Fate of E-cadherin in Early RPE Cultures: Transient
Accumulation of Truncated Peptides at
Nonjunctional Sites
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PURPOSE. E-cadherin is known to accumulate variably and
slowly at junctions of cultured human RPE cells. The intent of
this investigation was to determine what limits E-cadherin
protein accumulation in RPE cells by analyzing cultures at early
postplating intervals when junctions of the dominant cadherin
(N-cadherin) are first forming.
METHODS. RPE cell lines hTERT-RPE1 and ARPE-19 and RPE
cultures established from human donors were analyzed within
48 hours after plating for E-cadherin gene and protein expression (by RT-PCR and Western blotting, respectively) and for
protein distribution (by immunofluorescence and immunoelectron microscopy), including codistribution with markers
for organelles. Cell surface localization was analyzed by biotinylation and trypsin cleavage of extracellular cadherin domains.
RESULTS. The E-cadherin gene was constitutively expressed by
RPE cultures, but the protein did not accumulate substantially
in early RPE cultures. Instead small amounts of newly synthesized E-cadherin were detectable only transiently, peaking
within a few hours after plating, at which time the protein was
in the form of peptides of variable size rather the predicted
120-kDa molecular mass. Immunoreactive E-cadherin peptides
did not traffic to the cell surface and localize to junctions.
Rather they codistributed with several organelles including the
endoplasmic reticulum (ER; but not the Golgi), sites of protein
degradation (proteasomes, lysosomes, and autophagosomes)
and unusual compartments (centrosomes and apposed to subdomains of the mitochondrial network).
CONCLUSIONS. The results suggest that in RPE cells posttranscriptional mechanisms involving altered protein processing
and rapid turnover exist to limit E-cadherin accumulation. The
consequence may be to limit E-cadherin-specific inductive
properties in the RPE, a cell type in which N-cadherin is the
normal dominant cadherin. (Invest Ophthalmol Vis Sci. 2006;
47:3635–3643) DOI:10.1167/iovs.06-0104

C

adherins are a family of glycoproteins that mediate calcium-dependent cell– cell adhesion at adherens junctions
and participate in complex signaling pathways affecting cell

phenotype.1 Dominant cadherin type differs among tissues,
with E-cadherin the major cadherin of most monolayer epithelial cells. RPE cells differ in that they preferentially express
N-cadherin, which localizes to a zonular junction2 resembling
the E-cadherin adhesion in other epithelial cells. E-cadherin is
not completely absent from the RPE, however. Junctional Ecadherin is found in scattered groups of both human and
bovine RPE cells within the monolayer in situ.3,4 It is also found
in patches of cells cultured from human RPE, but only after the
cells have been held for long intervals at confluence.3 E-cadherin expression by the RPE is of interest because it is competent to induce basolateral polarity of Na,K-ATPase,5,6 which is
the opposite of the normal polarity found in RPE cells in the
eye.7–9 How apical polarity of the sodium pump develops in
the RPE remains unresolved, but it may be essential for the
cells to at least limit the basal inductive potential of E-cadherin.
One mechanism to limit E-cadherin function would be to
limit protein abundance, which led us to question why Ecadherin accumulates so slowly at RPE junctions in vitro. To
address this question, we first examined the timing of E-cadherin gene expression after plating RPE cell cultures, expecting to find upregulation in the late postconfluence period
when the protein is detected.3 Unexpectedly, mRNA for Ecadherin was found in RPE cultures even shortly after plating
(shown herein), which prompted us to look more closely at
E-cadherin protein at this early culture interval. As we now
show, E-cadherin does not accumulate substantially in early
RPE cultures. Instead small amounts of newly synthesized Ecadherin are detectable only transiently, peaking within a few
hours after plating, at which time the protein is in the form of
peptides of variable size rather the predicted 120-kDa molecular mass. Immunoreactive E-cadherin peptides codistribute
with several organelles, notably those involved in protein degradation, rather than trafficking to the cell surface and localizing to junctions. The results suggest that posttranscriptional
mechanisms involving altered processing and rapid turnover
exist in the RPE to limit E-cadherin protein accumulation in
early cultures when junctions comprised of N-cadherin are first
forming.
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Cultures
The human RPE cell line hTERT-RPE1 was used for most of the
experiments reported herein. Several experiments were performed in
ARPE-19 cells, lines of other epithelial cell types (MDCK, A431, and
Caco-2), and RPE cultures that were propagated from human donor
eyes by methods that have been described elsewhere.3 The donor eyes
were obtained and used according to the guidelines of the Declaration
of Helsinki. Donor age and passage number are provided in the figure
legends where data derived from the cultures are shown. All cells were
grown using biweekly feedings of minimum essential medium (MEM)
supplemented with dialyzed 10% FBS.
A carefully controlled protocol was used to deliver cells into assay
wells for experiments to examine cadherin expression or distribution.
The protocol was initiated several days before the experiments by first
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passaging the cultures and allowing them to attain confluence, then
maintaining them at confluence for no more than 7 days. For plating in
assay wells, cultures were fed 24 hours before dissociation with 0.3%
trypsin then plated in multiwell plates or in glass chamber slides at a
density to yield individual cells and small groups of cells (approximately 3 ⫻ 104 cells/cm2). Cells were analyzed in early culture, defined
as within 48 hours of plating.
In experiments to determine whether E-cadherin immunoreactive
protein in early RPE cultures represents newly synthesized protein,
cultures were treated with the protein synthesis inhibitor cycloheximide (100 m) for 6 hours, from 24 to 30 hours after plating, with
harvest for analysis at 30 hours. In other experiments, to alter mitochondrial phenotype by ATP synthesis blockade, cultures were treated
with 200 m antimycin A for 24 hours, also with harvest at 30 hours.

