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Abstract. 

 

In addition to its documented role in the pro-

 

teolytic processing of Notch-1 and the 

 

b

 

-amyloid pre-
cursor protein, presenilin 1 (PS1) associates with 

 

b

 

-cate-
nin. In this study, we show that this interaction plays a
critical role in regulating 

 

b

 

-catenin/T Cell Factor/Lym-
phoid Enhancer Factor-1 (LEF) signaling. PS1 defi-
ciency results in accumulation of cytosolic 

 

b

 

-catenin,
leading to a 

 

b

 

-catenin/LEF-dependent increase in cyclin
D1 transcription and accelerated entry into the S phase
of the cell cycle. Conversely, PS1 specifically represses
LEF-dependent transcription in a dose-dependent man-
ner. The hyperproliferative response can be reversed by
reintroducing PS1 expression or overexpressing axin,
but not a PS1 mutant that does not bind 

 

b

 

-catenin
(PS1

 

D

 

cat) or by two different familial Alzheimer’s dis-

ease mutants. In contrast, PS1

 

D

 

cat restores Notch-1
proteolytic cleavage and A

 

b

 

 generation in PS1-deficient
cells, indicating that PS1 function in modulating 

 

b

 

-cate-
nin levels can be separated from its roles in facilitating

 

g

 

-secretase cleavage of 

 

b

 

-amyloid precursor protein
and in Notch-1 signaling. Finally, we show an altered re-
sponse to Wnt signaling and impaired ubiquitination of

 

b

 

-catenin in the absence of PS1, a phenotype that may
account for the increased stability in PS1-deficient cells.
Thus, PS1 adds to the molecules that are known to regu-
late the rapid turnover of 

 

b

 

-catenin.
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Introduction

 

Presenilin 1 (

 

PS1

 

)

 

1

 

 is the major gene responsible for famil-
ial Alzheimer’s disease (FAD).

 

 

 

Inherited mutations in 

 

PS1

 

cause an early-onset form of Alzheimer’s disease (AD)
with an autosomal-dominant pattern (Levy-Lahad et al.,
1995; Sherrington et al., 1995). PS1 is required for consti-

 

tutive proteolytic cleavage of the 

 

b

 

-amyloid precursor pro-
tein (APP) to generate amyloid 

 

b

 

-peptide (A

 

b

 

), while mu-
tations in 

 

PS1

 

 selectively increase the longer forms of A

 

b

 

(De Strooper et al., 1998; reviewed by Haass and De
Strooper, 1999). PS1 is a multiple-pass transmembrane
protein localized mainly to the endoplasmic reticulum and
Golgi membranes in nonneuronal cells as well as in cell

bodies and dendrites in neurons (Cook et al., 1996; An-
naert et al., 1999), and is expressed in all tissues examined
(Doan et al., 1996; Kovacs et al., 1996; De Strooper et al.,
1997; Lehmann et al., 1997; Li et al., 1997). Recent studies
have also shown that PS1 interacts with calsenilin (Bux-

 

baum et al., 1998) and is present in cadherin/catenin
complexes and is localized in the intercellular contacts
(Georgakopoulos et al., 1999). Full-length PS1 undergoes
constitutive endoproteolytic processing to generate an

 

amino-terminal fragment of 

 

z

 

28 kD and a carboxy-termi-
nal fragment of 

 

z

 

17 kD that remain stable as part of the
same complex (Thinakaran et al., 1996a; Zhang et al.,
1998b). PS1 null mice die late in embryonic development
or shortly after birth, exhibiting cerebral hemorrhages and
abnormal patterning of the axial skeleton and spinal gan-
glia (Shen et al., 1997; Wong et al., 1997). In 

 

Caenorhabdi-
tis elegans

 

, the PS1 homologue Sel-12 functions to facili-
tate Lin-12/Notch signaling (Levitan and Greenwald,
1995). Recent reports provided convincing evidence that
this activity is highly conserved. Specifically, there is an

 

Address correspondence to Edward H. Koo, Department of Neuro-
sciences, University of California, San Diego, La Jolla, CA 92093. Tel.:
(858) 822-1024. Fax: (858) 822-1021. E-mail: edkoo@ucsd.edu

 

1

 

Abbreviations used in this paper:

 

 A

 

b

 

, amyloid 

 

b
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absolute requirement for PS1 in the proteolysis of the
Notch transmembrane domain after ligand binding with
consequent release of the Notch intracellular domain
(NICD), which translocates into the nucleus (De Strooper
et al., 1999; Struhl and Greenwald, 1999; Ye et al., 1999).

PS1 has been shown to interact with 

 

b

 

-catenin and this
association has been implicated in modulating the Wnt-

 

b

 

-catenin signaling pathway (Zhou et al., 1997; Murayama
et al., 1998; Yu et al., 1998; Kang et al., 1999; Stahl et al.,
1999). Wnt proteins represent a family of developmentally
important signaling molecules, at the heart of which is the
regulation of the cytosolic pool of 

 

b

 

-catenin (reviewed in
Willert and Nusse, 1998). In the absence of Wnt, cytosolic

 

b

 

-catenin is rapidly turned over by the proteasome, in a
pathway requiring phosphorylation by glycogen synthase
kinase-3

 

b

 

 (GSK-3

 

b

 

) and ubiquitination. Adenomatous
polyposis coli (APC) and axin combine to positively mod-
ulate GSK-3

 

b

 

 activity and promote 

 

b

 

-catenin degradation
(Hart et al., 1998; Ikeda et al., 1998). Binding of Wnt
ligands to cell surface receptors triggers a pathway that an-
tagonizes 

 

b

 

-catenin degradation by inactivating GSK-3

 

b

 

,
leading to 

 

b

 

-catenin stabilization and subsequent translo-
cation to the nucleus. In the nucleus, 

 

b

 

-catenin binds to
the T cell factor/lymphoid enhancer factor-1 (LEF) family
of transcription factors and mediates transcriptional acti-
vation of downstream target genes (Behrens et al., 1996).

A number of genes have been shown to be activated by
the 

 

b

 

-catenin/LEF complex. The first two genes identified
were c-myc and cyclin D1 (He et al., 1998; Shtutman et al.,
1999; Tetsu and McCormick, 1999). The cyclin D1 gene
encodes the regulatory subunit of the holoenzyme that
phosphorylates and inactivates the Rb tumor suppressor
protein. Transcriptional induction of the cyclin D1 gene by
several oncogenes (Ras, Src, Erb-B2, Rac; reviewed in
Sherr, 1996) contributes to the increased abundance of cy-
clin D1 protein. A requirement of cyclin D1 in G1 phase
progression induced by a variety of mitogens and onco-
genes has been established. Fibroblasts derived from mice
with the cyclin D1 gene deleted have reduced proliferative
capacity and increased apoptosis, suggesting a critical role
for cyclin D1 in cellular proliferation and survival (Brown
et al., 1998; Albanese et al., 1999).

Although PS1 appears to modulate 

 

b

 

-catenin stability in
vitro, controversial data have been reported. While we
and Murayama et al. (1998), showed that wild-type PS1
negatively regulates 

 

b

 

-catenin stability (Kang et al., 1999),
others (Zhou et al., 1997; Weihl et al., 1999) have pre-
sented evidence that wild-type PS1 stabilized 

 

b

 

-catenin.
Thus, the recent discovery that cyclin D1 is activated by
LEF signaling provided the opportunity to test our hy-
pothesis that PS1 is a negative regulator of 

 

b

 

-catenin sta-
bility. In the present study, we showed that PS1 indeed fa-
cilitates the rapid turnover of 

 

b

 

-catenin. In PS1 null cells,
we found increased 

 

b

 

-catenin stability, higher cyclin D1
protein levels, and increased rate of G1-to-S phase pro-
gression in the cell cycle. The hyperproliferative response
can be reversed by reintroducing PS1 expression or over-
expressing axin, but not by PS1 forms lacking the 

 

b

 

-cate-
nin binding site or harboring FAD mutations, and is inde-
pendent of Notch-1 signaling and A

 

b

 

 generation. Finally,
we show an altered response to Wnt signaling and im-
paired ubiquitination of 

 

b

 

-catenin in the absence of PS1,

 

offering a potential mechanism as to where PS1 facilitates

 

b

 

-catenin turnover.

 

Materials and Methods

 

Antibodies

 

PS1 polyclonal antibodies J27 (against residues 27–42), PS1NT (1–65),

 

a

 

PS1Loop (against residues 319–442), and monoclonal antibody PSN2
(against residues 31–56) have been described (Thinakaran et al., 1996b,
1998; Zhang et al., 1998b; Kang et al., 1999). APP antibodies 3134,
26D6, and CT15 have been described (Soriano et al., 1999; Lu et al.,
2000). Polyclonal antibody against c-myc was from BabCO. Other mono-
clonal antibodies used were against 

 

b

 

-catenin (Transduction Laborato-
ries and Sigma-Aldrich), ubiquitin, cyclin D1, cyclin A, and Cdc2 (Cal-
biochem), 

 

b

 

-tubulin (Amersham Pharmacia Biotech) and 9E10, against
c-myc (DSHB), used against c-myc–tagged 

 

D

 

EMV and ICV Notch-1
proteins.

