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Most cases of familial early-onset Alzheimer’s dis-
ease are caused by mutations in the presenilin 1 (PS1)
gene. However, the cellular functions of PS1 are un-
known. We showed predominant localization of PS1 to
cell-cell contacts of the plasma membrane in human
prostate epithelial tissue and in a human epithelial
cell line HEp2 stably transfected with an inducible
PS1 construct. PS1 co-immunoprecipitated with
B-catenin from cell lysates of stable transfectants.
Conversely, PS1 lacking the PS1-B-catenin interaction
site did not co-immunoprecipitate with g-catenin and
was not recruited to the cell-cell contacts. L cells,
which do not form tight intercellular contacts, formed
clusters of adhered cells after stable transfection with
GFP-PS1 cDNA and demonstrated a clear preference
for independent aggregation in the mixed cultures.
However, L cells transfected with mutant GFP-PS1
constructs, which had a truncated N-terminus of PS1
or deleted PS1-B-catenin interaction site, failed to
form intercellular contacts. In addition, in primary
cultures of mouse cortical neurons PS1 was highly
concentrated on the surface of extended growth cones.
Taken together, our results suggest an important role
of PS1 in intercellular adhesion in epithelial cells and
Neurons. © 2001 Academic Press

Key Words: Alzheimer’s disease; presenilin 1; cell-
cell adhesion; epithelial cells; primary neuronal
cultures.

INTRODUCTION

More than 40 missense mutations in the presenilin 1
(PS1) gene co-segregate with early-onset familial Alz-
heimer’s disease (FAD) [64, 48] (reviewed in [29]). PS1
is a six- to eight-transmembrane domain protein with
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the hydrophilic N terminus and the hydrophobic C
terminus. A large hydrophilic loop is located between
transmembrane domains 6 and 7 (see review [28]).
FAD mutations were found through the entire PS1
protein but “hot spots” were discovered in transmem-
brane domain 2, and the region adjacent to the hydro-
philic loop domain (reviewed in [29, 48]). In addition,
splice-site mutations and an in-frame deletion were
described for exon 9 [56, 12]. Although numerous PS1
mutations have been well documented, neither the na-
ture of the dysfunction caused by these mutations nor
the normal functions of PS1 are clearly understood.

There are a number of clues indicating an important
role of PS1 in the regulation of intramembrane prote-
olysis (reviewed in [8]). PS1 is required for y-secretase
activity in the proteolytic processing of the amyloid
precursor protein (APP) [15, 73, 1]. FAD-linked muta-
tions in PS1 alter proteolytic processing of APP and
result in an increase in the production of highly amy-
loidogenic forms of amyloid-B-protein (reviewed in
[28]). Another notable example of the PS1 role in in-
tramembrane proteolyis is added by observations that
PS1 controls proteolytic processing of Notch receptors
[16, 65, 66, 77, 59]. The Notch receptors are cell surface
proteins that are involved in the regulation of cell—cell
interactions and cell fate choices during development
(reviewed in [2]). Therefore, functional interaction be-
tween Notch and PS1 may be critical for embryonic
development and explains impaired ontogenesis of PS1
null mice [63, 74, 15] and the Notch-deficient-like phe-
notype of PS1 knockout in Drosophila [66, 77]. More-
over, genetic studies demonstrated that sel-12 protein
(PS1 homologue) facilitates Notch/lin-12 signaling in
C. elegans [41].

Other described roles of PS1 are contribution to neu-
ronal calcium homeostasis (reviewed in [47]) [48], in-
volvement in T-cell receptor-induced apoptosis [71],
and caspase activation [70]. Studies of PS1 null mice
showed that the lack of PS1 results in neuronal loss in
specific brain regions [63] and abnormal migration of
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developing neurons [30]. In summary, although cellu-
lar functions of PS1 are not clearly understood, it ap-
pears that PS1 has an important role in many physio-
logical cellular processes.

Considerable progress has been made in defining
subcellular localization of PS1. Immunocytochemical
and biochemical analysis of transfected cells, primary
neuronal cultures, and rodent brains revealed predom-
inant localization of PS1 to endoplasmic reticulum
(ER)—Golgi compartments and to coated transport ves-
icles [11, 37, 38, 22].

However, several reports raised the possibility that
PS1 may also function in other subcellular compart-
ments. In transfected cells PS1 has been identified in
the nuclear membrane, interphase kinetochores and
centrosomes [45], and in the plasma membrane [67,
17]. Endogenous PS1 has been detected directly at the
plasma membrane in Drosophila [76], human T-lym-
phocytes [62], rat brain [4], mouse corneal epithelium
[25], and mouse fibroblasts [59].

Recently it was shown that PS1 is recruited to inter-
cellular and synaptic contacts, forms complexes with
the cadherin/catenin cell-cell adhesion system, and
increases cell aggregation in transfected HEK293 cells
[25]. These observations clearly indicate the role of PS1
in intercellular adhesion.

PS1 interacts in vitro and in vivo with actin binding
proteins filamin [79, 62] and B-catenin [81, 70, 80],
which are known to link cell surface receptors with the
cytoskeleton and mediate cell adhesion and cell motil-
ity [46]. Accordingly, cell surface labeled PS1 forms
complexes with intracellular filamin and, like other
proteins that are involved in cell adhesion, redistrib-
utes to the surface of lamellipodia in adhered T-lym-
phocytes (Jurkat cells) [62].