Transfection and Reverse
Transcription–Polymerase Chain Reaction
Transfection experiments were conducted using plasmid vectors pEcadGFP (gift of James Nelson, Stanford University, California) and pEGFN1-NcadGFP (gift of Brian McKay, University of Arizona, Tucson, AZ),
which express full length canine E-cadherin-GFP or human N-cadherinGFP fusion proteins, respectively. Transfections were performed in
nearconfluent cultures in complete culture medium (with serum) using LipofectAMINE 2000 reagent (Invitrogen Life Technologies, Gaithersburg, MD) and the manufacturer’s procedure, as previously described.10,11
RT-PCR was performed on total RNA extracts, as reported previously,10 using the following primers for the human E-cadherin gene,
which predict a 410-bp product: upstream, 5⬘-AACCTGGTTCAGATCAAATCC-3⬘; downstream, 5⬘-GGCAGCTCAGGATCCTGGCTGA-3⬘.
Amplified PCR products were electrophoresed in 1% agarose gels
containing ethidium bromide.

Antibodies
Several anti-cadherin antibodies were used that are directed against
different domains of the proteins (indicated in parentheses). The following mouse monoclonal antibodies were used: anti-N-cadherin antibody clone GC-4 (extracellular domain) and pancadherin antibody
(cytoplasmic domain), both from Sigma-Aldrich, St. Louis, MO; anti-Ecadherin antibodies clone HECD-1 (extracellular domain near the
amino terminus, Zymed Laboratories, Inc., South San Francisco, CA)
and clone 36 (cytoplasmic domain, BD Transduction Laboratories,
Lexington, KY). The following rabbit polyclonal antibodies were used:
anti-N-cadherin antibody H-63 (extracellular domain; Santa Cruz Biotechnology, Santa Cruz, CA); anti-E-cadherin antibodies H-108 (extracellular domain near the plasma membrane, Santa Cruz Biotechnology), and ab15148 (extracellular domain, Abcam, Inc., Cambridge,
MA). Also used were monoclonal antibodies to cadherin-associated
proteins ␤-catenin and p120 (both from BD Transduction Laboratories). Primary mouse monoclonal antibodies to marker proteins of
organelles (indicated in parentheses) were used: early endosome antigen 1 (EEA1, early endosomes, BD Transduction Laboratories); protein
disulfide isomerase (PDI, endoplasmic reticulum [ER], Molecular
Probes Invitrogen Detection Technologies, Eugene, OR); GM130,
GS28, and P230 (Golgi; BD Transduction Laboratories); S20␣ (20S
proteasome, Affiniti Research Products, Ltd., Exeter, UK); and ATP
synthase ␣ subunit (mitochondria; Molecular Probes Invitrogen Detection Technologies). Also used were rabbit polyclonal antibodies to
pericentrin (centrosome; Covance, Richmond, CA), catalase (peroxisome, Abcam Ltd.), and calnexin (ER; Stressgen Biotechnologies, Victoria, BC, Canada); goat polyclonal antibodies to lysosomal associated
membrane protein-2 (LAMP-2, lysosomes; Santa Cruz Biotechnology),
and chicken polyclonal antibodies to microtubule-associated protein 1
light chain 3␣ (MAPILC3␣, autophagosome; Orbigen, Inc., San Diego,
CA). Rabbit polyclonal antibodies were used to detect green fluorescent protein (GFP; BD-Clontech Laboratories, Inc., Palo Alto, CA) in
transfected cells. Secondary antibodies conjugated to rhodamine, flu-
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orescein or 12 nm colloidal gold (for microscopy) or conjugated to
horseradish peroxidase (for protein blotting) were from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA).