 

cDNA Constructs

 

A cDNA encoding the wild-type PS1 sequence lacking amino acids 330–
360 (PS1

 

D

 

cat) was generated by PCR-mediated deletion and confirmed
by sequencing. Wild-type PS1, PS1

 

D

 

cat, and axin (a gift of Frank Costan-
tini, Columbia University, New York, NY) were subcloned into pIND (In-
vitrogen) or pBabe-puro (Morgenstern and Land, 1990). The latter vector
was used to generate replication-incompetent retroviruses in GP

 

1

 

E-86
packaging cell line. Myc-tagged NH

 

2

 

-terminal truncated Notch-1 con-
struct (

 

D

 

EMV, in which methionine 1726 has been mutated to valine to
eliminate translation initiation at that site; described in Kopan et al., 1996)
and Notch-1 intracellular domain (ICV, in which valine 1744 is the first
amino acid after the initiating methionine) were provided by Dr. R. Ko-
pan (Washington University, St. Louis, MO). The former is an artificial
construct specifically designed to examine the transmembrane cleavage of
Notch-1 protein (Kopan et al., 1996). The human cyclin D1 promoter re-
porter constructs 

 

2

 

163CD1Luc, 

 

2

 

163

 

D

 

lefCD1Luc, 

 

2

 

1745CD1Luc, as
well as the PALUC reporter, which contains 7 kb of the human cyclin A
promoter and the cyclin E promoter were previously described (Shtutman
et al., 1999).

 

Cell Lines

 

PS1

 

2

 

/

 

2

 

 and PS1

 

1

 

/

 

2

 

 fibroblasts were prepared from whole embryos at
embryonic day 15.5. Head and liver were discarded and the bodies were
triturated in 5 ml of a 0.25% trypsin/PBS solution and incubated at 37

 

8

 

C
for 15 min with continuous rotation. Tissue debris was allowed to settle at
4

 

8

 

C and supernatant with cells was transferred to a new tube. Fresh
trypsin was added to the remaining tissue and the process was repeated a
total of three times. Cells from all incubations were pooled, spun at 200 

 

g,

 

and resuspended in RPMI medium containing 10% FCS. Cells were
plated onto 25-cm

 

2

 

 flasks and allowed to reach confluence (usually 

 

z

 

16
h). Cells from early passages (between two and five) were used in all ex-
periments. To generate primary fibroblasts expressing wild-type PS1 or
PS1 lacking amino acids 330–360 (PS1

 

D

 

cat), early passage primary fibro-
blasts were infected with the corresponding retroviruses in the presence of
10 

 

m

 

g/ml polybrene for 8 h and allowed to grow to confluence without an-
tibiotic selection. Cells were then trypsinized and used directly for the in-
dicated experiments. Only cells passaged once after infection were used.
Expression levels of both wild-type PS1 and PS1

 

D

 

cat in PS1

 

2

 

/

 

2

 

 cells
were detected by Western blotting and were comparable with those in
PS1

 

1

 

/

 

2

 

 cells. Immortalized fibroblasts (used in Notch-1 transfections and
transcriptional activation studies), and EcR293 cells inducibly expressing
wild-type PS1 and PS1

 

D

 

cat have been described (Kang et al., 1999; Sori-
ano et al., 2001).

 

Immunoprecipitation and Western Blotting

 

Cultured cells were lysed in 1% 3-[(3-cholamidopropyl) dimethylammo-
nio]-2-hydroxy-1-propanesulfonate (CHAPS) buffer containing 50 mM
Tris, 150 mM NaCl, 100 

 

m

 

g/ml amino ethyl benzenesulfonyl fluoride
(AEBSF), and 10 

 

m

 

g/ml leupeptin on ice for 20 min. Lysates were pre-
cleared with normal rabbit serum and protein A agarose (for rabbit poly-
clonal antibodies) or with anti–mouse IgG agarose (for mouse mono-
clonal antibodies). Cleared lysates were then incubated with primary
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antibody and protein A agarose or anti–mouse IgG agarose for 3 h at 4

 

8

 

C
as described (Kang et al., 1999). Immunoprecipitates were washed twice
with CHAPS buffer, and proteins were separated on SDS-PAGE and
transferred to nitrocellulose membranes. Coimmunoprecipitated proteins
were detected by Western blotting as above.

 

Turnover of Cytosolic 

 

b

 

-Catenin

 

Overnight cultures of embryonic fibroblasts from six-well tissue culture
plates were incubated in methionine-free medium for 20 min, followed by
metabolic labeling with 200 

 

m

 

Ci/ml [

 

35

 

S]methionine for 20 min and chas-
ing for the indicated periods. At each time point, cells were placed on ice
and washed twice with ice-cold PBS. To release cytosolic proteins, cells
were incubated twice for 10 min with 0.1% saponin buffer containing 25
mM Hepes and 75 mM potassium acetate. The two soluble fractions were
pooled and 

 

b

 

-catenin immunoprecipitated with a 

 

b

 

-catenin monoclonal
antibody. Immunoprecipitates were washed twice with buffer containing
50 mM Tris, 150 mM NaCl, and 1% NP-40 and proteins separated by stan-
dard SDS-PAGE. Dried gels were either exposed to film or quantitated
by phosphorimaging (Bio-Rad Laboratories). All experiments were per-
formed at least three times and results from either a representative exper-
iment or averages 

 

6

 

 SD are shown.

 

Transient Reporter Assays

 

Reporter gene assays in PS1

 

2

 

/

 

2

 

 and 

 

1

 

/

 

2

 

 were performed with the Dual-
luciferase reporter assay system (Promega) following the manufacturer’s
instructions after transfection with 

 

2

 

163CD1 and 

 

2

 

163

 

D

 

LefCD1 reporter
constructs (Shtutman et al., 1999). 50 ng pRL-TK renilla luciferase were
cotransfected in each sample as an internal control for transfection effi-
ciency. Results are expressed as an average of three independent experi-
ments performed in triplicate. In experiments with 293 cells, transient
transfection of cyclin D1, cyclin A, and cyclin E promoter constructs was
carried out with calcium phosphate precipitation for 6 h. 24 h later, lu-
ciferase activity was determined by comparison with that of an equal
amount of empty vector (Albanese et al., 1999). Results are expressed as
mean 

 

6 

 

SEM of seven separate transfections.

 

Reverse Transcritption PCR

 

Total RNA was extracted with Trizol (Life Technologies). Reverse Tran-
scription (RT) PCR (25 ng total RNA/reaction) was performed using Su-
perscript II RNase H

 

2

 

Reverse Transcriptase (Life Technologies) to syn-
thesize first-strand cDNA and Taq DNA polymerase (Promega) for PCR
reactions. Semi-quantitative PCR was carried out in which the number of
cycles produced amplified products of 

 

b

 

-catenin, cyclin, and actin cDNAs
within a linear range. The optimized cycle profile for cyclin D1 was: 1 cycle,
94

 

8

 

C, 3 min; 24 cycles, 94

 

8

 

C, 1 h; 55

 

8

 

C, 45 min; 72

 

8

 

C, 1 h.

 

BrdU Staining
Primary fibroblasts from embryonic day 15.5 embryos were cultured on
glass coverslips overnight and incubated with BrdU for 45 min at 378C and
fixed and stained for BrdU incorporation using the BrdU labeling and de-
tection kit I (Boehringer) according to the manufacturer’s instructions.
Nuclei were counterstained with propidium iodide to assay for total cell
numbers.

APP Processing in Mouse Embryonic Fibroblasts
APP COOH-terminal fragments were identified in PS1 null cells infected
with retroviruses containing PS1 wild-type or PS1Dcat sequences using an-
tibody CT15. Ab secretion was analyzed by immunoprecipitation of con-
ditioned media using antibody 3134 followed by immunoblotting with
26D6.