The possibility that PS1 may be involved in cell
adhesion is particularly important in view of new find-
ings that cell adhesion molecules play a role in memory
formation. The cadherin family of cell adhesion mole-
cules is implicated in regulation of synaptic plasticity
and long-term potentiation [69, 75]. A new integrin,
Volado, which was identified in Drosophila is required
for short-term memory processes [27]. In addition, Par-
ent and colleagues recently reported that the FAD-
linked A246E variant of PS1 leads to the changes of
induction of long-term potentiation in transgenic mice
[54].

Here we report that in human prostate epithelial
tissue, PS1 accumulates at cell—cell contacts of plasma
membrane. In stably transfected human epithelial cell
line HEp2, wild-type PS1 is also localized at cell-cell
contacts of plasma membrane and forms complexes
with B-catenin. On the contrary, PS1 lacking the PS1—
B-catenin interaction site did not co-immunoprecipi-
tate with B-catenin and was not recruited to the cell-
cell contacts of plasma membrane. Cell adhesion

molecules (CAM)-deficient L cells, which do not form
tight intercellular contacts, demonstrated a clear pref-
erence for independent aggregation after stable trans-
fection with GFP-PS1 cDNA. However, L cells trans-
fected with mutant GFP-PS1 constructs, which had a
truncated N-terminus of PS1 or deleted PS1—-B-catenin
interaction site, failed to form intercellular contacts. In
addition, in primary cultures of mouse cortical neu-
rons, PS1 was highly concentrated on the surface of
extended growth cones. Taken together, our results
indicate an important role of PS1 in intercellular ad-
hesion in epithelial cells and neurons.

MATERIALS AND METHODS

Antibodies. Monoclonal antibody MKAD 3.4, which recognizes
residues 45-48 of human PS1 [50], was a gift of Dr. A.Takashima
and Dr. T.Honda (Riken Brain Science Institute, Japan). Affinity-
purified polyclonal antibody PS1-Nm raised against synthetic pep-
tide corresponding to the N-terminal fragment 31-46 of mouse PS1
was provided by Dr. T. Koothan (Cold Spring Harbor Laboratory).
Rabbit polyclonal antibody Abl4 was generated against residues
3-15 of PS1 (provided by Dr. S.Gandy, Nathan Kline Institute).
Other antibodies used included anti-GFP monoclonal antibody
(Clontech), rabbit anti-GFP polyclonal antibody (Clontech), rabbit
anti-p-catenin polyclonal antibody (Sigma), anti-CD44 monoclonal
antibody A3D8 (Sigma), and goat polyclonal anti- (E,P and N) cad-
herin antibodies (Santa Cruz).

Cell cultures. HEp2 cells (human epithelial cell line) and L cells
(murine L-cell fibroblasts) were obtained from the American Type
Culture Collection. HEp2 cells were maintained in Dulbecco’s mod-
ified Eagle’s medium containing 10% fetal bovine serum. Generation
of PS1 (—/—) knockout mice was described previously [63]. Primary
cultures of mouse cortical neurons from embryonic 14- to 15-day
fetuses from PS1(—/—) were obtained according described procedure
[15]. In addition, primary neuronal cultures from PS1(—/-) knockout
mice were generously provided by.Dr. B. De Strooper and Dr. P.
Saftig (Experimental Genetics Group, Center for Human Genetics,
Campus Gasthuisberg, Belgium).

Immunohistochemistry, immunoprecipitation, and immunoblot-
ting. Human prostate specimens were obtained at the time of the
surgery, fixed with 10% buffered formalin, and embedded in paraffin.
The tissue sections (4 uwm) were further processed for light micros-
copy and DAB-based immunohystohemistry using the DAKO ampli-
fication system (DAKO, Denmark). Tissue sections were examined
using Nikon inverted Diaphram microscope at magnification 20X.
For immunoprecipitation, HEp2 cell or L-cell extracts containing
complete protease inhibitor cocktail (Boehringer Mannheim) were
preincubated with protein G Sepharose (Pharmacia) for 1 h. Beads
were removed, and supernatants were incubated with MKAD 3.4 or
monoclonal anti-GFP antibody at 4°C overnight. The immunocom-
plexes were precipitated with protein G Sepharose at room temper-
ature for 2 h, washed in TBS and 1% Triton X-100, and diluted with
2X Laemmli sample buffer (40% glycerol, 6% SDS, 4% 2-mercapto-
ethanol). Then all samples were electrophoresed on 10% Tris—gly-
cine gels and transferred to a PVDF membrane (Bio-Rad). Western
blotting (using SuperSignal West Dura Extended Duration sub-
strate, Pierce) was performed as per the manufacturer’s recommen-
dation. The bands were visualized using Chemi Doc detection system
(Bio-Rad). Molecular sizes of the visualized bands were determined
with a Kaleidoscope prestained molecular standard (Bio-Rad).