Microscopy
For immunofluorescence microscopy, cultures were fixed in paraformaldehyde and permeabilized after fixation by treatment with 0.5%
Triton as previously described.2,3,10 Cells were immunostained with
the antibodies listed in the previous section using dilutions and incubation times that were empirically determined for each antibody and
which produced specific staining compared to cultures treated with a
control antibody of the same isotype. In some experiments zenon
technology (Molecular Probes Invitrogen Detection Technologies) was
used to allow costaining with two mouse-derived antibodies. The
manufacturer’s recommended labeling, fixation, and staining protocols
were used. Nuclei were visualized with DAPI. Digital images were
captured (Spot RT camera; Diagnostic Instruments, Sterling Heights,
MI) and manipulated for display (Photoshop CS; Adobe Systems, Inc.,
San Jose, CA).
For immunoelectron microscopy, RPE cultures at 30 hours after
plating were trypsinized to produce cell suspensions and fixed for 2
hours in phosphate-buffered 0.1% glutaraldehyde, 4% paraformaldehyde, and 3% sucrose. Samples were embedded in LR White (Polysciences, Inc., Warrington, PA). Thin sections were cut, stained with
lead citrate, and incubated for 6 to 18 hours with clone 36 E-cadherin
primary antibodies, followed by a 2-hour incubation with gold-conjugated secondary antibodies. Sections were examined and photographed (H-600 transmission electron microscope; Hitachi, Japan).

Western Blot Analysis, Biotinylation,
and Controlled Trypsinization
For Western blot analysis, detergent-soluble proteins were collected
from cultures using a 0.5% Triton buffer containing a cocktail of
protease inhibitors as previously described2,3 and mixed with an equal
volume of Laemmli12 electrophoresis buffer. Detergent-insoluble proteins remaining after Triton extraction were lysed directly in electrophoresis buffer, then mixed 1:1 with the Triton buffer. Protein concentrations in detergent-soluble and -insoluble extracts were
determined by the Bradford method, and protein-equivalent samples
were loaded on gels and separated by electrophoresis under reducing
conditions using 7.5%, 10%, or 4% to 20% SDS separating gels. Proteins
were electroblotted and probed with a subset of the primary antibodies listed in the previous section (reported with the Results) and bands
were visualized by enhanced chemiluminescence (Pierce Chemical,
Rockford, IL).
Biotinylation and trypsinization protocols were used to analyze the
cell surface expression of cadherins. Methods for biotinylation were
previously described.10 Controlled trypsinization was performed to
cleave the ectodomain of cell surface cadherins by incubating cultures
for 20 minutes in the absence or presence of low concentrations of
trypsin (0.01%) in buffer containing calcium chelators. Biotinylated
proteins or extracts prepared from cells subjected to trypsinization
were analyzed by Western blot using antibodies to E- and N-cadherin.

RESULTS
E-cadherin Expression and Distribution
E-cadherin mRNA has been observed in human RPE cultures at
a late postconfluence interval when the protein localizes to the
junctions of some cells.3 E-cadherin gene expression has not
been analyzed in early cultures, but, as shown herein, the gene
was also expressed at early culture intervals (Fig. 1). E-cadherin
gene expression was detected in RPE cells propagated from
human donor tissue as well as in the cell lines ARPE-19 and
hTERT-RPE1.

IOVS, August 2006, Vol. 47, No. 8

E-cadherin in Early RPE Cultures

3637

FIGURE 1. Agarose gel of RT-PCR products showing E-cadherin gene
expression at 30 hours after plating in RPE cultures from two human
donors (RPE 1 and 2), two human RPE cell lines, and A431 cells
(human epithelial cell line used as a positive control). The donorderived RPE cultures were from donors aged 53 years in passage 8 (RPE
1) and 68 years in passage 6 (RPE 2). DNA standards are shown in the
first and last lanes.

