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Expression of V642 APP mutant causes cellular
apoptosis as Alzheimer trait-linked phenotype
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APP is a transmembrane precursor of B-amyloid.
In dominantly inherited familial Alzheimer’s disease
(FAD), point mutations V6421, V642F and V642G
have been discovered in APP¢ys. Here we show that
expression of these mutants (FAD-APPs) causes a clone
of COS cells to undergo apoptosis associated with DNA
fragmentation. Apoptosis by the three FAD-APPs was
the highest among all possible V642 mutants; normal
APPgys had no effect on apoptosis, suggesting that
apoptosis by APP mutants in this system is pheno-
typically linked to the FAD trait. FAD-APP-induced
apoptosis was sensitive to bcl-2 and most probably
mediated by heteromeric G proteins. This study pre-
sents a model system allowing analysis of the mech-
anism for FAD-APP-induced cytotoxicity.
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Introduction

Alzheimer’s disease (AD) is the most prevalent neurodeg-
enerative disease, characterized by the presence of senile
plaques, neurofibrillary tangles and extensive neuronal
loss. Senile plaques are extracellular deposits whose major
constituent is AP amyloid, the precursor of which, APP
(Kang et al.,, 1987), is located in cellular membrane
systems including the cell surface. In AD, A is cleaved
off from APP and is deposited extracellularly. Alternative
splicing of a single gene results in at least 10 isoforms of
APP (Sandbrink et al., 1994). APPgys, consisting of 695
residues, is expressed preferentially in neuronal tissues.
In early-onset familial AD (FAD), missense mutations
V642I/F/G have been identified in the transmembrane
domain in APPgys (Goate et al., 1991; Hardy, 1992). These
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mutations (APPyey,y is referred to as X-APP) co-segregate
with AD phenotype (Karlinsky er al., 1992) and account
for most, if not all, of the evidence showing a linkage of
AD to chromosome 21 (Hardy, 1992). Recently, Games
et al. (1995) have reported that overexpression of Phe-
APP mimics the neuropathology of AD in transgenic mice.

Nonetheless, little has been known about either the
molecular function of APPgs or its abnormality shared
by three FAD-APPs. Only secretion of AB1-42 has been
reported to be a common target of Ile-APP and Phe-
APP (Suzuki et al., 1994). APP consists of a single
transmembrane structure with a glycosylated extracellular
domain and a short cytoplasmic domain which is well
conserved in evolution. In addition, APP is involved in
signaling of cell adhesion (Ueda er al., 1989; Monning
et al., 1992), neurite outgrowth (Milward et al., 1992;
Mattson et al., 1993; Small et al., 1994) and synaptic
contact (Schubert et al., 1991). While these functions have
been shown with secreted APP, intact APPgys per se may
serve as a cell surface receptor. Recently, APP gene
knockout (Miiller er al., 1994; Zheng et al., 1995) has
suggested the essential role of APP in neuronal develop-
ment and function. We have defined the receptor mimetic
function in APPggs by multiple approaches, and have
suggested that APPgys is a functional G,-linked receptor
(Nishimoto et al., 1993; Okamoto et al., 1995). This
concept is in excellent agreement with the reports showing
that G, mediates signals for neuronal adhesion, contact
and neurite outgrowth (Schuch ez al., 1989; Doherty et al.,
1991; Strittmatter et al., 1994), all similar to the signals
mediated by APP. As the dominant inheritance of this type
of FAD suggests that the function of APP is dominantly
abnormal in FAD-APPs, we theorized that FAD-APPs
carry constitutively active G,-linked receptor function and
that cellular abnormality due to FAD-APP could be
detected by transfecting the cognate cDNA into intact
cells. Here, using a mammalian expression system we
have examined whether apoptosis is an abnormal outcome
executed by FAD-APP. The results show that apoptosis is
a novel phenotype commonly induced by the three FAD-
APPs in a manner linked to the FAD mutations. We also
find that apoptosis by FAD-APP is antagonized by bcl-2
and is mediated by a specific intracellular pathway invol-
ving heteromeric G proteins.