cDNA construction and transfection. The wild-type PS1 cDNA
was cloned into BamH 1-EcoR | sites in the polylinker of the pET
22b vector (Novogen) as previously described [61]. For generation of
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deletion mutant N-288 we introduce a stop codon into position 288 of
PS1 cDNA using method of site-directed mutagenesis described by
Kunkel [83]. The BamH1-EcoR1 fragments of wild-type PS1 cDNA
and N-288 PS1 cDNA were then cloned in-frame with the N-terminal
GFP into the Bglll-EcoR 1 sites of the pEGFP-C1 polylinker (Clon-
tech). For generation of D 1-44 and D 1-77 deletion mutants, we
introduced BgllI sites in the PS1 cDNA cloned in the pET 22B vector
using the same method of site-directed mutagenesis [83]. The Bglll-
EcoR 1 fragments of pET 22B-PS1 mutants (D 1-44 and D 1-77) were
then cloned into the Bglll-EcoR 1 sites of pEGFP-C1 polylinker.
Expression of fusion protein was studied in the ecdysone (ponasteron
A)-inducible expression system (Invitrogen). To introduce the PS1
cDNA into pind (SP1) expression vector (Invitrogen), the Nhe I-EcoR
| fragments of PEGFP-C1 plasmids, containing GFP-PS1 cDNA
(wild-type, N-288, D 1-44, and D 1-77) were cloned into the
polylinker of pind (SP1). The resulting plasmids were cotransfected
with pVgRXR into HEp2 or L cells using the FUGENE transfection
reagent (Boehringer Mannheim). Stable transfectants were identi-
fied using dual selection for neomycin (G418) (750 ng/ml) and Zeocin
(500 pg/ml) as described by Invitrogen Protocol 160906 (Invitrogen).

Laser confocal microscopy. HEp2 cells were fixed for 30 min in
2% paraformaldehyde and 0.1% glutaraldehyde buffered with PBS in
eight-chambered coverslips and permeabilized with 0.5% Triton
X-100 for 15 min at room temperature. Primary neuronal cultures
were fixed for 30 min in 4% paraformaldehyde. All cells were then
blocked for 30 min with 5% albumin, fraction V (Sigma). PS1 was
stained using anti-PS1 antibodies Ab 14 or PS1-Nm and FITC-
conjugated secondary antibodies. Immunofluorescence images were
visualized with either a X40 1.4 NA or a X60 1.3 NA oil-coupled
objective on a Noran Confocal Odyssey system through a Nikon
inverted Diaphram microscope.

Cell attachment, cell aggregation, and cell sorting assays. For the
cell attachment assay, 50% confluent L cells were trypsinized and,
after 8 h induction with 10 uM ponasteron A in complete MEM
media with 5% serum, were plated into 96-well plate precoated with
1% BSA (10* cells/well). After 2 h of incubation unattached cells were
removed by extensive washing in PBS. Attached cells were fixed with
2% glutaraldehyde, dried at room temperature, and stained with
0.1% crystal violet. Specimens were treated with 10% acetic acid and
absorbance at 590 nm was measured using a microplate reader.

Cell aggregation assay was performed as described [51, 53].
Briefly, L cells were dissociated by trypsin—-EDTA treatment and
gentle pipetting, and were allowed to aggregate in complete MEM
media with 5% serum and 100 um ponasteron A for 16 h. The extent
of cell aggregation was represented by the index N;,/N,, where N
was the total “particle” number after 16 h and N, was the total
particle number at incubation time 0. Single particle represents
single cell or single cellular cluster in the field of view. Particle
numbers were calculated in a Levy chamber using light microscopy.

For cell sorting (cell segregation), nontransfected and wild-type
GFP-PS1 transfectants were mixed in a 1:1 ratio and cultured 16 h
in the presence of 50 uM ponastron A. To distinguish between two
cell lines, the cells were differentially labeled using a Vybrant DiO
and Dil cell-labeling kit (Molecular Probes, Protocol MP22885). Cell
cultures were monitoring at different times to follow the progress of
cell segregation.

Scanning electron microscopy. Primary cultures of mouse cortical
neurons in four-chambered coverslips were fixed in 4% paraformal-
dehyde. The cells were blocked with 5% BSA for 40 min and incu-
bated with primary antibodies at 4°C for 16 h. The samples were
then washed four times with PBS and incubated with 6 nm colloidal
gold-conjugated anti-rabbit 1gG (Jackson Immunoresearch) at a di-
lution of 1:40 in PBS for 60 min at room temperature. Each sample
was then washed five times with PBS. Silver enhancement was
performed following the Goldmark Protocol (Goldmark Biologicals)
and then the cells in the chambers were fixed with 2% paraformal-
dehyde/1.5% glutaraldehyde in 0.1 M cacodylate, pH 7.4, for 1 h. The

cells were washed twice in 0.1 M cacodylate, pH 7.4, postfixed with
freshly prepared 1% osmium tetroxide (Polysciences, Inc.) in 0.1 M
cacodylate, pH 7.4, for 1 h at 22°C, and dehydrated by ethanol. A 1:1
mixture of hexamethyldisilazane and ethanol was then added for 30
min, followed by 100% hexamethyldisilazane for 2 h at room tem-
perature. After complete evaporation of hexamethyldisilazane, spec-
imens were visualized in a scanning electron microscope (Model
JSM-5300; Jeol, Tokyo, Japan) at 10 kV with tilt angles of 40-52°.
Backscatter electron imaging, which contains information about the
difference in average atomic number, was used to detect gold—silver
particles.

RESULTS

Distribution of PS1 in Epithelial Cells

Although pathological changes associated with FAD
are described mainly in neurons current thinking con-
cerning PS1 is largely based on the study of transfected
cells. This is in part due to the technical difficulties of
studying neurons. Since neurons are characterized by
unique polarized distribution of receptors and integral
membrane proteins, selection of correct experimental
cell models is a critical step for understanding neuro-
nal PS1 functions. Dotti and Simons [19] proposed that
neurons and polarized epithelial cells share common
mechanisms of protein targeting. More recent studies
demonstrated that many membrane processes and
functions of membrane proteins are fundamental to
both neurons and epithelia [7, 78]. Therefore, our start-
ing point in understanding PS1 functions was to ana-
lyze distribution of PS1 in epithelial tissue and epithe-
lial cell lines.