Re-evaluation of E-cadherin in early RPE cultures initially
showed no clear evidence for the protein, consistent with
previous reports,3 until cultures were analyzed over a tight
time course after plating. This protocol revealed a transient
accumulation of protein and at nonjunctional sites. E-cadherin
immunostaining showed a prominent signal associated with
heterogeneous perinuclear granules which was detectable for
a few hours, peaking at approximately 30 hours after plating
(Fig. 2A). Similar staining patterns were seen in RPE cultures
grown from donor tissue and in the RPE cell lines (Fig. 2). It
was most reproducible in hTERT-RPE1 cells, although the timing of the peak staining and its intensity varied among experiments and was sensitive to culture density, even in this cell
line (Fig. 2B). The nonjunctional E-cadherin seen in this early
postplating interval represents newly synthesized protein,
since immunostaining was reduced by treatment with the
protein synthesis inhibitor cycloheximide (Fig. 2C).
To confirm that the unusual nonjunctional protein distribution in early RPE cultures represents E-cadherin, several antibodies directed against different epitopes of the molecule were
tested. The most prominent staining of the broadest spectrum
of immunoreactive granules across experiments was obtained
with clone 36 E-cadherin antibodies. Other antibodies also
reacted with at least subsets of the granules, but none demonstrated junctional protein. Codistribution between two E-cadherin antibodies with different epitopes is illustrated in Figure
3. Additional support for the observation that RPE cells localize
E-cadherin to nonjunctional sites in early culture was provided
by transient transfection experiments, which showed that RPE
cells also distribute exogenous GFP-E-cadherin to cytoplasmic
granules rather than to junctions (Fig. 4A). In the transfection
experiments, the transgene product was expressed in scattered cells at levels similar to those of the endogenous protein
(the GFP tag was not seen in the living cells), avoiding an
unphysiologically high expression that could produce an abnormal distribution. To detect the GFP, immunofluorescence
microscopy of fixed cells was therefore used. The exogenous
GFP-E-cadherin exhibited a nonjunctional pattern similar to the
endogenous protein in RPE cells. In other epithelial cells the
ectopic GFP-E-cadherin had the expected junctional pattern
(Fig. 4B), as did ectopically expressed GFP-N-cadherin in RPE
cells (Fig. 4A).
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FIGURE 2. E-cadherin immunostaining (clone 36 antibody, red) in
hTERT-RPE 1 cells (A–C). (A) Changes in E-cadherin staining at
intervals between 24 and 48 hours after plating. (B) Low and high
cell-density regions in the same culture at 30 hours after plating
showing greater staining in low-density cells. (C) Cultures at 30
hours after plating, either untreated or treated with the protein
synthesis inhibitor cycloheximide. (D) E-cadherin immunostaining
at 30 hours after plating in ARPE-19 cells and RPE cultures from a
human donor (aged 48 years, passage 9). Scale bar, 20 m.
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FIGURE 3. Costaining of hTERT-RPE1
cells at 30 hours after plating with
monoclonal (clone 36, red) and polyclonal (ab15148, green) E-cadherin antibodies. As shown in the expanded
merged image, the antibodies codistributed at some but not all the granular punctate–stained sites. Scale bars:
20 m (low magnification images), 5
m (enlargement).

Immunoblot analysis for endogenous E-cadherin in extracts
of early RPE cultures did not reveal a 120-kDa peptide as
expected for the full-length, processed form of the protein.
Rather, higher (135 kDa) and several lower molecular mass
immunoreactive E-cadherin peptides were present (Fig. 5). The
peptide patterns and band densities at steady state varied
among experiments. They also differed in the Triton detergentsoluble and -insoluble cell fractions and when probed with
E-cadherin antibodies directed against different regions of the
molecule. Examples of blotting patterns from a donor RPE
population and the hTERT-RPE1 line are shown (Fig. 5). Ecadherin immunoblot analysis was performed on extracts
taken when immunostaining was at its peak intensity (30 hours
after plating), at which time prominent staining was seen in
most cells, yet blotting signals were typically weak. The molecular masses of the major E-cadherin peptides in extracts of
early RPE cultures determined in approximately 40 independent experiments are summarized in Table 1.
N-cadherin differs from E-cadherin in early RPE cultures in
that the former localizes to forming junctions as expected for
the adhesion protein (Fig. 6A). Because E-cadherin does not
distribute to junctions, the possibility was raised that the protein did not traffic to the RPE cell surface. This was supported
by biotinylation analysis, which revealed no E-cadherin in the
cell surface biotinylated fraction of RPE cells (Fig. 6B). The
same protocol demonstrated cell surface N-cadherin in RPE
cells and E-cadherin in MDCK cells, as expected. Controlled
trypsinization to cleave the cadherin ectodomain also indicates
no E-cadherin in RPE cell surface membranes. E-cadherin pep-

tides show no evidence for trypsin-mediated proteolysis under
conditions in which cell surface N-cadherin becomes truncated
(Fig. 6C).