Results

We transiently transfected APPgos and FAD-APP cDNAs
into COS-NKI1 cells by the lipofection method. The
constructs were expressed similarly and to comparable
extents from 1248 h after transfection, as assessed with
immunoblotting (not shown) and immunohistochemistry
(Figure 1). After transfection of FAD-APP, we examined
the evidence for apoptosis in cells expressing FAD-APP.
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Fig. 1. Constructs of APP mutants and their expression in COS-NKI1 cells. Left: APPggs, FAD-APPs (V642I, V642F, V642G) and Ile-APPA20 are
illustrated. Right: immunohistochemical staining of Ile-APP (A), APPggs (B) and Ile-APPA20 (C) by anti-APP antibody after transfection of the
cognate cDNAs. At 48 h after transfection of these APP ¢cDNAs, the sample was fixed and stained with 22C11. Using this procedure, the cells
expressing transfected FAD-APP were stained red and identified using fluoromicroscopy.

We first investigated DNA fragmentation, because it is
a useful marker of apoptosis. After transfection, we
assessed DNA fragmentation with the ELISA assay with
two antibodies directed against histone and DNA. This
immunoassay—which sensitively and selectively detects
nucleosomally fragmented DNA—revealed that transfec-
tion of three FAD-APP c¢cDNAs into COS-NKI cells in
each case augmented the production of oligonucleosomally
fragmented DNA by 3- to 4-fold over that observed by
mock-transfection or that observed in the cells not exposed
to transfection (Figure 2A). These fragmentation levels
were comparable with that caused by high concentrations

of staurosporine, which induce apoptosis in many types
of cells (Jacobson et al., 1993). In contrast, transfection
of APP4ys cDNA did not significantly produce oligonucleo-
somally fragmented DNA as compared with LacZ transfec-
tion, despite a level of expression comparable with those
of FAD-APPs and the fact that only one residue is
different between FAD-APPs and APPgs. Thus, DNA
fragmentation by FAD-APPs must not be an artifact of
transfection. Although this assay does not exclusively
detect apoptosis, it is clear that remarkable fragmentation
of DNA is induced by expression of three FAD-APPs,
but not of normal APPggs.
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ELISA of Oligonucleosomally fragmented DNA (OD405/ODa4g2)

FAD-APP-induced DNA fragmentation is associated
with the formation of a nucleosomal-size ladder of DNA.
We radioactively end-labeled the preparations of DNA
extracted from transfected COS-NK1 cells with Klenow
polymerase. Typical chromatin fragmentation was
observed in DNA extracted from COS-NKI cells trans-
fected with FAD-APP (Figure 2B). Transfection of FAD-
APP ¢DNA (Figure 2B, lanes 3, 6, 7 and 8), but not of
APPgys cDNA (Figure 2B, lane 2) or the negative control
lacZ (Figure 2B, lanes | and 5). yielded nucleosome-
length fragmentation of DNA in agarose gels as early as
12 h post-transfection, which was also observed in stronger
intensities at 24 h post-transfection. The same condition
without plasmids did not yield any ladder (Figure 2B.
lane 9). The 180 bp fragmentation of DNA induced by
FAD-APP transfection was similar to that observed in IL-3-
deprived hematopoietic cells (Figure 2B, lane 4).

We also tested TdT-mediated dUTP nick end-labeling
(TUNEL)., which specifically stains the 3" OH end of
nucleosomally fragmented DNA with exogenous TdT
and digoxigenin—dUTP and visualizes nucleosomal DNA
fragmentation in situ (Gavrieli et al., 1992). The nucleo-
somally fragmented DNA was finally visualized by anti-
digoxigenin antibody conjugated with ALP. With this
method, we detected nucleosomal DNA fragmentation in
situ in COS-NKI cells transfected with FAD-APP cDNA.
Transfection of lle-APP ¢DNA resulted in significantly
increased staining of fragmented DNA (Figure 2C, center
panel). In contrast, transfection of APPgys cDNA (Figure
2C, upper panel) or a vector (not shown) caused virtually
no DNA fragmentation, suggesting that FAD-APP-induced
TUNEL staining is not an artifact. Also, similar expression
of Ile-APPA20 (Figure 1), an lle-APP mutant lacking
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cytoplasmic 20 residues. caused no DNA fragmentation
(Figure 2C. lower panel). again supporting the notion
that a specific mechanism underlies this novel action of
FAD-APP. Thus, it is shown here again that FAD-APP
expression specifically causes COS-NKI cells to undergo
nucleosomal DNA fragmentation.