Immunohistochemical staining of prostate tissue
demonstrated that endogenous PS1 is expressed in
prostate epithelium but not in stromal cells. In epithe-
lial cells PS1 was distributed along cell borders and
concentrated at the cell-cell contacts of lateral plasma
membrane (Fig. 1A).

We also analyzed distribution of PS1 in the stably
transfected human epithelial cell line HEp2. This line
contains a very low level of endogenous PS1 (data not
shown) and thus, it is a suitable model for transfection
experiments. For stable transfection of HEp2 cells, we
generated a GFP-PS1 cDNA construct, in which GFP
was fused in-frame with the N terminus of PS1. The
fusion protein was expressed using the ecdysone-in-
ducible expression system (Invitrogen) (Fig. 1B).

To obtain HEp2 cells with proper PS1 expression, we
performed preliminary selection of stably transfected
lines. Recently, Johnston and colleagues showed that
overexpression of PS1 leads to the deposition of aggre-
gated misfolded protein in intracellular “aggresomes”
[33]. Therefore, we discarded PS1 overexpressing lines
in favor of cell lines that exhibited mild or moderate
expression of GFP-PS1. The level of expression of in-
ducible GFP-PS1 in these lines was highly regulated by
the concentration of ponasteron A and by the time of
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FIG. 1. Expression of PS1 in epithelial cells. (A) PS1 expression
in prostate epithelia. Paraffin sections were stained with anti-PS1
monoclonal antibody MKAD 3.4. [50] and DAB-based DAKO Kit.
Nuclei were stained with hemotoxilin. (B) Laser confocal micro-
graphs of stably transfected epithelial cell HEp2 expressing wild-
type GFP-PS1 (WT) and N-288 mutant (N-288). Bar, 50 um. (C)
Western blot analysis of cell lysates and PS1 immunoprecipitates of
transfected HEp2 cells. PS1 was immunopreipitated from lysates of
HEPp2 cells with monoclonal antibody MKAD 3.4. Western blots were
were stained with polyclonal anti-B-catenin antibody. WT, wild-type
GFP-PS1; N-288, mutant of GFP-PS1with the C terminus of PS1
deleted beyond residue 288 (see details in Fig. 3); L, lysates of HEp
cells; IP, MKAD 3.4 immunoprecipitates of GFP- PS1 from HEp2
lysates.

induction. Maximal level of expression of GFP-PS1 in
stably transfected cells was observed after 16 h of
induction with 50 uM ponasterone A. Laser confocal
microscopy showed that inducible wild-type (WT) GFP-
PS1 is mainly distributed in the cytoplasm and along
the regions of contact sites of lateral plasma membrane
(Fig. 1B, WT).

The observed distribution of PS1 in epithelial cells
revealed striking similarity with the described distri-
bution of E-cadherin, the main cell-cell adhesion mol-
ecule in epithelial tissue [3]. This similarity is
strengthened by the fact that both PS1 and E-cadherin
bind B-catenin, which is known to link cell surface
cadherin to the cytoskeleton and assemble cadherin—
catenin complexes into adherens junctions [68]. There-
fore, we examined the role of B-catenin in recruitment
of PS1 to the cell-cell contacts of plasma membrane.

We generated a GFP-PS1 construct with a deleted C
terminus of PS1 beyond residue 288—N-288 (see de-
tails in Fig. 3). This construct does not have a PS1-3-
catenin interaction site [81]. As expected, WT GFP-
PS1, but not GFP-N-288 co-immunoprecipitated with
B-catenin from lysates of transfected HEp2 cells (Fig.
1C). The appearance of a very weak band of B-catenin
in immunoprecipitates of deletion mutant N-288 was
likely a result of co-immunoprecipitation of endoge-
nous PS1 and B-catenin (Fig. 1C). Accordingly, immu-
noprecipitation of N-288 with anti-GFP antibody did
not reveal B-catenin bands in Western blots (data not
shown). Most importantly, deletion mutant N-288 lack-
ing a PS1—-B-catenin interaction site was not recruited
to the intercellular contacts of transfected HEp2 cells
(Fig. 1B). These results clearly indicate that the inter-
action of B-catenin with PS1 is necessary for recruit-
ment of PS1 to the cell-cell contacts.

To avoid possible interfering effects of GFP, we ex-
amined subcellular localization of untagged PS1 in
transfected HEp2 cells. Confocal images show that WT
PS1 is concentrated at intercellular contacts of lateral
plasma membrane (Fig. 2, WT-PS1 panels). We also
compared distributions of PS1 and CD44, the main cell
surface receptor of epithelial cells [40]. As expected,
almost all CD44 immunoreactivity was concentrated at
the plasma membrane Fig. 2 (WT-CD44 panel). In dual
immunostaining, PS1 colocalized with CD44 at the

