathrin cooperate to control localization of lateral membrane
proteins. Moreover, this cross-talk and compensation may
indicate why loss of just one binding site in the polarity motif
causes relatively modest effects, whereas loss of both binding
activities causes a dramatic loss of polarity.

The E-cadherin polarity motif is preserved in the chordate
lineage and is unaltered except for two conservative substitu-
tions as far back as the urochordate C.intestinalis (Fig. 3).
C. intestinalis has only one ankyrin gene (39), suggesting that all
three current ankyrins evolved from an ancestral ankyrin with
cadherin binding activity. Ankyrin-B and ankyrin-R thus may
also have cadherin-binding sites and collaborate with clathrin
in establishing localization of members of the cadherin family.
It is of interest in this regard that “classical” N-, P-, and R-cad-
herins have closely related polarity motifs, whereas VE and
K-cadherins have divergent sequences (Fig. 3). Desmosomal
cadherins (desmoglein 1-4 and desmocollin 1-3) contain
ankyrin binding residues, although with dileucines in a differ-
ent location in the 21-amino acid motif (Fig. 3). The E-cadherin
polarity motif is substantially different in hemichordates, echi-
noderms, mollusks, and Drosophila and Caenorhabditis
elegans. A cadherin-ankyrin-clathrin-based polarity mecha-
nism, thus, is likely a chordate invention and could have many
physiological roles in modern vertebrates.

The identity of clathrin adaptor(s) that interacts with the
E-cadherin polarity motif and the intracellular route of apically
mis-sorted E-cadherin to the lateral membrane both remain to
be determined. Clathrin is a major hub in a complex and
dynamic interaction network that includes many possible adap-
tors (40, 41). Possible endocytic routes also are potentially com-
plicated and likely include an endosome recycling compart-
ment intermediate. Thus it is probable that more than one
clathrin adaptor and membrane compartment is involved in
apical-lateral transcytosis of mis-sorted E-cadherin (11).

The finding that multiple functions are encoded in a single
short stretch of amino acids challenges parsimonious assump-
tions of a single adaptor for basolateral targeting motifs. In
addition to the clathrin adaptor(s) and ankyrin-G, the jux-
tamembrane domain also interacts with p120 catenin (21) and
Hakai (after tyrosine phosphorylation) (23). p120 catenin has
been proposed to modulate E-cadherin endocytosis from the
lateral membrane through competition with clathrin adap-
tor(s) interacting with the dileucine residues (20, 21, 42). p120
catenin and ankyrin-G also are likely to compete for binding to
E-cadherin based on p120-interactions that extend well beyond
the core binding site (21). Interestingly, although the p120- and
ankyrin-G-binding sites are neighbors in the classical cad-
herins, they have shifted positions in other members of the
cadherin superfamily (Fig. 3A), indicating that they are not obli-
gate partners. In addition, neurofascin, which does not contain
a p120 binding site, still demonstrate lateral membrane local-
ization (Fig. 5). A function for ankyrin-G binding in desmo-

JOURNAL OF BIOLOGICAL CHEMISTRY 14029

GTOZ ‘Gz Yyore |\ uo uebiydiy Jo Aisieaiun e /Bloagl-mmmy/:dny woiy papeojumoq


http://www.jbc.org/

Multifunction Motif Controls Polarized Localization of Cadherin

somal cadherins remains to be evaluated. The major endothe-
lial cadherin, VE-cadherin, has been recently shown to possess
a dual-function motif overlapping with the polarity motif
defined here that controls its dynamic behavior (22). A cluster
of acidic residues within the VE-cadherin cytoplasmic domain
functions as an endocytic signal, which is masked by binding of
p120. Interestingly, VE-cadherin has lost both the dileucine res-
idues and the residues critical for ankyrin-G binding found in
the classical cadherins (Fig. 3B).

The E-cadherin cytoplasmic domain is intrinsically unstruc-
tured in solution and thus presents an extensive surface that is
actually longer than the extracellular domain (Ref. 43; see Fig. 8
where these domains are drawn to scale). Intrinsically unstruc-
tured proteins in general have received much recent attention
due to their versatility in rapid evolution of protein binding sites
and ability to “moonlight” with multiple partners (44). Ankyrin,
p120, and B-catenin are each composed of short repeats that
-fold into solenoid-like structures with extended surfaces well
suited for association with unstructured peptides that poten-
tially could include membrane proteins in addition to E-cad-
herin (Fig. 84). Itis pertinent in this regard that neurofascin and
other ankyrin partners are configured as either unstructured
peptides or loops (45). Together these considerations suggest
more generally that the apparently simple basolateral targeting
motifs actually are sophisticated codes operating in a complex
interactome that determine interactions with multiple adap-
tors and are important sites of regulation.

190-kDa ankyrin-G is required for normal lateral membrane
height both in vivo and in cultured epithelial cells, suggesting a
more global role than just interaction with E-cadherin (Figs. 1
and 2). In cultured cells, complete knockdown of 190-kDa
ankyrin-G or -2 spectrin in pre-polarized cells prevents for-
mation of new lateral membrane during cytokinesis and is
accompanied by multinucleated cells and subsequent cell death
(24, 29). In addition, complete knockdown results in intracellu-
lar accumulation of E-cadherin (19). We, therefore, developed
an inducible-knockdown strategy that allowed cells to retain
sufficient ankyrin-G to complete cell division and assemble a
residual lateral membrane, although subsequent membrane
growth was markedly reduced (Fig. 2). Ankyrin-G could con-
tribute to maintenance of the lateral membrane by restricting
the lateral mobility and impeding endocytosis of membrane
proteins in addition to E-cadherin. It will be important in future
work to determine the full scope ankyrin-G interactions with
lateral membrane proteins and their basolateral targeting
motifs.
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