To examine whether apoptosis occurred in the same
cell that expressed FAD-APP. we doubly stained
FAD-APP and nuclei in COS-NKI1 cells transtected with
FAD-APP ¢cDNA. Nuclear fragmentation, compaction and
condensation are established definitions for apoptosis (Kerr
and Harmon, 1991). We quantitated the percentage of the
FAD-APP-positive cells (transfectant-induced incidence)
and the percentage of the FAD-APP-negative cells (back-
ground incidence) undergoing apoptotic nuclear change.
By comparing the background incidence with the trans-
fectant-induced incidence, one can establish whether the
expression of FAD-APP directly affects apoptosis. With
this assay, we again observed 6- to 7-fold increases in the
incidence of apoptosis by each FAD-APP. and no increase
by APPgys as compared with that by LacZ (Figure 2D).
Furthermore, 72 h after transfection, cytoplasmic con-
densation was observed in all FAD-APP-expressing cells
(data not shown), and then they detached from the plates.
Thus, FAD-APPs evoke typical apoptosis in the cell
expressing these mutants.

Bcl-2 is a well-established inhibitor of apoptosis, and
sensitivity to bcl-2 is accepted as a major criterion for
apoptosis. We thus examined whether Ile-APP-induced
DNA fragmentation is sensitive to bcl-2 in both transient
and stable expression systems. When bc¢l-2 cDNA was co-
transfected into COS-NKI cells, the incidence of apoptosis
induced by Ile-APP expression was significantly reduced
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Fig. 2. FAD-APPx induce apoptosis in COS-NK1 cells. (A) By ELISA. fragmented DNA was measured at 48 h atter transfecting COS-NK1 cells in a 24-
well plate with a control vector. APPoys ¢cDNA. or each FAD-APP ¢DNA. Three independent sets of transfection were done. Data indicate means (= SE)
of histone-associated tragmented DNA (ODj,5/0ODj-) in the homogenate from an entire well. COS-NK1 cells were also treated with I uM staurosporine
for 1 hin serum-tree culture. (B) Cell death is accompanied by nucleosome laddering. COS-NK1 cells were transfected with LacZ (lanes 1 and 5). APPeys
¢DNA (lane 2). lle-APP ¢DNA (lanc 6). Phe-APP ¢DNA (lanes 3 and 7) and Gly-APP ¢DNA (lane 8). Cells were collected from a plate at 12 h left
panel) or 24 h (right panel) after transfection. DNA was isolated. radiolabeled by Klenow polymerase and fractionated on a 1.8% agarose gel. Lane 4. 1L-3-
deprived 32D hematopoietic cells (24-h deprivation): lane 9. COS-NKI cells exposed to the transfection procedure for 24 h in the absence of
plasmids. (C) TUNEL of transtected cells. COS-NK1 cells transfected with APPqys ¢cDNA. Tle-APP ¢DNA or Ile-APPA20 ¢DNA and fixed at 48 h
after transfection. The 3 OH end of nucleosomally fragmented DNA was stained brown by TdT and labeled dUTP. The results in (B) and (C) are
representative of three independent experiments. cach of which yielded similar results. (D) Apoptosis occurs in the same cells that express FAD-APP.
Cells were transfected with APPgys or each FAD-APP ¢DNA. At 48 h after transfection. the cells expressing transfected APP molecules were stained
red with anti-APP antibody 22C11 and the nuclei of all cells were stained green with acridine orange. Red cells were counted throughout the well

= «) and the number of red cells having an apoptotic nucleus (= b). The incidence of apoptosis by FAD-APP was b/a. In cach transfection.
background incidence (¢) of apoptosis was estimated by counting the frequency of APP-non-expressing cells that have apoptotic nuclei in the same
sample. The subtraction (h/a)-c. represents the specitic apoptosis induced by the expression of FAD-APP. The ratios of FAD-APP-induced specific
apoptosis versus APP-induced are indicated. The specific apoptosis by APPggs was 14.4%. The background incidence of apoptosis was constantly
~20% . which represents transtection-induced non-specitic cell damage and/or non-specitic nuclear deformity. as TUNEL indicates that the death rate
of FAD-APP-transfected cells in the background was negligible under the same condition. 0.5 pg lacZ gene was also transfected and visualized by
XGal staining. Data indicate means (= SE) of three independent sets of transfection. In these experiments. the total numbers of APP- or FAD-APP-
expressing cells were 615, 447, 594 and 228 for APPgs. lle-APP. Phe-APP and Gly-APP. respectively. The LacZ data were from 798 LacZ-