Wnt Stimulation, b-Catenin Phosphorylation and 
Ubiquitination Studies
Previously described Wnt3a-transfected L cells (Shibamoto et al., 1998)
were used as a source of Wnt-3a–conditioned medium. Cells were Wnt-
stimulated for 2 h and washed extensively, and fresh medium was added
for 2.5, 5, and 7.5 h. Levels of cytosolic b-catenin were determined as de-
scribed above. In experiments where the phosphorylation state of axin
was analyzed, cells were lysed in NP-40 in the presence of phosphatase in-
hibitors (0.4 mM microcystin-LR, 1 mM vanadate, 50 mM NaF) through-

out the experiment, and axin bands were detected with an anti–axin anti-
serum, previously described by Willert et al. (1999). For in vivo
phosphorylation studies, cell monolayers z70% confluent (10-cm2 plates)
were treated with Wnt3a-CM or control medium. After 90 min, both me-
dia were aspirated and replaced with phosphate-free media with or with-
out Wnt3a-CM, together with 500 mCi/ml [32P] orthophosphate. After a
30-min incubation, media were aspirated and cells were washed once with
ice-cold PBS and lysed with NP-40 lysis buffer (1% NP-40, 150 mM NaCl,
50 mM Tris, pH 8.0, 5 mg/ml leupeptin, 100 mg/ml AEBSF, 0.4 mM micro-
cystin-LR, 1 mM vanadate, and 50 mM sodium fluoride). Lysates were
precleared for 10 min at 10,000 g and supernatants were used for b-cate-
nin immunoprecipitation as described above. Radiolabeled b-catenin was
separated by SDS-PAGE and visualized by phosphorimager (Bio-Rad
Laboratories) or autoradiography.

For ubiquitination studies, cell monolayers at z70% confluence in six-
well plates were treated with 10 mM of the proteasome inhibitor MG-132
(Calbiochem). At the indicated time points, cells were lysed with NP-40
lysis buffer and accumulation of ubiquitinated b-catenin was analyzed di-
rectly by Western blot with an antibody against b-catenin or by immuno-
precipitation with the same antibody followed by Western blot with a
polyclonal anti–ubiquitin antibody.

Results

Enhanced b-Catenin/LEF-dependent Cyclin D1 
Transcription and Accelerated Cell Proliferation in PS1 
Null Primary Mouse Embryonic Fibroblasts

We previously reported that the turnover rate of b-catenin
in PS1-deficient immortalized fibroblasts was slower when
compared with hemizygous PS11/2 cells, resulting in
higher levels of cytosolic b-catenin (Kang et al., 1999). Ac-
cordingly, based on the recent finding that cyclin D1 tran-
scription is activated by b-catenin/LEF, we predicted com-
parable alterations in cyclin D1 transcription in primary
fibroblasts from early passages. Western blotting showed
that PS12/2 cells contained higher amounts of b-catenin
and cyclin D1 protein (Fig. 1 a). In contrast, levels of cdc2
and cyclin A, two other related genes not subject to
b-catenin–mediated transcription (Tetsu and McCor-
mick, 1999), were not elevated in PS12/2 cells. This was
confirmed by quantitative RT-PCR, which showed that
PS12/2 cells expressed z 2.5-fold higher levels of cyclin
D1 mRNA than that of PS11/2 controls (2.53 6 0.1,
mean 6 SD, n 5 3) while b-catenin mRNA levels were un-
changed (Fig. 1 b). Consistent with our previous report us-
ing immortalized PS1-deficient cell lines (Kang et al., 1999),
pulse-chase experiments in primary fibroblasts showed that
b-catenin turnover was reduced in PS12/2 cells (data not
shown, see Fig. 3). No difference in cyclin D1 turnover was
detected (Fig. 1 c), demonstrating that differences in cyclin
D1 levels occurred at the transcriptional level.

To determine whether higher levels of cyclin D1 re-
sulted in increased rate of entry into S phase in PS12/2 fi-
broblasts, we assayed BrdU incorporation in primary fi-
broblasts from PS11/2 and PS12/2 embryos. Indeed,
BrdU incorporation was approximately twofold higher in
PS12/2 than PS11/2 cells (Fig. 1 d). Therefore, PS1 defi-
ciency in mouse embryonic fibroblasts is accompanied by
increased levels of b-catenin and cyclin D1, and acceler-
ated cell proliferation.

The sequence 281 to 273 in the cyclin D1 promoter
contains a consensus LEF binding site and has been shown
to represent the main contributor to b-catenin transactiva-
tion (Shtutman et al., 1999; Tetsu and McCormick, 1999).
To confirm that elevation of cyclin D1 mRNA seen in
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PS12/2 cells represents enhanced b-catenin–mediated
transcription, we used reporter constructs containing the
281 to 273 LEF binding site (2163CD1), or with the
LEF-binding domain deleted (2163CD1DLEF) (Shtut-
man et al., 1999) and determined the LEF-dependent tran-
scriptional activation of the cyclin D1 promoter by mea-
suring the reporter luciferase activity in PS11/2 and
PS12/2 cells. As seen in Fig. 1 e, luciferase activity de-
rived exclusively from the 281 to 273 LEF binding site
(2163 CD1 subtracts 2163 CD1DLEF) was threefold
higher in PS12/2 cells when compared with PS11/2 cells
(10.7 6 0.2 vs. 3.7 6 0.25, average 6 SD, n 5 3). These re-
sults demonstrated that higher levels of cytosolic b-catenin
in PS12/2 cells correlated with enhanced Lef-dependent
transcription of cyclin D1.

The preceding observations can be argued to suggest
that, in hyperproliferating PS1-deficient cells, cyclin D1
transcription would be augmented in parallel, as an
epiphenomenon of faster cell growth. Therefore, it is es-
sential to corroborate that PS1 expression can specifically
modulate cyclin D1 transcription. To determine whether
the cyclin D1 promoter was a target of PS1 repression, we
assessed transcriptional activity from luciferase reporter
constructs containing the sequences for cyclin D1, as well
as those of cyclin A (which, despite containing a putative
LEF-1 binding site, is not activated by b-catenin/Lef; Tetsu
and McCormick, 1999) and cyclin E (which lacks a LEF-1
consensus site) promoters in 293 cells. As shown in Fig. 2 a,
wild-type LEF (Topflash) reporter was repressed in a
dose-dependent manner by PS1. 21745 CD1Luc reporter
(wild-type cyclin D1 promoter), which was induced z10-
fold by b-catenin (Shtutman et al., 1999), was significantly
repressed by PS1. Repression of reporter activity by PS1
was maintained in the 2163 CD1Luc, which contains the
consensus LEF binding site. However, mutation or dele-
tion of the LEF site abolished repression (Fig. 2 b). Impor-
tantly, neither cyclin A nor E reporter activity was re-
pressed by PS1 (Fig. 2 c). These results provide strong
evidence in favor of the concept that the enhanced levels
of cyclin D1 seen in PS1-deficient fibroblasts originate, at
least in part, from dysregulation of b-catenin turnover and
subsequent elevation of b-catenin/Lef-mediated activity,
rather than constituting an epiphenomenon of faster cell
growth.

Modulation of b-Catenin Signaling by PS1 Requires the 
Interaction of both Proteins

Earlier studies indicated that PS1 interacts with b-catenin
through its hydrophilic cytoplasmic loop domain, although
the precise binding site has not been carefully mapped
(Zhou et al., 1997; Yu et al., 1998; Stahl et al., 1999). We
performed pull-down assays using glutathione-S-trans-
ferase–PS1 loop fusion proteins in cell homogenates and
confirmed that amino acids 330–360 within the loop of PS1
are required for its association with b-catenin (Saura et al.,
2000). Based on these data, we generated a PS1 deletion
mutant lacking residues 330–360 (PS1Dcat) to determine
whether the effects of PS1 on b-catenin signaling and cell
proliferation require the interaction between PS1 and
b-catenin. Using the previously described muristerone-
inducible EcR293 cells (Kang et al., 1999), we confirmed

Figure 1. (a) Immunoblot analy-
sis of b-catenin, cyclin D1, cyclin
A, and Cdc2 from PS11/2 and
2/2 cells. b-catenin and cyclin
D1 levels were elevated in PS1-
deficient cells. (b) PS1-deficient
cells showed higher levels of cy-
clin D1 mRNA. Semiquantita-
tive RT-PCR analysis of b-catenin, cyclin D1, and actin from
PS12/2 and 1/2 primary fibroblasts. 25 ng of total RNA-
derived cDNA were used for PCR reactions. Controls without
reverse transcriptase yielded no bands (not shown). Results from
a representative experiment are shown. (c) Loss of PS1 did not
affect the turnover rate of cyclin D1. The cells were labeled for 20
min and chased for 15, 30, and 60 min. (Middle) Because PS12/2
cells have higher constitutive levels of cyclin D1, a shorter film
exposure of the same autoradiogram that is comparable with that
seen in PS1/2 cells is shown. Quantitation from three indepen-
dent experiments is shown (Bottom). (d) BrdU incorporation in
PS11/2 and 2/2 cells. Primary fibroblasts from embryonic day
15.5 embryos were incubated with BrdU for 45 min at 378C and
BrdU incorporation was determined as described in Materials
and Methods. Results are shown as the proportion of total cells
(calculated from propidium iodide-stained nuclei) that were posi-
tive for BrdU staining, and represent the average of two indepen-
dent experiments, each performed in triplicate (1,000 cells from
at least 10 independent fields were scored for each sample). (e)
Enhanced b-catenin/LEF-induced activation of the cyclin D1
promoter in PS1-deficient cells. PS11/2 and PS12/2 fibroblasts
were transfected with constructs containing luciferase reporter
driven by the cyclin D1 promoters. 1 mg of 2163CD1 (wild type)
or 2163DlefCD1 (lacking the main LEF binding sequence) were
used together with 50 ng of pRL-TK renilla luciferase construct
in each sample as an internal control for transcription efficiency.
Results are shown as the ratio of reporter luciferase to control re-
nilla luciferase and represent the mean 6 SD of three indepen-
dent experiments performed in triplicate.
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that induction of PS1Dcat resulted in the production of a
shortened full-length PS1Dcat that was processed into a
z28-kD amino-terminal fragment (NTF) indistinguish-
able from wild-type NTF and an z14-kD carboxy-termi-
nal fragment lacking amino acids 330–360. Immunoprecip-
itation experiments showed the lack of binding of PS1Dcat
to b-catenin (Soriano et al., 2001).