PS1+CD44

FIG. 2. Immunolocalization of PS1 in transfected HEp2 cells.
PS1 panels (green) and CD44 panels (red) represent laser confocal
micrographs of transfected epithelial cells HEp2 expressing wild-
type PS1 (WT) and N-288 mutant (N-288). N-288 is a GFP-PS1
construct with a deleted C terminus of PS1 beyond residue 288 (see
details under Materials and Methods). Expression of PS1 was in-
duced with 25 uM ponasteron A for 24 h and cells then were fixed for
30 min in 2% paraformaldehyde/0.1% glutaraldehyde buffered with
PBS. Fixed cells were permeabilized with 0.5%Triton X-100 for 15
min at room temperature. The cells then were blocked with 5%
albumin and incubated with anti-PS1 polyclonal antibody Ab14. For
dual immunostaining, we used Ab14 and anti-CD44 mAB, followed
by FITC- and tetramethylrhodamine B isothiocyanate-conjugated
secondary antibodies. Colocalization of PS1 with CD44 is shown on
panels labeled PS1 + CD44. Bar, 50 um.
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plasma membrane, mainly at the cell—cell contact sites
(Fig. 2, WT-PS1 + CD44 panel). Completely different
results were obtained with deletion mutant N-288 (Fig.
2, N-288). Induced PS1 was not concentrated at the
intercellular contacts of plasma membrane (Fig. 2,
N-288-PS1 panels) and did not colocalized with CD44
(Fig. 2, N-288-PS1 + CD44 panel). These results con-
firmed the above data that the formation of B-catenin—
PS1 complexes is necessary for recruitment of PS1 to
the cell-cell contacts.

PS1 Mediates Cell-Cell Interactions in Transfected L
Cells

Although localization studies support the hypothesis
that PS1 is involved in cell adhesion, they provide only
a descriptive view of possible PS1 functions. Therefore,
we directly examined cell adhesion functions of PS1 by
using a classical approach developed by Edelman [21]
and Takeichi [51]. Specifically, these studies demon-
strated that in CAM-deficient cell line (murine L-cell
fibroblasts), CAM activity and formation of intercellu-
lar contacts can be restored by transfecting with a
cDNA encoding new CAM.

To examine if PS1 is directly involved in intercellular
adhesion, we generated a number of GFP-PS1 cDNA
deletion constructs (Fig. 3A). The D 1-44 and D 1-77
contained deletions of the N terminus of PS1 corre-
sponding to positions 1-44 and 1-77, respectively. The
N-288 construct lacking the PS1- catenin interaction
site had a stop codon in position 288. L cells were
stably transfected with each GFP-PS1 deletion con-
structs and fusion protein was expressed using the
ecdysone-inducible expression system (Invitrogen).
Stable transfectants that exhibited mild or moderate
expression of GFP-PS1 were selected for analysis. All
studied cell lines exhibited very low levels of endoge-
nous PS1 (data not shown). Fusion protein GFP-PS1
was detected in transfected L cells by Western blot
analysis after 12 h induction (Fig. 3B). Western blot
analysis with monoclonal anti-GFP antibody revealed
the N-terminal fragment of fusion protein (approxi-
mately 54 kDa [26 kDa GFP + 28 kDa NTF of PS1]) in
lysates of all transfected cells. Full-length GFP-PS1
(approximately 72 kDa) in lysates of D 1-44, and D 1-77
transfectants was not detected at this exposure level
(Fig. 3B). The C-terminal PS1 fragment of approxi-
mately 18 kDa was also detected in lysates of cells
transfected with wild-type PS1 cDNA or D 1-44 and D
1-77 constructs (data not shown). These results suggest
that GFP does not interfere with normal PS1 process-
ing in transfected L cells. Wild-type GFP-PS1, D 1-44,
and D 1-77 co-immunoprecipitated with p-catenin (Fig.
3C, lanes WT, D 1-44, and D 1-77). On the contrary,
immunoprecipitates of the deletion mutant N-288 lack-
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FIG. 3. Analysis of PS1 deletion mutants. (A) Schematic illus-
tration of PS1 deletion mutants: GFP, green fluorescence protein;
PS1-presenilinl; TMR, PS1 regions including transmembrane do-
mains; LR, loop region; WT, wild-type GFP-PS1; D 1-44, D 1-77, and
N-288 are PS1 deletion mutants. The D 1-44 and D 1-77 constructs
contain deletions of the N terminus of PS1 corresponding to positions
1-44 and 1-77, respectively. The N-288 construct lacking the PS1-3
catenin interaction site had a stop codon in position 288. (B) Western
blot analysis of GFP-PS1 in lysates of transfected (WT, D 1-44, D
1-77, N-288) and nontransfected (NT) L cells after 12 h of induction
with ponasteron A. (C) Immunoprecipitation (IP) of GFP-PS1-3-
catenin complexes from lysates (L) of transfected L cells with mono-
clonal anti-GFP antibody. Immunoprecipitated complexes were an-
alyzed by Western blotting with polyclonal anti-p-catenin antibody.

ing the PS1—B-catenin interaction site did not contain
B-catenin (Fig. 3C, lane N-288).

Phase-contrast microscopy shows that plated non-
transfected L cells did not form tight intercellular con-
tacts in the presence of ponasteron A (Fig. 4, NT). In
contrast, plated L cells expressing GFP-WTPS1 formed
small clusters (5-30 cells) after 8—12 h of induction.
The cells in these clusters were mainly polygonal in
shape, but, unlike untransfected cells, displayed a flat-
tened epithelioid phenotype with a clear interconnec-
tion of the lateral domains of neighboring cells. Immu-
nofluorescence studies of living cells showed a striking
punctate pattern of GFP-PS1 mainly at cell-cell con-
tact sites (Fig. 4, WT). L cells transfected with GFP-
PS1, which had a truncated N terminus of PS1 (D 1-44
or D 1-77), did not form intercellular contacts and
GFP-PS1 fluorescence in these cells was detected pre-
dominantly in the cytoplasm (Fig. 4, D 1-44, D 1-77).