expressing cells. ##P < 0.01 by Student’s 7 test
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Fig. 3. Bcl-2 sensitivity of apoptosis by FAD-APP. (A) Transient transfection of bcl-2 cDNA. At 48 h after transfecting COS-NK1 cells with 0.5 ug
Ile-APP ¢cDNA with 0.5 pg bcl-2 cDNA or vector, apoptosis was assessed with apoptotic nuclear morphology as described in the legend of Figure
2D. The specific incidence of apoptosis [(b/a)—c in Figure 2D] is indicated as a percentage of Ile-APP-induced apoptosis, which was 42.7%. As a
control, 0.5 ug APP cDNA was transfected. In co-transfection of bcl-2 cDNA or vector, the levels of Ile-APP expression per cell did not differ. Data
are means (* SE) of three independent sets of transfection. *P < 0.05. (B) The experiment using COS/bcl-2 cells that stably overexpress Bcl-2.
COS/bcl-2 cells (right) or parental COS-NKI1 cells (left) were transfected with or without 0.5 ug Ile-APP cDNA. At 48 h after transfection,
oligonucleosomally fragmented DNA from a well was measured by ELISA. In this figure, 100% indicates 0.125 as OD4o5/ODj9,, Which represents
the DNA fragmentation of non-transfected COS-NKI1 cells. Data are means (= SE) of three independent sets of transfection. **P < 0.01. Inset:
Immunoblot analysis of Bcl-2 in COS-NKI1 cells (left), COS/bcl-2 cells (middle), COS/bcl-2 cells transiently transfected with Ile-APP ¢cDNA (right).
The cell homogenate (100 pg) from each cell line was subjected to immunoblot analysis using anti-Bcl-2 antibody (DAKO, 1/500).

(Figure 3A). We also tested the sensitivity to bcl-2 in
COS-NKI1 cells stably overexpressing Bcl-2 (COS/bcl-2
cells) (Figure 3B, inset). The expression level of Bcl-2
was not affected by Ile-APP transfection. As shown, the
efficacy of Ile-APP in causing DNA fragmentation was
drastically impaired in COS/bcl-2 cells, as compared with
that in parental cells. The expression levels of transfected
Ile-APP were similar in COS-NK1 and COS/bcl-2 cells
(data not shown). Thus, FAD-APP-induced DNA frag-
mentation is sensitive to bcl-2, providing evidence that
FAD-APP causes COS-NK1 cells to undergo bcl-2-
sensitive apoptosis.

The occurrence of death in the same cells that express
FAD-APP indicated that FAD-APP turned on the
intracellular pathways in situ that cause apoptosis. As G,
functions as a signal transducer of APPggs (Nishimoto
et al., 1993; Okamoto et al., 1995), we next examined the
involvement of this and other G proteins in apoptosis by
FAD-APP. When these cells were treated with pertussis
toxin (PTX), Ile-APP-induced apoptosis was totally
blocked without decreasing the expression level of Ile-
APP (Figure 4B). We next examined the effect of
G,0G204A, an interfering mutant of G,o.. As shown in
Figure 4C, co-transfection of G,0G204A cDNA totally
precluded the Ile-APP-expressing cells from apoptosis. In
contrast, co-transfection of Gj;,00G204A cDNA had no
effect on Ile-APP apoptosis under the same condition.
Between these two co-transfections, the levels of Ile-APP
expression were similar (data not shown). These results
strongly indicated that the activity of G,, not G;, was
involved in the action of Ile-APP.
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We also tested the effect of Ile-APPA20, the Ile-APP
mutant lacking cytoplasmic H657-K676. Expression of
Ile-APPA20 in COS-NKI1 cells failed to induce apoptosis,
as assessed by both apoptotic changes of nuclei (Figure
4D) and nucleosomal DNA fragmentation (Figure 2C).
The expression level and the cellular distribution of Ile-
APPA?20 did not differ from those of Ile-APP (Figure 1).
Because H657-K676 is the demonstrated G,-coupling
domain of APPgys (Nishimoto et al, 1993; Okamoto
et al., 1995), these data indicate the essential role of this
cytoplasmic domain and the involvement of relevant G,
activation. Taking all these data together, Ile-APP should
execute apoptosis through G,.