We next examined the consequences of PS1Dcat expres-
sion in PS12/2 primary fibroblasts after retroviral-medi-
ated infection. In PS1Dcat infected PS12/2 fibroblasts, the
NH2- and COOH-terminal fragments, but not full-length
PS1, were detected, and lack of binding of PS1Dcat to
b-catenin in these cells was confirmed (Fig. 3 a). Expression
of wild-type PS1 resulted in a reduction of cytosolic b-cate-
nin levels, whereas introducing PS1Dcat had no significant
effect (Fig. 3 b, top; tubulin levels are shown at bottom as
loading control). By pulse-chase paradigm, b-catenin turn-
over was increased in wild-type PS1-infected PS12/2 cells
as expected, but expressing PS1Dcat in PS12/2 cells did not
have a significant effect (Fig. 3 c). As predicted from our
earlier results, the recovery of b-catenin turnover in pri-
mary PS12/2 cells after reintroduction of wild-type PS1 re-
sulted in a concomitant decrease in BrdU incorporation
(and therefore in cell proliferation; Fig. 3 d). In marked con-
trast, entry into S phase in PS12/2 cells was not modified
by reintroducing PS1Dcat or vector control.

Axin, in association with APC and GSK-3b, regulates
b-catenin degradation. Thus, mutations in axin were recently
detected in hepatocellular carcinoma, and in these tumor
cells overexpression of wild-type axin was shown to de-
crease b-catenin levels and suppression of cell growth (Sa-
toh et al., 2000). Taking advantage of this observation, we
expressed axin in PS1-deficient fibroblasts to determine
whether the hyperproliferative effect can be blocked by
specific inhibition of the b-catenin signaling pathway. As
shown in Fig. 3, axin overexpression resulted in a decrease
of both b-catenin levels and cell proliferation in PS12/2
cells to a degree that was comparable with the expression
of wild-type PS1 (Fig. 3, b and d). These results argue
that upregulated b-catenin signaling plays a functional
role for the accelerated cell proliferation in the absence
of PS1.

Effects of PS1 FAD Mutations on b-Catenin Signaling

The effects of FAD mutations on b-catenin turnover have
also been controversial. We previously reported that, in
cultured cells and transgenic mice expressing FAD muta-
tions, turnover of endogenous b-catenin was delayed, sug-
gesting a partial loss of function (Kang et al., 1999). In
view of the preceding observations, we examined the lev-
els of cytosolic b-catenin levels and BrdU incorporation in
PS1 null cells expressing these FAD PS1 mutations. As
shown in Fig. 4 a, expression of PS1 M146L or PS1 DX9,
unlike wild-type PS1, failed to downregulate cytosolic
b-catenin levels. Consistent with this finding, BrdU incor-
poration in these cells remained unchanged as compared
with expression of wild-type PS1 (Fig. 4 b). Thus, FAD
mutations in PS1 resulted in a loss of function with respect
to its ability to modulate b-catenin turnover.

Both Wild-Type PS1 and PS1Dcat Restore Normal 
Proteolytic Cleavage of Notch-1 and
g-Secretase Activity

Recent reports have shown that PS1 plays a central role
in the proteolytic release of the NICD (De Strooper et al.,
1999; Struhl and Greenwald, 1999; Ye et al., 1999), the
signaling domain of the Notch-1 receptor that translo-
cates into the nucleus to activate transcription of down-
stream genes. In addition, the role of PS1 in Notch pro-
cessing can be separated from its role in the modulation
of g-secretase activity (Kulic et al., 2000). Therefore,
while studies described above have provided compelling
evidence that one of the functions of PS1 is to regulate cy-
tosolic b-catenin turnover, a role that requires interaction
of both proteins, we cannot exclude the possibility that
the cellular consequences we have defined are due to
the concomitant impairment of Notch signaling and/or
g-secretase activity. To address this issue, we analyzed
Notch-1 and APP processing in PS1 null cells infected
with retroviruses expressing either wild-type PS1 or
PS1Dcat to determine whether PS1Dcat is capable of
restoring Notch-1 processing and Ab generation. In
PS12/2 fibroblasts, NICD was not cleaved from the
DEMV Notch construct (Myc-tagged NH2-terminal trun-

Figure 2. (a) PS1 represses transcrip-
tion from the LEF-binding sequence
linked to a minimal promoter (Top-
Flash) in a dose-dependent manner.
TopFlash luciferase reporter (1.2 mg)
was cotransfected in 293 cells with in-
creasing amounts of wild-type PS1
(150–1,200 ng). Transcriptional repres-
sion is shown by its comparison with the
effect on equal amounts of empty ex-
pression vector (arbitrarily assigned a
luciferase activity of 1). (b) The TCF
site in the cyclin D1 promoter is re-
quired for repression by PS1. Repres-
sion of the cyclin D1 promoter after
PS1 transfection (300 ng) was main-
tained when the sequences between

21745 to 2163 of the promoter were deleted. In contrast, deletion of the LEF binding site (2163CD1DLefLuc) completely abrogated PS1
repression. (c) PS1 specifically regulates transcription of cyclin D1. Wild-type cyclin D1 promoter (21745CD1) and 2163CD1, both con-
taining the main LEF-binding site, are inhibited by PS1 expression. In contrast, neither cyclin A nor E transcription is affected by PS1.
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cated Notch-1, in which methionine 1726 has been mu-
tated to valine to eliminate translation initiation at that
site; Kopan et al., 1996). However, in both PS1 wild-type
and PS1Dcat-infected PS12/2 cell lines, the NICD re-
lease from DEMV Notch was clearly restored (Fig. 5 a).
Consistent with this restoration of Notch cleavage, ex-
pression of both PS1 wild-type and PS1Dcat also restored
Ab secretion and normal turnover of APP COOH-termi-
nal fragments (Fig. 5 b). It is also noteworthy that a PS1
form lacking the entire cytosolic loop that does not bind
b-catenin also restores Notch-1 cleavage in PS1 null cells
(Saura et al., 2000), in agreement with the above results.
Thus, increased cytosolic b-catenin stability and down-
stream signaling in PS12/2 cells are not the consequences
of impaired Notch-1 signaling or g-secretase activity. By ex-
tension, the upregulation of cyclin D1 transcription and
enhanced cell proliferation in the PS12/2 cells is most
likely due to perturbed b-catenin signaling, rather than
impaired Notch-1 or APP signaling.

Abnormal Modulation of b-Catenin Levels by Wnt3a 
Signaling in the Absence of PS1

Because aberrant Wnt stimulation is believed to result in
tumorigenesis in several tissues (reviewed in Barker et al.,
2000), we asked whether loss of PS1 alters the response to
Wnt signaling. In primary mouse embryonic fibroblasts
with or without PS1, the levels of cytosolic b-catenin and
axin phosphorylation, parameters that have been shown to
be modulated by Wnt signaling (Willert et al., 1999, and
references therein) were determined after Wnt-3a stimula-
tion. Specifically, we examined axin phosphorylation and
b-catenin levels under the following conditions: (a) basal,
unstimulated state, (b) Wnt stimulation, and (c) after re-
moval of the Wnt signal. We chose these conditions be-
cause an adequate response to Wnt signaling in vivo in-
volves not only the adequate upregulation of b-catenin
levels and nuclear signaling after stimulation, but presum-
ably the timely restoration of basal levels once Wnt activa-
tion is switched off. As shown before, under basal condi-
tions, b-catenin levels were higher in the absence of PS1
(Fig. 6 a, lane 1, compare top and bottom). After treat-
ment with conditioned medium from Wnt-3a–transfected
cells (Wnt3a-CM) for 2 h, b-catenin increased substan-
tially in both PS11/2 and 2/2 cells, likely due to inactiva-
tion of GSK-3b (Fig. 6 a, lane 2). Concomitantly, there
was the appearance of a faint, faster migrating, dephos-
phorylated axin species (Fig. 6 b, lanes 2 and 3, arrow-
heads), consistent with dephosphorylated forms of axin, as
previously described (Willert et al., 1999). This species was
indistinguishable between PS11/2 and 2/2 cells, and was
no longer detectable 5 h after Wnt3a withdrawal (Fig. 6 b,
lane 4). In contrast, while cytosolic levels of b-catenin
were consistently restored in PS11/2 cells within 7.5 h af-