Organelle Codistribution of E-cadherin
Immunoreactive Peptides
The absence of E-cadherin from the RPE cell surface coupled
with the granular staining pattern in the perinuclear region
where organelles are clustered suggested that E-cadherin immunoreactive protein is organelle associated in early RPE cultures. Further, because the granular pattern for E-cadherin
staining is heterogeneous, varying from fine puncta to granules
or vesicles of various sizes and conformations, E-cadherin codistribution with multiple organelles seemed likely. Organelles
are themselves heterogeneous in early cultures and consist of
subdomains. Therefore, to determine E-cadherin codistribution
with organelles, multiple independent experiments (3 to as
many as 20) were performed with each organelle marker. The
analyses demonstrated localization of E-cadherin immunoreactive peptides with biosynthetic, degradative, and unusual subcellular compartments in early RPE cultures (Figs. 7–10).
For organelles involved in protein biosynthesis, partial codistribution of E-cadherin immunostaining was seen with subdomains of the endoplasmic reticulum, as illustrated by protein
disulfide isomerase (PDI) costaining (Fig. 7). No codistribution
was found with the cis Golgi marker GM 130, however (Fig. 7).
E-cadherin immunoreactivity surrounded the Golgi but was
overtly absent from the organelle itself. Similar outcomes were

FIGURE 4. Product of a GFP-E-cadherin transgene in ARPE-19 (A) and MDCK cells (B) detected by staining
with antibodies to GFP (green). GFP-E-cadherin was punctate in the RPE line but junctional in MDCK, as
shown by costaining for endogenous E-cadherin in MDCK (red). (A) Also shown is the product of a
GFP-N-cadherin transgene (green) codistributing with endogenous N-cadherin (red) in ARPE-19 cells.
Arrows: sites of junctional colocalization of transgene products and the dominant endogenous cadherin in
each cell type. Scale bar, 20 m.
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FIGURE 5. E-cadherin Western blots
of protein extracts from RPE cultures
at 30 hours after plating showing
banding patterns for cells from a human donor, aged 71 years in passage
5 (RPE) and for the hTERT-RPE1 cell
line. Different E-cadherin antibodies
were used (cl36, H-108, HECD-1, and
ab15148) to blot Triton detergentsoluble (S) and -insoluble (I) fractions. Also shown are the migration
positions of E-cadherin (120 kDa) in
a whole-cell extract of A431 cells and
of N-cadherin (130 kDa) in soluble
and insoluble fractions of hTERTRPE1 cells.

obtained with antibodies to marker proteins (P230, GS28) of
other Golgi regions (not shown).
E-cadherin showed partial codistribution with all three major degradative organelles in RPE cultures: proteasomes identified by S20␣, autophagosomes identified by MAPILC3␣, and
lysosomes identified by LAMP 2 (Fig. 8).
No E-cadherin codistribution was found with early endosomes (identified by EEA1 staining) or peroxisomes (identified
by catalase staining) (not shown). However, compelling evidence for codistribution was found with two unexpected compartments: mitochondria and centrosomes. The mitochondrial
membrane marker protein ATP synthase ␣ shows a ramifying
tubular network of mitochondria in early RPE cultures. Cigarshaped E-cadherin immunostaining colocalizes with parts of
the mitochondrial system, not clearly within the organelle
network itself but closely apposed to it (Fig. 9). Treatment of
cells with the ATP synthesis inhibitor antimycin A changes the
phenotype of the mitochondrial network to curved profiles.
E-cadherin coimmunostaining shows a similar altered appearance after antimycin A treatment confirming a close association
with mitochondria (Fig. 9).
E-cadherin also localizes to a discrete juxtanuclear dot,
sometimes appearing as a doublet, that codistributes with
markers of the centrosome (Fig. 10). E-cadherin staining of the
centrosome is not found in all RPE cells in the culture, but it is
widespread among cells and often the one-dot-per-cell pattern
is the only detectable E-cadherin staining (Fig. 2, 24-hour time
point). Although HECD-1 E-cadherin antibodies do not label
the centrosome, several E-cadherin antibodies codistribute
with this structure including clone 36 (Fig. 10), H-108 (Fig. 10)
and ab15148 (not shown). Immunoelectron microscopy confirms E-cadherin immunoreactivity localizing to unidentified
electron-dense granules in the pericentriolar region (Fig. 10).
Catenins, proteins that complex with cadherins, do not codistribute with E-cadherin at the centrosome or any other organelTABLE 1. Molecular Masses of Major Peptides
Clone 36
kDa