L-cell-expressing deletion mutants D 1-44 and D
1-77 did not show any changes of parental morphology
of L fibroblasts (Fig. 4, D 1-44, D 1-77). In contrast,
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FIG. 4. Cell-cell adhesion properties of deletion GFP-PS1 mu-
tants. Living cells were analyzed after 12 h induction with 50 uM
ponasteron A. Left panels represent phase-contrast images and right
panels show inducted GFP fluorescence. Bar, 50 um. NT, nontrans-
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most cells expressing deletion mutant N-288 resulted
in loss of the polygonal phenotype and took on a
rounded morphology even after 12 h incubation with
ponasteron A. Occasionally, these round cells formed
small cellular clusters (three to six cells) but mostly
interactions among the cells seemed to be reduced to
sporadic contacts (Fig. 4, N-288). This change in mor-
phology was increased proportionally to the GFP-PS1
level and was observed for the entire cell population at
the highest (100 wM) concentration of ponasteron A.
The effect was reversible, and within 3 days of culture
in the absence of ponasteron A in the medium, the cells
regained their original morphology.

Interestingly, L cells expressing wild-type PS1 re-
vealed morphological changes related to previously re-
ported morphology for different cadherin transfectants
of L cells [51, 49, 24]. Therefore, we tested the possi-
bility that effect of PS1 on the formation of intercellu-
lar contacts might be due to the induction of specific
cadherins. However, neither parental L cells nor L cells
expressing WT GFP-PS1 revealed detectable level of
E-, N-, and P-cadherins or changed their behavior after
removal of extracellular calcium (data not shown).

To further evaluate the role of PS1 in cell-cell adhe-
sion, the aggregation of stable transfectants was exam-
ined by a quantitative assay based on the measuring of
number of cellular aggregates and single cells in sus-
pension [21, 51]. As seen in Fig. 5, significant aggre-
gating activity was detected for cells expressing WT
GFP-PS1 and untagged WT PS1. Nontransfected cells
and cell lines expressing deletion mutants D 1-44, D
1-77, and N-288 showed very weak aggregation under
the present assay condition. There was a good correla-
tion between the aggregating activity and the behavior
of plated cells in the microscopy experiments described
above for each cell line (Fig. 4). Interestingly, D257
mutation, which inhibits PS1 endoproteolysis also
leads to inability of mutant PS1 to increase cell aggre-
gation in transfected HEK?293 cells [25]. Thus, we can
conclude that L cells adhere to each other only when
they express full-length functional PS1.

Next, we examined whether L cells expressing wild-
type GFP-PS1 (WT) and nontransfected L cells (NT)
adhere to each other. Cell lines were differentially la-
beled with DiO (WT) and Dil (NT). Labeled cells were
mixed, and segregation pattern was analyzed for 16 h
in the presence of ponasteron A. As seen in Fig. 6
(panel 0 h), in the absence of ponasteron A, cells were
randomly intermixed without formation of clusters of
either cell type. This pattern did not change after 16 h.

fected cells; WT, wild-type GFP-PS1; D 1-44, D 1-77, and N-288 are
PS1 deletion mutants. Note the clustering of cells expressing WT but
not NT cells or cells expressing mutants D 1-44 or D 1-77. The cells
lacking the C terminus of PS1 (N-288) displayed altered morphology.
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FIG.5. Aggregation of L cells and PS1 transfectants. Cell aggre-
gation assay was performed as described [51]. L cells (2 X 10%/ml)
were dissociated by trypsin—EDTA treatment and gentle pipetting,
and were allowed to aggregate in complete MEM media with 5%
serum and 50 uM ponasteron A for 16 h. The extent of cell aggrega-
tion was represented by the index N,¢/N,, where N5 was the total
“particle” number after 16 h and N, was the total particle number at
the incubation time 0. Single particle represents single cell or single
cellular cluster (4-30 cells) in the field of view. Particle numbers
have been calculated in Levy chamber using light microscopy. Cell
lines: NT, nontransfected L cells; WT, L cells transfected with wild-
type untagged PS1; GFP-WT, L cells transfected with wild-type
GFP-PS1; GFP-D1-44 and GFP-D1-77, L cells transfected with GFP-
PS1 constructs contained deletions of the N terminus of PS1 corre-
sponding to positions 1-44 and 1-77, respectively; GFP-N-288, L
cells transfected with GFP-PS1 construct, which had a stop codon in
position 288. Each bar represents the average of three independent
experiments = SEM. The statistical significance of the observed
differences in aggregation was determined using Student’s t test (P).

We observed another cell behavior after induction of
GFP-PS1 expression. By 2 h, we observed the begin-
ning of aggregation of WT cells and nonchanged pat-
tern of NT cells (Fig. 6, panel 2 h). After 16 h, WT cells
had segregated from NT cells and formed numerous
clusters of different size (Fig. 6, panel WT, 16 h). At
this time most NT cells remained as single cells. Al-
though some aggregates contained cells of both types,
WT cells demonstrated a clear preference for indepen-
dent aggregation (Fig. 6, panel NT, 16 h).

It should be noted that we did not find any differences
in cell attachment to plastic, collagen-, or laminin-coated
plates between nontransfected L cells and cell lines ex-
pressing WT GFP-PS1 or deletion mutants D 1-44, D
1-77, and N-288 (data not shown). These results indicate
that PS1 is likely not involved in cell-matrix interactions,
at least under the experimental conditions used.