Figure 3. Effects of PS1 on b-catenin
stability and signaling require the in-
teraction of the two proteins. (a)
Expression of wild-type PS1 and
PS1Dcat were comparable in all ex-
periments, and similar to those in PS11/2 cells (not shown). As
DCTF lacks amino acids 330–360, a domain recognizable by the
aPS1Loop antibody, its signal appears to be weaker than wild-type
carboxy-terminal fragment. Immunoprecipitation with J27, an anti-
body against the NH2 terminus of PS1, shows that PS1Dcat does not
interact with b-catenin. (b, Top) Retroviral infection of wild-type
PS1 or axin, but not PS1Dcat, in PS1 null cells results in reduction of
cytosolic b-catenin levels. (Bottom) b-Tubulin blot shown as loading
control. (c) Expression of wild-type PS1 in PS1 null cells restores ef-
ficient degradation of b-catenin. In contrast, expression of PS1Dcat
has no significant effect. Cells were metabolically labeled with
[35S]methionine for 20 min, chased for 0, 10, and 30 min, and immu-
noprecipitated for cytosolic b-catenin as described in Materials and
Methods. Results from a representative experiment performed in
duplicate are shown. (d) Decrease in BrdU incorporation in
PS12/2 cells after expression of wild-type PS1 and axin, but not
PS1Dcat. Cells were infected with the indicated retroviral vectors,
and BrdU incorporation was performed as described 48 h after plat-
ing when the cells reached 70–80% of confluence.

Figure 4. (a, Top) Retroviral infection of wild-type PS1, but not
FAD mutants M146L and DX9, results in reduction of cytosolic
b-catenin levels. (Middle) b-Tubulin blot shown as loading con-
trol. A representative experiment is shown. (b) Decrease in
BrdU incorporation in primary PS1 null cells after expression of
wild-type PS1, but not FAD mutants M146L and DX9. Cells were
infected with the indicated retroviral vectors and BrdU incorpo-
ration was performed as described 48 h after plating, when the
cells reached 70–80% of confluence. Results from two indepen-
dent experiments performed in triplicate are shown.
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ter Wnt3a withdrawal (Fig. 6 a, bottom, lane 5), b-catenin
levels remained consistently elevated at this same time
point in PS12/2 (Fig. 6 a, top, lane 5). Thus, our results
showed that, although Wnt stimulation properly elevates
b-catenin levels in PS1 null cells, the signal is abnormally
prolonged.

To determine which pool of cytosolic b-catenin was ab-
normally elevated in the absence of PS1, the levels of
phosphorylated b-catenin were assessed in the presence or
absence of Wnt3a-CM. By labeling with 32P, the levels of
phosphorylated b-catenin were markedly elevated under
basal conditions in PS12/2 cells as compared with PS11/2
cells (Fig. 7 a, compare lane 1 with 3, top). After Wnt3a
stimulation, levels of phosphorylated b-catenin were
markedly reduced in both cell types (Fig. 7 a, top). The
rapid reduction in phosphorylated b-catenin levels, attrib-
utable to GSK-3b inactivation, indicated that, in response
to Wnt3a stimulation, this step of b-catenin dephosphory-
lation was unaffected by the absence of PS1.

In the current model of b-catenin degradation, phos-
phorylated b-catenin should have been rapidly ubiquitinated
and degraded by the proteosome (Orford et al., 1997). The
accumulation of phosphorylated b-catenin suggested to us
that, in PS12/2 cells, b-catenin ubiquitination (i.e., down-
stream of phosphorylation) may be abnormal. Inhibition of
the proteasome results in the accumulation of the ubiquiti-
nated forms of proteins normally degraded by the ubiq-
uitin–proteasome pathway. Accordingly, high molecular
weight (HMW) b-catenin species containing ubiquitin ac-
cumulate after proteosome inhibition (Aberle et al., 1997;
Orford et al., 1997; Salomon et al., 1997). In PS11/2 con-
trol cells, HMW b-catenin species were detectable after 30
min of treatment with the proteosome inhibitor MG-132,

and further increased after 120 min (Fig. 7 b, bottom).
These HMW b-catenin bands were identical to the species
demonstrated to represent ubiquitinated b-catenin (Aberle
et al., 1997; Orford et al., 1997). In contrast, HMW forms of
b-catenin were apparent in PS1-deficient cells only after 60
min of treatment, and the overall response was blunted
even after 120 min (Fig. 7 b, top), suggesting that the ubiq-
uitinated b-catenin pool was diminished. Thus, higher lev-
els of phosphorylated b-catenin in PS1-deficient cells
apparently corresponded with delayed ubiquitination, co-
incidental with reduced degradation of b-catenin.

Discussion
In addition to its documented role in the proteolytic pro-
cessing of Notch and APP, PS1 has been shown to interact
with b-catenin. However, the biological consequences of
this latter interaction remain controversial. In the present
study, we provided evidence that loss of PS1 function re-
sults in increased stability of cytosolic b-catenin, leading
to enhanced b-catenin/Lef-dependent signaling, among
which is elevation of cyclin D1 levels. This, in turn, is asso-
ciated with increased entry into the cell cycle and cell pro-
liferation, a phenotype that can be reversed by expressing
wild-type PS1, but not a PS1 form that does not associate
with b-catenin. Conversely, overexpression of PS1 in vitro
results in LEF-mediated repression of cyclin D1 transcrip-
tion in a dose-dependent manner. All these effects on
b-catenin turnover by PS1 are independent of APP and
notch proteolysis and appear to be mediated at the level of
b-catenin phosphorylation/ubiquitination. Finally, FAD
mutations in PS1 cannot efficiently restore b-catenin deg-
radation in PS1 null primary fibroblasts.

Using primary mouse embryonic fibroblasts deficient in
PS1, we demonstrated that PS1 negatively modulates the
cytosolic (and hence signaling) pool of b-catenin. We

Figure 5. (a) PS1 null cells were
transfected with myc-tagged
DEMV (Notch lacking the extra-
cellular domain, in which inter-
nal methionine 1726 has been
changed to valine to eliminate
translation initiation at this site)
and ICV (intracellular domain of
Notch, in which valine 1744 is the
first amino acid after the initiating

methionine) constructs. 48 h after transfection, cells were lysed
and NICD release was analyzed by Western blotting. The
cleaved Notch-1 fragment is detected in cells expressing both
wild-type PS1 and PS1 deficient in b-catenin binding (PS1Dcat),
but not in PS12/2 cells. Results from a representative experi-
ment are shown. (b) PS12/2 cells were infected with retroviral
viruses containing APP (top), together with either PS1 wild type
or PS1Dcat sequences, and turnover of APP COOH-terminal
fragments (middle) and Ab secretion (bottom) were analyzed as
described in Materials and Methods. PS11/2 cells expressing
similar amounts of APP (top) are shown as a control.

Figure 6. (a) Abnormal
b-catenin turnover after Wnt
stimulation in the absence of
PS1. Primary PS12/2 and
PS11/2 fibroblasts were in-
cubated with Wnt-3a–condi-
tioned medium (Wnt-CM) as
described in Materials and
Methods. After 2 h of treat-
ment, Wnt-CM was re-
moved, and cells were washed
extensively and incubated for
the indicated time points with
fresh normal medium. Shown
are the levels of cytosolic
b-catenin. Results are repre-
sentative of three indepen-
dent experiments. (b) Cells
were treated with Wnt-CM
exactly as described for Fig. 5
a, and axin levels were ana-
lyzed by Western blot. Note
that the axin phosphorylation

pattern in response to Wnt is not different between PS11/2 and
2/2 cells. In marked contrast, restoration of b-catenin levels is de-
layed in PS12/2 cells with respect to control cells (a).
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showed that both cyclin D1 mRNA and protein were in-
creased in PS12/2 cells and this was correlated with
higher b-catenin/LEF–dependent transcriptional activity
from the cyclin D1 promoter in these cells. Moreover, we
observed that, as previously described for colon cancer
cells, increased levels of cyclin D1 in PS12/2 cells corre-
lated with accelerated progression through the G1 phase
of the cell cycle. It is important to note that increased cy-
clin D1 levels are unlikely to represent an epiphenomenon
of hyperproliferation in PS1 null cells. This is because PS1
expression can specifically modulate LEF-mediated tran-
scription in a dose-dependent manner, consistent with the
concept that increase in cyclin D1 levels occurs before hy-
perproliferation itself and as a consequence of PS1 defi-
ciency. In other words, we have provided compelling
evidence that PS1, through modulation of b-catenin sig-
naling, directly affects not only cyclin D1 levels, but also
cell growth associated with cyclin D1 activity. Finally, fur-
ther support of a direct causal effect rather than merely a
correlative link was demonstrated by using a mutant PS1
construct where the interaction between PS1 and b-cate-
nin was lost (Fig. 3). In short, accumulation of b-catenin
and increased cell proliferation in PS1-deficient cells can
be reversed by reintroducing wild-type PS1, but not
PS1Dcat, a PS1 mutant that does not bind b-catenin.