S

135
97–100
80–84
60
48
40
30

X
X
X
X

I

X
X

H-108
S
X
X
X

I

HECD-1

ab15148

S

I

S

X

X
X
X

I

X
X
X
X

X
X

X
X
X

Peptides were detected in E-cadherin blots of detergent soluble
(S) and insoluble (I) RPE cell extracts using four E-cadherin antibodies
(clone 36, H-108, HECD-1, ab15148).

Downloaded from iovs.arvojournals.org on 02/28/2021

lar location, distributing rather to junctional sites as shown for
␤-catenin and p120 (Fig. 10).

DISCUSSION
E-cadherin protein has been identified only in postconfluent
human RPE cultures,3 which suggested that its expression may
be developmentally delayed. However, we found in this study
that the E-cadherin gene is constitutively expressed by RPE
cells regardless of culture time. Further, the gene is expressed
in two immortalized cell lines (ARPE-19 and hTERT-RPE1) in
which we have not seen junctional protein at any culture
interval (not shown). In early cultures E-cadherin protein is
difficult to detect. When observed, it localizes not to junctions
but to perinuclear granules where it accumulates transiently, at
low levels, and reproducibly only under tightly controlled
plating conditions.
Despite the nonjunctional locations in RPE cells, several
lines of evidence indicate that immunoreactive protein is Ecadherin. Similar staining patterns were seen with multiple
E-cadherin antibodies and in all types of RPE cultures that were
examined, including two immortalized human RPE lines and
RPE cells propagated from human donor eyes. Further, both
endogenous protein and the product of an exogenous E-cadherin transgene localized to nonjunctional sites. The distribution of E-cadherin in RPE cells was clearly different from that of
the more abundant N-cadherin, which localized to forming
junctions. This cadherin-type difference in distribution is consistent with our previous investigations of N- and E-cadherin
coexpression in other epithelial cells.10,11 When the two proteins had a highly asymmetric levels of protein accumulation
(as shown here for RPE cells), the dominant cadherin localized
to junctions, but the minor cadherin did not.
The partial codistribution of E-cadherin with the biosynthetic compartment (endoplasic reticulum [ER]), the marked
reduction in overall E-cadherin staining when protein synthesis
is inhibited, and the presence on protein blots of a 135-kDa
immunoreactive peptide, which is consistent with the pro
form of E-cadherin,13 also indicate that E-cadherin protein is
synthesized by early cultures of RPE. In other cells, the Ecadherin precursor is processed to the mature 120-kDa peptide
by a convertase and the protein binds to ␤-catenin, which
facilitates trafficking to surface membranes (for review, see
Ref. 14) and may protect the cytoplasmic domain of the protein from proteolysis.15 These events may not occur efficiently
in early RPE cultures, however, as indicated by the absence of
the 120-kDa form of E-cadherin and the failure of ␤-catenin (or
other catenins) to codistribute with E-cadherin at any of its
nonjunctional sites. The distribution of ␤-catenin and p120
were selected for demonstration in this study because the
former catenin associates early in the biosynthetic pathway
with E-cadherin, and the latter associates early with N-cad-
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FIGURE 6. (A) Costaining of E-cadherin (clone 36, red) and N-cadherin
(green) in hTERT-RPE-1 cells at 30
hours after plating. (B) Western blots
of whole-cell extracts (ext) and the
biotinylated cell-surface fractions
(bio) showing N- and E-cadherin in
RPE cells and E-cadherin in MDCK.
E-cadherin was not found in the biotinylated fraction of RPE cells. (C)
hTERT-RPE1 cultures that were untreated (⫺) or treated (⫹) with trypsin to degrade cadherin extracellular
domains. The E-cadherin blotting pattern was unchanged, as shown for two antibodies (cl36, HECD-1). The N-cadherin signal was lost after treatment, as shown by an antibody directed
against the extracellular N-cadherin domain (N-cad blot), and a lower mass cleavage product was generated, as shown by an antibody directed
against the N-cadherin cytoplasmic domain (pancadherin [pancad] blot). Scale bar, 20 m.