Cell Surface Expression of PS1 in Primary Neuronal
Cultures

In primary neuronal cultures, neural cell adhesion
molecules have a distinct feature—concentration at

the surface of extended growth cones [5, 35]. Therefore,
as a first step to understand the role of PS1 in neural
adhesion, we analyzed cell surface expression of PS1 in
primary cultures of mouse cortical neurons. Although
direct biotinylation of cell surface demonstrated spe-
cific labeling of PS1 fragments in different cell lines
[59, 62], topology of PS1 at the plasma membrane is not
clear at present. Therefore, we used several anti-PS1
antibodies directed against the N-terminal, C-termi-
nal, or loop PS1 sequences. Positive results were ob-
tained only with antibody PS1-Nm raised against the
N-terminal fragment (31-46) of mouse PS1.

Western blot analysis and immunofluorescence were
used to verify specificity of PS1-Nm antibody (Fig. 7).
As seen in Fig. 7A, PS1-Nm antibody recognized N-
terminal fragment and full-length PS1 in the brain
extract of PS1 (+/+) mice and did not show any immu-
noreactivity in brain extracts of PS1 (—/—) knockout
mice. Immunofluorescent staining of permeabilized
primary neuronal cultures from PS1 (+/+) mice
showed intense intracellular staining of PS1, low PS1
immunoreactivity in neuritic processes, and concentra-
tion of PS1 in growth cones (Figs. 7C and 7D). In
control experiments, immunostaining of neurons from
PS1 (—/—) mice was not observed (Fig. 7B). For anal-
ysis of cell surface expression of PS1 we used high-
resolution scanning electron microscopy. We found
that PS1 immunoreactivity was concentrated on the
surface of growth cones of longest processes and was
almost absent on the surface of neurons and neuritic
processes (Fig. 8).

DISCUSSION

In order to understand the role of PS1 in cell-cell
adhesion, the cellular localization of PS1 must be pri-
marily clarified. Previous studies demonstrated that
PS1 in transfected cell lines predominantly localizes to
the ER-Golgi compartments [11, 37]. However, subcel-
lular localization of PS1 in vivo may differ significantly
from that in transfected cells. Our immunohistochem-
ical analysis of human epithelium showed predomi-
nant localization of PS1 to the plasma membrane with-
out enhanced staining of ER—Golgi compartments (Fig.
1A). Similar to our results, PS1 was accumulated at
the plasma membrane in Drosophila tissue [76]. Geor-
gakopoulos et al. [25] reported concentration of PS1 in
the intercellular junctions of rat corneal epithelium
and MDCK cells. Beher et al. [4] demonstrated a sig-
nificant enrichment of the PS1 fragments in purified
synaptic plasma membrane of rat brain and the lack of
coenrichment of the PS1 fragments and the ER marker
protein Sec61B during fractionation. These latter find-
ings suggest that accumulation of PS1 in the ER and
Golgi may be a transient process and subsequent re-
distribution of PS1 to the plasma membrane occurs in
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Induction
time

0 hrs

2 hrs

NT

FIG. 6. Segregation pattern of mixed nontransfected L cells and L cells expressing wild-type GFP-PS1. Nontransfected (NT) and
wild-type GFP-PS1 transfectants (WT) were mixed in 1:1 ratio and cultured 16 h in the presence of 50 uM ponastron A. To distinguish
between the two cell lines, NT and WT cells were labeled with Dil and DiO, respectively. Cell cultures were monitoring at different times
to follow the progress of cell segregation. Immunofluorescent images for each time point represent the same field. Bar, 100 um.

response to specific extracellular signals. Conversely,
lack of physiological stimuli may partially or com-
pletely abolish redistribution of PS1 in transfected cell
lines. In summary, the localization of PS1 at the cell-
cell contacts in epithelial cells and neurons is consis-
tent with the suggested adhesion function of this pro-
tein in polarized cells.

In addition to localization studies, PS1 demonstrates
evident adhesion properties when introduced into L
cells that are deficient in intercellular adhesive inter-
actions. Whereas the parental L cells did not form tight
intercellular contacts, the GFP-PS1 transfectants
formed small clusters of adhered cells. In such clusters
GFP-PS1 was located mainly at the cell-cell contact
sites of plasma membrane (Fig. 4). Moreover, L cells
expressing GFP-PS1 exhibited typical morphological
changes and homophilic interactions reported for dif-
ferent cadherin transfectants of L cells [51, 49, 24].
Although these results clearly demonstrate the role of
PS1 in cell-cell adhesion, the molecular mechanism
behind the observed effects is not quite clear. There are
two potential mechanisms that can explain the adhe-

sion properties of PS1. The first one is that PS1 may
act as a regulator of expression of new CAMs. Although
we did not detect E-, N-, and P-cadherins in transfected
L cells and did not observed changing of cell behavior
after removal of extracellular calcium, we cannot ex-
clude the possibility that PS1 regulates expression of
new Ca-independent CAMs. PS1 may also contribute
to stabilization of new adhesion complexes, as was
recently suggested for epithelial cells [25]. Another
possibility is that the cell surface domain of PS1 is
directly involved in homophilic cell-cell interactions.
This suggestion, however, needs additional experimen-
tal details because topology of PS1 at the plasma mem-
brane remains unclear. The failure of PS1 mutants
with the N-terminal truncation to induce intercellular
contacts does not automatically mean that the N ter-
minus of PS1 is extracellular. These results rather
demonstrate that only full-length PS1 is functional in
cell-cell adhesion. Direct biotinylation of the cell sur-
face resulted in specific labeling of the N-terminal and
C-terminal PS1 fragments in different cell lines [62,
59] but all attempts to label cell surface PS1 in epithe-
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FIG. 7. Expression of PS1 in primary cultures of mouse cortical
neurons. (A) Western blot analysis of PS1 in brain extracts from PS1
(+/+) and PS1 (—/—) mice with N-terminal antibody PS1-Nm. Ar-
rows show positions of full-length PS1 (48 kDa) and N-terminal
fragment of PS1 (28 kDa). (B) Immunofluorescent staining of PS1
(=/-) primary cultured neurons (Day E14) with PS1-Nm). Perme-
abilized cells. (C) Immunofluorescent staining of PS1 (+/+) primary
cultured neurons (Day E14) with PS1-Nm. Bar, 20 uM. Permeabil-
ized cells. (D) Immunofluorescent localization of PS1 in growth cone
in PS1 (+/+) primary cultured neurons (Day E14) with PS1-Nm.
Bar, 2 uM. Permeabilized cells.