Our results also suggested a model in which PS1 func-
tions to regulate b-catenin turnover at a step after b-cate-
nin phosphorylation. In the absence of PS1, the rapid de-
phosphorylation of b-catenin after Wnt-3a stimulation was
retained. Moreover, modulation of axin phosphorylation
was also not altered during Wnt stimulation and with-
drawal in PS1-deficient cells. However, the elevation of
cytosolic b-catenin levels was seen both in basal (i.e., un-
stimulated) and after Wnt stimulation, and was accompa-
nied by an increase in the levels of phosphorylated b-cate-
nin. Thus, in the absence of PS1, turnover of b-catenin was
prolonged in both Wnt-3a–stimulated and at basal condi-
tions. Lastly, the increase in phosphorylated b-catenin,
which should normally be at very low levels due to rapid
degradation, was correlated with a decrease in ubiquiti-

nation. We therefore hypothesize that PS1 modulates
b-catenin degradation by facilitating ubiquitination. This
mechanism would be consistent with two recent reports
examining the interaction of Drosophila presenilin homo-
logue (DPS) and Armadillo/b-catenin (Arm/bcat). In
Drosophila, loss of endogenous DPS resulted in the accu-
mulation of Arm/b-cat in the cytoplasm (Noll et al., 2000),
leading the authors to suggest a possible role of DPS in
proteosomal degradation. In addition, in a genetic screen
of candidates that modify an Arm/bcat phenotype, DPS
was identified as a negative regulator of Wg/Wnt signaling
(Cox et al., 2000). Therefore, both of these findings in
Drosophila are entirely consistent with our present obser-
vations.

PS1 is required for the cleavage of Notch-1 to release
the signaling intracellular domain (NICD), a step neces-
sary for initiating downstream gene transcriptional activa-
tion (De Strooper et al., 1999; Struhl and Greenwald, 1999;
Ye et al., 1999). There is evidence to suggest that the
Notch and Wnt pathways are mutually inhibitory (Axel-
rod et al., 1996). Therefore, it can be argued that enhanced
b-catenin/LEF signaling and increased cell proliferation in
the absence of PS1 could be secondary to defective Notch
signaling. However, Notch-1 from PS12/2 cells express-
ing PS1Dcat is efficiently cleaved. The fact that this mutant
does not restore the b-catenin phenotype strongly suggests
that Notch-1 deficiency is not the cause of the abnormal
b-catenin phenotype. Thus, modulating b-catenin signal-
ing and facilitating Notch-1 proteolytic cleavage are likely
independent and parallel functions of PS1. It remains pos-
sible that the b-catenin activity facilitated by PS1 in vivo is
required at later stages of development and consequently
masked by its early requirement for Notch-1 signaling.

Consistent with the results on Notch-1 proteolysis, the
requirement of PS1 in g-secretase cleavage is independent
of b-catenin turnover. PS1Dcat also restores efficiently
g-secretase activity in PS12/2 cells, both in terms of APP
COOH-terminal fragments and Ab generation. These
findings, entirely consistent with the recent report of Saura
et al. (2000) again strongly suggest that this latter activity
and the role in b-catenin homeostasis are likely to be inde-
pendent functions of PS1. Thus, the association of PS1
with b-catenin is not required in the intracellular compart-
ment where APP and Notch proteolysis takes place.

Taken together, our findings provide a parsimonious in-
terpretation that is consistent with the current model of
the Wnt–b-catenin pathway in which stabilization of b-cat-
enin, in this case through loss of PS1, leads to proliferative
signal via activation of cyclin D1. These results also argue
that the discrepant results reported by different laborato-
ries may reflect measurements of dissimilar pools of
b-catenin. While we examined the Wnt-3a–responsive
cytosolic pool of endogenous b-catenin defined as the
fraction that was saponin extractable, others assessed both
cytosolic and membrane-bound b-catenin expressed by
transient transfections (Zhang et al., 1998a). However, the
membrane-bound b-catenin pool is not responsive to Wnt
stimulation (data not shown). Furthermore, the presence
of lower molecular weight b-catenin species was used to
imply a stimulation of degradation without formal proof.
Although the identity and functional significance of these
species remain unknown, we suspect that they accumulate

Figure 7. (a, Top) Enhanced
phosphorylation of b-cate-
nin in PS1 null cells. Cells
were metabolically labeled
with 32P in the absence or
presence of Wnt3a-CM as
described in Materials and
Methods. Note the accu-
mulation of phosphorylated
b-catenin in PS1 null cells
both in basal conditions and
after Wnt stimulation. (Bot-
tom) Experiment performed
in parallel and identical to
the one described (top), ex-
cept that 32P labeling was
omitted. (b) Abnormal accu-
mulation of high molecular

weight species of b-catenin in PS1 null cells after proteasome in-
hibition. Cells were treated with MG-132 as described in Materi-
als and Methods and b-catenin accumulation was monitored at
the indicated time points.
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when degradation of full-length b-catenin is defective (see,
for example, Schlosshauer et al., 2000). In short, these dis-
crepancies underscore the importance of defining accu-
rately the b-catenin pool under study, since its biological
role is tightly linked to its subcellular localization.

In our proposed scenario, the loss of PS1 would be simi-
lar to that postulated in a number of human cancers, in-
cluding colon, melanoma, hepatocarcinomas, and piloma-
tricomas of the skin. In these tumors, mutations in APC,
axin, or b-catenin result in abnormally high b-catenin lev-
els, and increased b-catenin/LEF signaling is thought to
contribute to neoplasic transformation (for reviews, see
Polakis, 1999; Roose and Clevers, 1999). In this respect, it
is of interest that epithelial hyperplasia and skin tumors
have been described in the majority of PS1 null mice res-
cued with the human PS1 transgene (hPS1) driven by the
neuronal-specific human Thy-1 (hThy) promoter (Zheng
et al., 2000). PS1 null mice die either embryonically or
perinatally. However, animals rescued by Thy-1–driven
hPS1 survive into adulthood. Since the skin of these ani-
mals has been shown to be deficient in PS1 and to show el-
evated b-catenin levels, the tumor phenotype in these res-
cue animals is consistent with constitutively upregulated
transcription of cyclin D1 in PS1-deficient skin, due to im-
paired attenuation of Wnt signals. However, a definitive
causal link between b-catenin levels, PS1 deficiency, and
tumor formation remains to be established.

In summary, our results demonstrated that PS1 is part of
the b-catenin degradation machinery, thereby adding PS1
to a list of known proteins that regulate b-catenin stability
(Orsulic and Peifer, 1996; Hart et al., 1998; Ikeda et al.,
1998; Seeling et al., 1999; Zorn et al., 1999). We propose a
model in which PS1 contributes to the rapid turnover of
b-catenin after its phosphorylation, possibly by some en-
hancement of the ubiquitination process. We have shown
that FAD mutations in PS1 represent a loss of its function
as a b-catenin modulator. Whether this phenotype con-
tributes to Alzheimer’s disease is an issue not addressed in
this study. Nevertheless, our results further emphasize the
importance of maintaining a rapid turnover of cytosolic
b-catenin in normal cell growth and differentiation.

We thank Drs. G. Thinakaran, H. Mori, K. Willert, J. Buxbaum, and M.
Kounnas for generous gifts of antibodies, Dr. R. Kopan for the gift of
Notch constructs and helpful discussions, Dr. S. Takada for Wnt3a-trans-
fected cells, and Dr. F. Costantini for axin cDNA. We also thank Drs. W.
Cavenee and R. Hampton for critical reading of the manuscript. 

This work is supported by National Institutes of Health grants NS01812
and NS28121 (E.H. Koo), AG05131 (S. Soriano), and CA70897 and
CA75503 (R.G. Pestell).

Submitted: 1 November 2000
Revised: 26 December 2000
Accepted: 5 January 2001

References

Aberle, H., A. Bauer, J. Stappert, A. Kispert, and R. Kemler. 1997. b-Catenin is a
target for the ubiquitin-proteasome pathway. EMBO (Eur. Mol. Biol. Organ.)
J. 16:3797–3804.