herin.14 Because N-cadherin is the dominant cadherin of RPE
cells and the temporal sequence of catenin binding could be
cell rather than cadherin specific, p120 could perhaps codistribute early with newly synthesized E-cadherin in RPE cells.
However, no catenin was found to codistribute with nonjunctional E-cadherin in RPE cells. If E-cadherin in RPE cells is not
processed and not associated with its binding partners, it may
be targeted for degradation, which would explain its codistribution with degradative organelles and its manifestation as
multiple lower mass peptides on protein blots.
The enzymes responsible for E-cadherin proteolysis are not
well known, and most information comes from studies simulating pathologic states involving junction breakdown. The
ectodomain of E-cadherin can be cleaved by plasmin16 and by
extracellular matrix metalloproteinases,17,18 but these enzymes are not likely to be involved in E-cadherin degradation in
early RPE cultures because there is no evidence that the protein reaches the cell surface. The cytoplasmic domain of Ecadherin in apoptotic cells can be cleaved by caspases,18,19 by
a presenilin-1/␥-secretase activity,20 and by an unidentified
protease(s) that removes the ␤-catenin binding domain.21 Ecadherin is sensitive to calpain22 and to an unidentified lytic
activity shown in models of ischemia/ATP depletion.23 These
enzyme activities collectively generate at least 10 different
molecular mass immunoreactive E-cadherin peptides, including peptides of the sizes seen in this study in RPE cells.
However, it is not clear whether any of these enzymes is
involved in E-cadherin degradation in the RPE or, for that

matter, in other normal epithelial cells in which the protein is
constitutively synthesized and turned over. If E-cadherin is
unprocessed and misfolded in RPE cells, it may be degraded by
alternative mechanisms such as the ER-associated degradation
(ERAD) pathway,24 which could account for some of the Ecadherin codistribution with ER. We have attempted to pursue
identifying the sequence of cleavages that produces truncated
forms of E-cadherin in RPE cells but are finding it a considerable challenge. The amount of protein is low and difficult to
extract in sufficient amounts to perform traditional pulse–
chase immunoprecipitation experiments. Indeed, we have
been surprised at the low E-cadherin protein retrieval in RPE
cell extracts, since immunostaining for E-cadherin is robust at
its peak (30 hours after plating), when the amount of antibody
(especially clone 36) needed to obtain a nonjunctional staining
signal in RPE cells is the same as used to detect the prominent
junctional E-cadherin seen in cells like MDCK. We attribute the
low E-cadherin yields in protein extracts of RPE cells to an
association of the protein largely with subcellular sites where
degradative enzymes are sequestered, which makes it difficult
to isolate intact peptides before they are further degraded.
The notion that E-cadherin is targeted for degradation in
RPE cells is supported by the partial codistribution of the
protein with lysosomes, autophagosomes, and proteasomes. As
indicated earlier, part of the ER association could also represent protein targeted for degradation, and the unusual localization with the centrosome may similarly represent a protein
degradation site. Misfolded or incompletely processed proteins

FIGURE 7. hTERT-RPE-1 cells at 30
hours after plating costained for Ecadherin (clone 36, red) and organelle markers (green) for (A) ER
(PDI) and (B) Golgi (GM130). As
shown in the enlarged E-cadherinPDI merged image, the staining patterns colocalized in a subset of granules (yellow and yellow-orange). In
contrast, E-cadherin did not codistribute with GM130; the arrow in
the enlarged merged image indicates
a site where the two staining patterns clearly segregated. Scale bars:
20 m (low magnification images), 5
m (enlargements).
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FIGURE 8. hTERT-RPE-1 cells at 30
hours after plating costained for Ecadherin (clone 36, red) and organelle markers (green) for (A) the
proteasome (S20␣), (B) the autophagosome (MAPILC3a), and (C) the lysosome (LAMP2). As shown in the
enlarged merged images, a subset of
the E-cadherin-stained granules colocalized with each organelle (yellow).
Scale bars: 20 m (low magnification
images), 2 m (enlargements).