In this study, it seemed unclear whether apoptosis, the
shared phenotype of FAD-APPs, reflects the pathophysio-
logy of FAD, since COS cells originated in the kidney.
One possibility is to use neuronal cells, which are however
disadvantageous in transfecting and expressing exogenous
genes, although such a study is now in progress in our
laboratory. In this study, we tried a different approach to
substantiating the relationship between apoptosis by FAD-
APP in COS-NK1 cells and the pathogenesis of FAD.
The concept that AD is a multi-systemic disease (see
below) allows this possible relationship. For this purpose,
we examined the phenotypic linkage of FAD-APP-induced
apoptosis in COS-NKI1 cells to the FAD trait by carefully
titrating the apoptosis-causing ability of FAD-APPs among
all 19 possible V642 mutants. cDNA encoding each of
APPgys, three FAD-APPs and all other 16 mutants was
transfected into COS-NKI1 cells, which resulted in similar
expression and cellular distribution (not shown). As shown,
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Fig. 4. Involvement of G,, in FAD-APP-induced apoptosis. (A) PTX-catalyzed ADP-ribosylation of COS-NKI1 cells and immunoblot analysis of
COS-NK1. BALB/c 3T3 and F11 cells are indicated. In the lane marked PTX. COS-NKI1 cell membranes (100 pg) were ADP-ribosylated by PTX
and applied to SDS-PAGE. In the four left lanes. cell membranes (100 pg) were analyzed with immunoblotting. Anti-a;> and anti-o, antibodies
were described previously (Okamoto et al.. 1991). Samples were treated with N-ethylmaleimide (Evans er al.. 1986) and were loaded on modified
Laemmli gels (Toutant er al.. 1987). F11 cells are hybridomas of a primary rat DRG neuron and a mouse neuroblastoma NI18TG2 (Platika et al..
1985). (B) PTX inhibits lle-APP-induced apoptosis. COS-NKI1 cells were transfected with 0.5 ug Ile-APP cDNA; at 24 h after transfection. culture
media were changed to DME with 5 ng/ml PTX and 1% CS. and cells were cultured for another 24 h. The specific incidence of apoptosis by Ile-
APP [(bla)—c in Figure 2D] was measured. Apoptotic activity is indicated as a percentage of Ile-APP-induced apoptosis, which was 40.1, 40.1 and
42.8% in B. C and D. respectively. All values were means (= SE) of three independent sets of transfection. In each experiment. APPggs and Ile-APP
c¢DNA were independently transfected. In these figures. the background incidence was similar to that in Figure 2D. (C) Ile-APP-induced apoptosis is
inhibited by dominant-negative G, .. not by dominant-negative G;>o.. After transfecting Ile-APP and G,aG204A cDNAs for 48 h, the specific
incidence of apoptosis by Ile-APP expression cells was measured. Cells were also transfected with 0.5 ug APPgys cDNA or with Ile-APP and
G;>aG204A cDNAs. (D) lle-APPA20 totally loses the ability to induce apoptosis. COS-NKI1 cells were transfected with 0.5 ug APPgys. lle-APP or
lle-APPA20 ¢cDNA. At 48 h after transfection. the incidence of apoptosis was assessed. *P < 0.05: **P < 0.01: n.s., not significant

the three FAD-APPs yielded the highest incidence of
apoptosis among all other mutants, with wild-type APP¢gs
the lowest (Figure 5). This experiment was independently
repeated three times; each time, 20 individual cDNAs
were transfected simultaneously. Notably, each experiment
showed virtually the same order of apoptosis induction
among APP mutants. Therefore, apoptosis by APP mutants
was phenotypically linked to the FAD trait in our system.
suggesting that apoptosis by FAD-APPs reflects a key
pathological process of FAD.