lial cells using different anti-PS1 antibodies were un-
successful [25]. It is likely that these contradictions
may reflect experimental limitations in the detection of
extracellular PS1 as well as the complexity of mem-
brane topology of PS1.

Distinct topological models for PS1 have been pro-
posed [18, 43, 17, 14, 39, 52]. However, topology of PS1
at the plasma membrane is still unknown and results

are conflicting. Nakai et al. [52] suggested that PS1 has
multiple membrane topologies and PS1 molecules ex-
pressed on the cell surface may reveal a membrane
topological structure distinct from those retained in
ER. Moreover, Ota et al. [58] demonstrated that hydro-
phobicity is not, as previously thought, an absolute
requirement for the formation of transmembrane seg-
ments, but rather hydrophilic domains of integral
transmembrane proteins have considerable freedom to
move across the membrane. It should be noted that
multiple membrane topology has been previously re-
ported for different cellular proteins [84].

In fact, multiple membrane topologies of PS1 may
reflect multiple cellular functions of the protein. Latest
studies demonstrated many potential binding partners
for PS1, which can be implicated in cell signaling or cell
adhesion (reviewed in [60]). Although the biological
relevance of most these interactions is not currently
clear, it appears that in vivo PS1 may exist as a part of
large dynamic multifunctional complex, which func-
tions in several signal transduction pathways and in-
tercellular interactions. Multiple cellular functions of
PS1 are particularly evident when considering the in-
teraction of PS1 with B-catenin. B-Catenin is a multi-
functional protein, which independently mediates gene
expression and cell adhesion (reviewed in [72]) [82].
Several groups demonstrated that PS1 regulates the
intracellular trafficking of B-catenin and, thus, may
function in cell signaling [85, 34]. Our results suggest
that the PS1-B-catenin interaction is important for
assembling PS1 into adherens junctions and PS1-me-
diated cell—cell adhesion.

Analysis of current literature shows that adhesion

FIG. 8. Scanning immunoelectron micrographs of primary cultured neurons. Primary neuronal culture from PS1 (+/+) mice were stained
with N-terminal antibody PS1-Nm. Bound antibody was visualized with 6 nM gold-labeled antibody to rabbit 1gG, followed by silver
enhancing. Magnification, 350X. Bar, 67. 2 um. Growth cones, which were analyzed at magnification 10,000X, are shown in the inserts. Note
that cell surface PS1 is expressed primarily on growth cones; (A) noncontacting growth cones; (B) contacting growth cones.
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properties of PS1 are strikingly similar to those of known
neuronal cell adhesion molecules (NCAM). Several stud-
ies have demonstrated that NCAM may regulate axonal
guidance or outgrowth and synapse formation [26, 31, 32,
75, 36]. Localization studies demonstrate concentration
of NCAMs in synaptic junctions of mammalian brain [23,
31] and at the surface of lamellipodia of extended growth
cones in primary neuronal cultures [5, 35]. Moreover,
morphology of cadherin-based adherens junctions in ep-
ithelial cells is known to be remarkably similar to those of
synapses [55, 10]. Similar properties were described for
PS1. Indeed, PS1 enhances neurite outgrowth in vitro [6,
20] and accumulates in growth cones in primary neuro-
nal cultures [9, 86; see also Fig. 8). Furthermore, a sig-
nificant concentration of PS1 at the cell-cell contacts of
epithelial cells (Fig. 1) closely parallels its accumulation
in synaptic plasma membrane of rodent brain [4, 25].

Hartmann et al. [30] described an abnormal migra-
tion of developing neurons in PS1-knockout mice. In-
terestingly, very similar abnormalities in neuronal mi-
gration were detected in mice lacking neural cell
adhesion protein L1 (87). Moreover, recently Dowjat et
al. [20] demonstrated that two FAD-causing PS1 mu-
tations M 146 and P 117 inhibit neurite outgrowth,
which is known as an adhesion-dependent process me-
diated by a number of NCAMs.

Mutations in the PS1 gene cosegregate with autoso-
mal dominant inheritance of FAD [64]. The common
classical feature of autosomal dominant disorders is
haploid insufficiency of the functional gene product,
which leads to developmental or age-associated pheno-
types. Consistent with this, Levitan et al. [42] reported
that wild-type PS1, but not FAD mutants, rescued an
egg-laying defect in C. elegans lacking the PS1 homolog
sel-12. At the same time, it has been shown that a
FAD-linked PS1 variant (A246E) rescued the develop-
mental abnormalities of PS1 null embryos [13, 57].
These observations suggest that one FAD allele does
not affect normal embryonic development but may not
be sufficient for the maintenance of synapses and neu-
ronal survival in the adult brain.
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