targeted by ubiquitination to the proteasome, especially in
cells expressing large amounts of mutant membrane protein,
have been shown to localize to the centrosome to form aggresomes.25–28 Perhaps even low-abundance, misfolded proteins,
as we suspect for E-cadherin in RPE cultures, traffic to this site.
The centrosomal distribution of E-cadherin is not specific to
the RPE (our unpublished observations, 2004) but is also found
in human epithelial cell lines A431 and Caco-2 (where it is
easily overlooked because of prominent junctional staining),
but not in the dog-derived cell line MDCK, suggesting perhaps
a species difference. As an alternative to undergoing degradation at the centrosome, E-cadherin at this site may be performing an unrecognized function. A growing number of novel

FIGURE 9. hTERT-RPE-1 cells at 30
hours after plating co-stained for Ecadherin (clone 36, red) and an organelle marker (green) for mitochondria (ATP synthase ␣), without and
with treatment with antimycin A. As
shown in the enlarged merges, E-cadherin is closely associated with parts
of the mitochondrial network. Scale
bars: 20 m (low-magnification images), 5 m (enlargements).
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proteins, notably tumor suppressors, have been localized to
the centrosome.29
The association of E-cadherin immunoreactive peptides
with regions of the mitochondrial network is also currently
unexplained. Other proteins have recently been identified in
this unexpected compartment.30 Mitochondria are known to
have close contact sites with the ER,31–34 and so perhaps the
E-cadherin staining that is apposed to mitochondria is ER associated. Investigations of the close association between these
organelles are primarily focused on calcium signaling within
cells to regulate such events as ATP synthesis, apoptosis, and
mitochondrial motility.31,33,34 It is not clear what function, if
any, E-cadherin has at this site. We have attempted to triple
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FIGURE 10. hTERT-RPE-1 cells at 30
hours after plating. (A) Costaining for
E-cadherin (clone 36 [cl36] or H-108,
red) and an organelle marker for the
centrosome (pericentrin, green),
which codistributed as shown in the
merged images (yellow, arrows). (B)
Immunoelectron microscopy of
E-cadherin (clone 36). The site of the
centriole is circled, and is flanked by
two pericentriolar electron dense
granules that are heavily labeled
(boxes and enlarged boxes). The box
and enlargement in the top left corner of the main image shows the
unlabeled adherens junction. (C)
Costaining for ␤-catenin (red) or
p120 catenin (red) and the centrosome (pericentrin; green, arrows).
Neither catenin localized to the centrosome. Scale bars: 10 m (fluorescence micrographs), 5 m (main
electron micrograph), 2 m (enlarged electron micrographs).

stain for E-cadherin and the two organelles, but identifying
regions of real contact between the two organelles is complicated by the fact that organelles are subcompartmentalized
with a nonuniform protein distribution.35 Even markers for the
same organelle show incomplete colocalization. Whether Ecadherin localizes to ER regions apposed to mitochondria
therefore remains speculative.

SUMMARY
In explaining the behavior of E-cadherin in RPE cells, one has
to account for the absence of junctional protein in early cultures despite expression of the gene (as shown herein), the
slow accumulation of protein at junctions in vitro,3 and the
cell– cell heterogeneity in junctional E-cadherin both in situ
and in postconfluent cultures.3,4 Our working hypothesis to
explain these observations is that E-cadherin protein is constitutively synthesized at low levels in RPE cells, but incompletely
processed and broadcast to subcellular sites where it undergoes degradation by multiple mechanisms. Transient detection
in early cultures is due to identification of a narrow window of
time when biosynthesis slightly exceeds degradation. This
allows the detection of truncated forms of the protein,
which are revealed as various low molecular mass peptides
by E-cadherin antibodies directed against different epitopes.
In some cells small amounts of E-cadherin escape degradation, traffic successfully to the cell surface, and over time
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gradually become stabilized at junctions, accounting for the
junctional location of the protein in patches of cells in late
confluence.3 Differences among individual cells in levels of
biosynthesis and in the multiple mechanisms responsible for
proteolysis would be expected to produce an RPE monolayer that is a mosaic with regard to the amount of junctional
E-cadherin.36
Although the steps in the process of E-cadherin synthesis
and turnover in RPE cells are not yet defined, the result is that
RPE cells accumulate little E-cadherin during early stages of
epithelial morphogenesis in vitro and perhaps in situ. As a
consequence, E-cadherin’s ability to induce a basolateral polarity of Na,K-ATPase5,6 may be suppressed, which could be
essential to at least permit the sodium pump to achieve an
apical polarity, which is the normal distribution for the RPE.7–9
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