Discussion

We have herein shown that three FAD-APPs, V642I,
V642F and V642G, all cause COS-NKI1 cells to undergo
apoptosis. This study thus defines apoptosis to be a
novel phenotype shared by the three FAD-APPs, which
potentially explains the mechanism underlying FAD. It is
also shown here that the cytoplasmic domain H657-K676
is critical for FAD-APP-induced apoptosis. Although the
significance of apoptosis in AD has not been generally
established. apoptosis is thought to be the most likely
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Fig. 5. Apoptosis by APPggs carrying a V642 substitution to each of
all 19 residues. This figure shows incidence of apoptosis induced by
V642X mutants of APPgg5 in COS-NK1 cells. COS-NKI1 cells were
transfected with each APP mutant cDNA, and the specific incidence of
apoptosis was measured and indicated as a percentage of Gly-APP-
induced apoptosis, which was 43.4%. Data indicate means (* SE) of
three independent sets of simultaneous transfection. The residues that a
single base mutation can make from GTC, the V642 codon of human
APPggs, are encircled. *P < 0.05; **P < 0.01.

candidate for the pathogenesis of this disecase (Bredesen,
1994). Recently, Lassmann et al. (1995) evaluated cell
death in AD brains using TUNEL, and concluded that
~30 times more cells showed DNA fragmentation in AD
as compared with age-matched controls. The present
study also shows that normal APPggs has little effect on
apoptosis. This phenotypic dominance of FAD-APPs over
normal APP fits well with the dominant inheritance of the
FAD trait, suggesting a close relationship between this
cytotoxic effect of FAD-APPs and the AD phenotype. In
further support, the experiment with all possible V642
mutants revealed that apoptosis by APP mutants is pheno-
typically linked to the FAD trait in the present system. It
should also be underscored that, except for I/F/G, A/D/L
are all possible amino acids that a single base mutation
can create from GTC, the V642 codon of human APPggs.
The present data, indicating that none of the A/D/L
changes yielded significant increase in apoptosis, are
extremely consistent with the genetic results that I/F/G
are all mutations that have been found in FAD. Taken
together, apoptosis induced by FAD-APP in this system
should reflect a key pathological process of FAD.
Evidence has accumulated indicating that AD is not
merely a neuronal disease but a systemic disorder, as
biochemical changes which mirror those in the brain have
been detected in non-neuronal tissues including fibroblasts,
lymphocytes and platelets (Peterson and Goldman, 1986;
Huynh ez al., 1989; Blass et al., 1991; Gibson and Toral-
Barza, 1992; Molchan et al., 1993; Ito et al., 1994).
Conversely, not all neuronal tissues are susceptible to
Alzheimer disorders. Cerebellar neurons, for instance, are
substantially spared from degeneration in this disease,
despite diffuse AP deposition. Therefore, the tissue speci-
ficity of AD lesions does not fit into a classification
focusing only on neurons and non-neurons. These facts
suggest the presence of an as yet unidentified molecular
basis which would produce such characteristic tissue

504

CM/Ile-APP

S0uM AP1-42 s

Fig. 6. AB1-42 or CM/COS-Ile-APP fails to induce apoptosis in COS-
NKI cells. Effects of 50 uM synthetic AB1-42 and CM/COS-Ile-APP
were examined on nucleosomal DNA fragmentation in COS-NK1
cells. In the upper panel, COS-NKI1 cells were cultured in the presence
of 50 uM AP1-42 for 48 h, and DNA fragmentation was assessed with
TUNEL. In the lower panel, COS-NKI1 cells were cultured with CM/
COS-Ile-APP for 48 h. CM/COS-Ile-APP represents the conditioned
media obtained from COS-NKI1 cells transfected with Ile-APP cDNA
for 48 h, as in the legend of Figure 1.

specificity, and would also provide scientific grounds for
the study of FAD-APP-induced cytotoxicity using non-
neuronal cells. In addition, COS cells have an obvious
advantage over neuronal cells with regard to growth
velocity, transfection efficiency, and the high-level expres-
sion of exogenous genes. The present FAD-APP expression
system using COS-NK1 cells thus deserves rigorous
investigation as a model to analyze the mechanism for
FAD-APP-induced cytotoxicity linked to FAD and to
understand the basis for the tissue specificity of AD.

It is unlikely that humoral factors secreted from FAD-
APP-expressing cells, including soluble APP, mediate
apoptosis by FAD-APP, because (i) apoptosis only
occurred in the same cell that expressed FAD-APP and
(ii) the conditioned media of Ile-APP-transfected NK1
cells (CM/COS-Ile-APP) which were undergoing
apoptosis caused virtually no apoptosis in untransfected
NKI1 cells (Figure 6). In addition to these different lines
of evidence, we find it very unlikely that secreted AB1-40
mediates this response, because its secretion decreases
from FAD-APP-expressing cells as compared with that
from APP-expressing cells (Cai et al., 1993; Suzuki et al.,
1994; Tamaoka et al., 1994). Furthermore, 50 uM synthetic
APB1-40 had no effect on nucleosomal DNA fragmentation



or on other apoptotic events in our system (data not
shown).