Albanese, C., M. D’Amico, A.T. Reutens, M. Fu, G. Watanabe, R.J. Lee, R.N.
Kitsis, B. Henglein, M. Avantaggiati, K. Somasundaram, B. Thimmapaya,
and R.G. Pestell. 1999. Activation of the cyclin D1 gene by the E1A-associ-
ated protein p300 through AP-1 inhibits cellular apoptosis. J. Biol. Chem.
274:34186–34195.

Annaert, W.G., L. Levesque, K. Craessaerts, I. Dierinck, G. Snellings, D. West-

away, P. St. George-Hyslop, B. Cordell, P. Fraser, and B. De Strooper. 1999.
Presenilin 1 controls g-secretase processing of amyloid precursor protein in
pre-Golgi compartments of hippocampal neurons. J. Cell Biol. 147:277–294

Axelrod, J.D., K. Matsuno, S. Artavanis-Tsakonas, and N. Perrimon. 1996. In-
teraction between Wingless and Notch signaling pathways mediated by di-
sheveled. Science. 271:1826–1832.

Barker, N., P.J. Morin, and H. Clevers. 2000. The Yin-Yang of TCF/b-catenin
signaling. Adv. Cancer Res 77:1–24.

Behrens, J., J.P. von Kries, M. Kuhl, L. Bruhn, D. Wedlich, R. Grosschedl, and
W. Birchmeier. 1996. Functional interaction of b-catenin with the transcrip-
tion factor LEF-1. Nature. 382:638–642.

Brown, J.R., E. Nigh, R.J. Lee, H. Ye, M.A. Thompson, F. Saudou, R.G. Pes-
tell, and M.E. Greenberg. 1998. Fos family members induce cell cycle entry
by activating cyclin D1. Mol. Cell. Biol. 18:5609–5619.

Buxbaum, J.D, E.K. Choi, Y. Luo, C. Lilliehook, A.C. Crowley, D.E. Merriam,
and W. Wasco. 1998. Calsenilin: a calcium-binding protein that interacts
with the presenilins and regulates the levels of a presenilin fragment. Nat.
Med. 4:1177–1181.

Cook, D.G., J.C. Sung, T.E. Golde, K.M. Felsenstein, B.S. Wojczyk, R.E.
Tanzi, J.Q. Trojanowski, V.M. Lee, and R.W. Doms. 1996. Expression and
analysis of presenilin 1 in a human neuronal system: localization in cell bod-
ies and dendrites. Proc. Natl. Acad. Sci. USA. 93:9223–9228.

Cox, R.T., D.G. McEwen, D.L. Myster, R.J. Duronio, J. Loureiro, and M. Pei-
fer. 2000. A screen for mutations that suppress the phenotype of Drosophila
armadillo, the b-catenin homolog. Genetics. 155:1725–1740.

De Strooper, B., W. Annaert, P. Cupers, P. Saftig, K. Craessaerts, J.S. Mumm,
E.H. Schroeter, V. Schrijvers, M.S. Wolfe, W.J. Ray, et al. 1999. A preseni-
lin-1–dependent g-secretase–like protease mediates release of Notch intra-
cellular domain. Nature. 395:518–522.

De Strooper, B., M. Beullens, B. Contreras, L. Levesque, K. Craessaerts, B.
Cordell, D. Moechars, M. Mollen, P. Fraser, P.S. St. George-Hyslop, and F.
Van Leuven. 1997. Phosphorylation, subcellular localization and membrane
orientation of the Alzheimer’s disease associated presenilins. J. Biol. Chem.
272:3590–3598.

De Strooper, B., P. Saftig, K. Craessaerts, H. Vanderstichele, G. Guhde, W. An-
naert, K. Von Figura, and F. Van Leuven. 1998. Deficiency of presenilin-1 in-
hibits the normal cleavage of amyloid precursor protein. Nature. 391:387–390.

Doan, A., G. Thinakaran, D.R. Borchelt, H.H. Slunt, T. Ratovitsky, M.
Podlisny, D.J. Selkoe, M. Seeger, S.E. Gandy, D.L. Price, and S.S. Sisodia.
1996. Protein topology of presenilin 1. Neuron. 17:1023–1030.

Georgakopoulos, A., P. Marambaud, S. Efthimiopoulos, J. Shioi, W. Cui, H.C.
Li, M. Schutte, R. Gordon, G.R. Holstein, G. Martinelli, et al. 1999. Prese-
nilin-1 forms complexes with the cadherin/catenin cell–cell adhesion system
and is recruited to intercellular and synaptic contacts. Mol. Cell. 4:893–902.

Haass, C., and B. De Strooper. 1999. The presenilins in Alzheimer’s disease.
Proteolysis holds the key. Science. 286:196–199.

Hart, M.J., R. de los Santos, I.N. Albert, B. Rubinfeld, and P. Polakis. 1998.
Downregulation of b-catenin by human axin and its association with the
APC tumor suppressor, b-catenin and GSK-3b. Curr. Biol. 8:573–581.

He, T.-C., A.B. Sparks, C. Rago, H. Hermeking, L. Zawel, L.T. da Costa, P.J.
Morin, B. Vogelstein, and K.W. Kinzler. 1998. Identification of c-MYC as a
target of the APC pathway. Science. 281:1509–1512.

Ikeda, S., S. Kishida, H. Yamamoto, H. Murai, S. Koyama, and A. Kikuchi.
1998. Axin, a negative regulator of the Wnt signaling pathway, forms a com-
plex with GSK-3b and b-catenin and promotes GSK-3b–dependent phos-
phorylation of b-catenin. EMBO (Eur. Mol. Biol. Organ.) J. 17:1371–1384.

Kang, D.E., S. Soriano, M.P. Frosch, T. Collins, S. Naruse, S.S. Sisodia, G. Lei-
bowitz, F. Levine, and E.H. Koo. 1999. Presenilin 1 facilitates the constitutive
turnover of b-catenin: differential activity of Alzheimer’s disease–linked PS1
mutants in the beta-catenin–signaling pathway. J. Neurosci. 19:4229–4237.

Kopan, R., E.H. Schroeter, H. Weintraub, and J.S. Nye. 1996. Signal transduc-
tion by activated mNotch: importance of proteolytic processing and its regu-
lation by the extracellular domain. Proc. Natl. Acad. Sci. USA. 93:1683–1688.

Kovacs, D.M., H.J. Fausset, K.J. Page, T.W. Kim, R.D. Moir, D.E. Merriam,
R.D. Hollister, O.G. Hallmark, R. Mancini, K.M. Felsenstein, et al. 1996.
Alzheimer-associated presenilin 1 and 2: neuronal expression in brain and
localization to intracellular membranes in mammalian cells. Nat. Med.
2:224–229.

Kulic, L., J. Walter, G. Multhaup, D.B. Teplow, R. Baumeister, H. Romig, A.
Capell, H. Steiner, and C. Haass. 2000. Separation of presenilin function in
amyloid b-peptide generation and endoproteolysis of Notch. Proc. Natl.
Acad. Sci. USA. 97:5913–5918.

Lehmann, S., R. Chiesa, and D.A. Harris. 1997. Evidence for a six transmem-
brane domain structure of presenilin 1. J. Biol. Chem. 272:12047–12052.

Levitan, D., and I. Greenwald. 1995. Facilitation of lin-12–mediated signaling
by sel-12, a Caenorhabditis elegans S182 Alzheimer’s disease gene. Science.
377:351–354.

Levy-Lahad, E., W. Wasco, P. Poorkaj, D.M. Romano, J. Oshima, W.H. Pettin-
gell, C.E. Yu, P.D. Jondro, S.D. Schmidt, K. Wang, et al. 1995. Candidate
gene for the chromosome 1 familial Alzheimer’s disease locus. Science. 269:
973–977.

Li, J., M. Xu, H. Zhou, J. Ma, and H. Potter. 1997. Alzheimer presenilins in the
nuclear membrane, interphase kinetochores and centrosomes suggest a role
in chromosome segregation. Cell. 90:917–927.

Lu, D.C., S. Rabizadeh, S. Chandra, R.F. Shayya, L.M. Ellerby, X. Ye, G.S.



The Journal of Cell Biology, Volume 152, 2001 794

Salvesen, E.H. Koo, and D.E. Bredesen. 2000. A second cytotoxic proteolytic
peptide derived from amyloid b-protein precursor. Nat. Med. 6:397–404.

Morgenstern, J.P., and H. Land. 1990. Advanced mammalian gene transfer:
high titer retroviral vectors with multiple drug selection markers and a com-
plementary helper-free packaging cell line. Nucleic Acid Res. 18:3587–3596.

Murayama, M., S. Tanaka, J. Palacino, O. Murayama, T. Honda, X. Sun, K. Ya-
sutake, N. Nihonmatsu, B. Wolozin, and A. Takashima. 1998. Direct associa-
tion of presenilin 1 with b-catenin. FEBS Lett. 433:73–77.