We next focused on AP1-42, a longer version of AP.
It should be stressed that secretion of this AP species
increases from FAD-APP-expressing cells (Suzuki et al.,
1994) and that AB1-42 is the major (Tamaoka et al., 1994)
and the earliest (Iwatsubo et al., 1994) constituent of
senile plaques in AD. However, no significant DNA
fragmentation was induced in COS-NKI1 cells by 50 uM
synthetic AB1-42 (Figure 6). This concentration was as
high as near saturation of this peptide. Failure of apoptosis
induction was also the case with CM/COS-Ile-APP supple-
mented with 50 UM synthetic AB1-42 (data not shown).
Secondly, COS cells transfected with each of three FAD-
APP cDNAs exhibited no augmentation in the net secretion
of AB1-42 as compared with COS cells transfected with
normal APP (Tamaoka et al., 1994). In addition, the
concentration of AP1-42 in the conditioned media of
FAD-APP-transfected COS cells has been reported to be
at picomolar levels (Tamaoka et al., 1994). Thus, the
failure of apoptosis by 50 uM AP1-42 with or without
CM/COS-Ile-APP clearly indicates that secreted Ap1-42
cannot mediate the apoptosis by FAD-APPs.

To exclude AP1-42 mediation definitely, we tested Ile-
APPA41/42, a mutant Ile-APP which lacks the 41st and
42nd residues of the AR domain and hence encodes only
AB1-40 but not AB1-42. This construct was expressed in
COS-NK1 cells to a level comparable with that of Ile-
APP (data not shown). Expression of Ile-APPA41/42
caused COS-NKI1 cells to undergo apoptosis to a degree
comparable with that induced by Ile-APP [84.5 * 3.1%
(mean * SE, n = 3) of lle-APP-induced specific apoptosis
incidence]. Thus, the intermediary role of AP1-42 was
very unlikely, suggesting an AB-independent mechanism
whereby FAD-APPs induce cytotoxicity. This is however
not surprising, as intracellular induction of an APP cyto-
plasmic tail causes cytotoxicity without increasing AR
secretion (Hayashi et al., 1992; Yoshikawa et al., 1992).

Although the involvement of AP was less likely as
far as FAD-APP-induced apoptosis in our system was
concerned, this may not deny the significance of AP in
the pathophysiology of AD. AP could be related to a
number of other pathological processes and even to
neuronal loss by its own mechanism. An important point
is that there is a cellular mechanism whereby FAD-APP
can cause cell death without mediation of secreted AB.
This study does not exclude the possibility that Ap1-42
cleavage, but not its secretion, may be involved in the
mechanism of FAD-APP to trigger apoptosis. The onco-
genic conversion of EGF receptor to v-erbB suggests that
areceptor signal can be turned on by losing an extracellular
regulatory portion. Given the fact that normal APPggs
encodes a potential receptor (Okamoto et al., 1995), it is
conceivable that the augmented cleavage of AB1-42 from
FAD-APP may turn on the death signal encoded by
its cytoplasmic H657-K676 domain. Alternatively, FAD-
APPs may turn on their cytotoxic effect through the
mechanism totally independently of AP cleavage.