Noll, E., M. Medina, D. Hartley, J. Zhou, N. Perrimon, and K.S. Kosic. 2000.
Presenilin affects Arm/b-catenin localization and function in Drosophila.
Dev. Biol. 227:450–464.

Orford, K., C. Crockett, J.P. Jensen, A.M. Weissman, and S.W. Byers. 1997.
Serine phosphorylation-regulated ubiquitination and degradation of b-cate-
nin. J. Biol. Chem. 272:24735–24738.

Orsulic, S., and M. Peifer. 1996. Cell–cell signaling: wingless lands at last. Curr.
Biol. 6:1363–1367.

Polakis, P. 1999. The oncogenic activation of b-catenin. Curr. Opin. Genet. Dev.
9:15–21.

Roose, J., and H. Clevers. 1999. TCF transcription factors: molecular switches
in carcinogenesis. Biochim. Biophys. Acta. 1424:23–37.

Salomon, D., P.A. Sacco, S.G. Roy, I. Simcha, K.R. Johnson, M.J. Wheelock,
and A. Ben-Ze’ev. 1997. Regulation of b-catenin levels and localization by
overexpression of plakoglobin and inhibition of the ubiquitin-proteasome
system. J. Cell Biol. 139:1325–1335.

Satoh, S., Y. Daigo, Y. Furukawa, T. Kato, N. Miwa, T. Nishiwaki, T. Kawasoe,
H. Ishiguro, M. Fujita, T. Tokino, et al. 2000. AXIN1 mutations in hepato-
cellular carcinomas and growth suppression in cancer cells by virus-medi-
ated transfer of AXIN1. Nat. Genet. 24:245–250.

Saura, C.A., T. Tomita, S. Soriano, M. Takahashi, J.-Y. Leem, T. Honda, E.H.
Koo, T. Iwatsubo, and G. Thinakaran. 2000. The non-conserved hydrophilic
loop domain of presenilin (PS) is neither required for PS proteolysis nor en-
hanced Ab42 production mediated by FAD-linked PS variants. J. Biol.
Chem. 275:17136–17142.

Schlosshauer, P.W., S.A. Brown, K. Eisinger, Q. Yan, E.R. Guglielminetti, R.
Parsons, L.H. Ellenson, and J. Kitajewski. 2000. APC truncation and in-
creased b-catenin levels in a human breast cancer cell line. Carcinogenesis.
21:1453–1456.

Seeling, J.M., J.R. Miller, R. Gil, R. Moon, R. White, and D.M. Virshup. 1999.
Regulation of b-catenin signaling by the B56 subunit of protein phosphatase
2A. Science. 283:2089–2091.

Shen, J., R.T. Bronson, D.F. Chen, W. Xia, D.J. Selkoe, and S. Tonegawa. 1997.
Skeletal and CNS defects in presenilin-1 deficient mice. Cell. 29:629–639.

Sherr, J.C. 1996. Cancer cell cycles. Science. 274:1672–1677.
Sherrington, R., E.I. Rogaev, Y. Liang, E.A. Rogaeva, G. Levesque, M. Ikeda,

H. Chi, C. Lin, G. Li, K. Holman, et al. 1995. Cloning of a gene bearing mis-
sense mutations in early-onset familial Alzheimer’s Disease. Nature. 375:
754–760.

Shibamoto, S., K. Higano, R. Takada, F. Ito, M. Takeichi, and S. Takada. 1998.
Cytoskeletal reorganization by soluble Wnt-3a protein signalling. Genes
Cells. 3:659–670.

Shtutman, M., J. Zhurinsky, I. Simcha, C. Albanese, M. D’Amico, R.G. Pestell,
and A. Ben-Ze’ev. 1999. The cyclin D1 gene is a target of the b-catenin/
LEF-1 pathway. Proc. Natl. Acad. Sci. USA. 96:5522–5527.

Soriano, S., A.S.C. Chyung, X. Chen, G.B. Stokin, V.M.-Y. Lee, and E.H. Koo.
1999. Expression of b-amyloid precursor protein-CD3g chimeras to demon-
strate the selective generation of amyloid b1-40 and amyloid b1-42 peptides

within the secretory and endocytic compartments. J. Biol. Chem. 274:32295–
32300.

Soriano, S., D.E. Kang, N. Chevalier, H. Zheng, and E.H. Koo. 2001. Func-
tional consequences of the association of PS1 with b-catenin. In Alzheimer’s
disease: advances in etiology, pathogenesis and therapeutics. K. Iqbal, S.S.
Sisodia, and B. Winblad, editors. John Wiley & Sons, Ltd., West Sussex,
U.K. In press.

Stahl, B., A. Diehlmann, and T.C. Sudhof. 1999. Direct interaction of Alz-
heimer’s disease–related presenilin 1 with armadillo protein p0071. J. Biol.
Chem. 274:9141–9148.

Struhl, G., and I. Greenwald. 1999. Presenilin is required for activity and nu-
clear access of Notch in Drosophila. Nature. 398:522–525.

Tetsu, O., and F. McCormick. 1999. b-Catenin regulates expression of cyclin
D1 in colon carcinoma cells. Nature. 398:422–426.

Thinakaran, G., D.R. Borchelt, M.K. Lee, H.H. Slunt, L. Spitzer, G. Kim, T.
Ratovitsky, F. Davenport, C. Nordstedt, M. Seeger, et al. 1996a. Endopro-
teolysis of presenilin 1 and accumulation of processed derivatives in vivo.
Neuron. 17:181–190.

Thinakaran, G., J.B. Regard, C.M. Bouton, C.L. Harris, D.L. Price, D.R.
Borchelt, and S.S. Sisodia. 1998. Stable association of presenilin derivatives
and absence of presenilin interactions with APP. Neurobiol. Dis. 4:438–453.

Thinakaran, G., D.B. Teplow, R. Siman, B. Greenberg, and S.S. Sisodia. 1996b.
Metabolism of the “Swedish” amyloid precursor protein variant in Neuro2a
(N2a) cells. J. Biol. Chem. 271:9390–9397.

Weihl, C.C., R.J. Miller, and R.P. Roos. 1999. The role of b-catenin stability in
mutant PS1 associated apoptosis. Neuroreport. 10:2527–2532.

Willert, K., and R. Nusse. 1998. b-Catenin: a key mediator of Wnt signaling.
Curr. Opin. Genet. Dev. 8:95–102.

Willert, K., S. Shibamoto, and R. Nusse. 1999. Wnt-induced dephosphorylation
of axin releases beta-catenin from the axin complex. Genes Dev. 13:1768–1773.

Wong, P.C., H. Zheng, H. Chen, M.W. Becher, D.J.S. Sirinathsinghji, M.E.
Trumbauer, H.Y. Chen, D.L. Price, L.H.T. Van der Ploeg, and S.S. Sisodia.
1997. Presenilin 1 is required for Notch1 and Dll1 expression in the paraxial
mesoderm. Nature. 387:288–292.

Ye, Y., N. Lukinova, and M.E. Fortini. 1999. Neurogenic phenotypes and altered
Notch processing in Drosophila presenilin mutants. Nature. 398:525–529.

Yu, G., F. Chen, G. Levesque, M. Nishimura, D.-M. Zhang, L. Levesque, E.
Rogaeva, D. Xu, Y. Liang, M. Duthie, et al. 1998. The presenilin 1 protein is
a component of a high molecular weight intracellular complex that contains
b-catenin. J. Biol. Chem. 273:16470–16475.

Zhang, Z., H. Hartmann, V.M. Do, D. Abramowski, C. Sturchler-Pierrat, M.
Staufenbiel, B. Sommer, M. van de Wetering, H. Clevers, P. Saftig, et al.
1998a. Destabilization of b-catenin by mutations in presenilin-1 potentiates
neuronal apoptosis. Nature. 395:698–702.

Zhang, J., D.E. Kang, W. Xia, M. Okochi, H. Mori, D.J. Selkoe, and E.H. Koo.
1998b. Subcellular distribution and turnover of presenilins in transfected
cells. J. Biol. Chem. 273:12436–12442.

Zheng, H., X.-F. Xia, W. Ying, A. Fletcher, and Q. Su. 2000. Loss of presenilin
1 leads to epidermal hyperplasia and tumorigenesis in adult mice. Neurobiol.
Aging. 8:S133.

Zhou, J., U. Liyanage, M. Medina, C. Ho, A.D. Simmons, M. Lovett, and K.S.
Kosic. 1997. Presenilin 1 interaction in the brain with a novel member of the
armadillo family. Neuroreport. 8:2085–2090.

Zorn, A.M., G.D. Barish, B.O. Williams, P. Lavender, M.W. Klymkowsky, and
H.E. Varmus. 1999. Regulation of Wnt signaling by Sox proteins: XSox17
a/b and XSox3 physically interact with b-catenin. Mol. Cell. 4:487–498.