Of major interest are the findings indicating that hetero-
meric G proteins mediate FAD-APP-induced apoptosis.
The evidence strongly suggests that the G protein is G,.
The PTX sensitivity indicated the involvement of G; or
G, in FAD-APP-induced apoptosis, as PTX is a specific
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inhibitor of both G proteins. The experiments with
G,0G204A or G;,0G204A clarified the selective role of
G, in apoptosis by FAD-APP. It has been established that
these Go. mutant constructs act as dominant-negative
mutants of the cognate Go by sustaining an inactive GDP-
bound conformation and thereby mask receptors from
endogenous Gou (Hermouet et al., 1991; Slepak et al.,
1993). Thus, the results indicated that the functional
‘knockout’ of G0, not G;a, resulted in the abolition of
apoptosis by Ile-APP. Furthermore, the failure of apoptosis
by Ile-APPA20 provided an additional independent line
of evidence for the involvement of G,,. Similar expression
of Ile-APPA20 cDNA in the same system failed to induce
apoptosis. Ille-APPA20 is the mutant Ile-APP specifically
lacking the cytoplasmic H657-K676. Hence, the result
indicates that this region plays a critical role in apoptosis
by Ile-APP and that the target of this region is the mediator
of FAD-APP apoptosis. It has been shown that: (i) the
H657-K676 peptide is a G,-specific activator; (ii) without
this region, APPgys fails to bind G,; (iii) recombinant
APPgy5 couples to G, but not G; in vesicles and (iv) anti-
H657-K676 monoclonal antibody blocks the coupling of
APPgys to G, (Nishimoto et al., 1993; Okamoto et al.,
1995). Therefore, the known target of H657-K676 is only
G, and not G;, which provides strong evidence that the
PTX-sensitive G protein involved in Ile-APP-induced
apoptosis is G,. Taking all data together, G, is the most
likely mediator involved in the action of Ile-APP in the
present system.

APPgy5 can interact directly with and activate G, through
H657-K676 (Okamoto et al., 1995); the present study
indicates that Ile-APP without H657-K676 loses the ability
to induce apoptosis. It is thus highly likely that FAD-
APPs turn on the apoptosis induction pathway by directly
activating G,,. In fact, we have demonstrated that three
FAD-APPs behave like constitutively activated G,-coupled
receptors in reconstituted vesicles (unpublished observa-
tion). G, belongs to the heteromeric G protein family,
which mediates signals of cell surface receptors to
intracellular effectors. Although the action of G, has
not been well defined, accumulated evidence indicates a
critical role of G, in normal neuronal function and
development (Hescheler et al., 1987; Ito et al., 1988; Goh
and Pennefather, 1989; Granneman and Kapatos, 1990;
Guillén et al., 1990; Strittmatter et al., 1990, 1994; Igarashi
et al., 1993). G, is a major membrane protein in the brain
(Huff et al., 1985) and is concentrated in the gray matter
and hippocampus, which corresponds well to the brain
areas severely afflicted by AD. At first, G, was thought
to be limited to neurons and neuroendocrine cells, but
was later reported in various tissues and cells (Toutant
et al., 1987; Olate et al., 1989; Spicher et al., 1991; Sebok
et al., 1993; Baffy et al., 1994; Mulheron et al., 1994).
Although the mechanism of G protein-linked apoptosis
needs further investigation, this study delineates a novel
intracellular messenger system for cell death by FAD-
APPs.

The intermediary role of G proteins in the action of
FAD-APP opens up a new idea: various insults causing
activation of the G protein could induce pathophysiology
at least partly similar to that induced by FAD-APPs. This
is also the case with the downstream pathway of G
proteins; those which bypass G proteins and activate the
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Fig. 7. The Neu transformation system and the FAD-APP apoptosis system. Right: this study shows that FAD-APP induces apoptosis through
G-protein activation. Thus, it is reasonable to assume that any other G-coupled receptor mutants with constitutive activity could induce biological
abnormalities similar to those induced by FAD-APP. In fact, a protein with seven putative transmembrane domains has been identified as being
responsible for FAD linked to chromosome 14 (Sherrington et al., 1995). This theory also allows for the possibility that the insults bypassing the G
protein and activating its downstream pathway could cause cellular malfunction similar to that induced by FAD-APP. Left: c-ErbB2 is a normal
receptor tyrosine kinase and is converted to oncogenic Neu by transmembrane V664E. Neu has autoactive kinase and causes transformation, whereas
c-ErbB2 has no transforming activity. In the FAD-APP system, activation of the downstream machinery by FAD mutations causes apoptotic cell
death, whereas normal APP has no such activity. In both cases, point mutations of receptors induce dominant abnormality in their effector systems
and cause cellular malfunctions that are probably critical processes of the diseases.

downstream targets could mimic abnormalities induced
by FAD-APPs. This novel theory allows for the possibility
that various causes may induce similar or the same type
of AD and may well explain the conclusion of genetic
analysis that AD is a heterogeneous disease caused by
abnormalities of various genes. Recently, the chromosome
14 gene responsible for another type of FAD has been
identified and shown to encode a membrane integral
protein with seven putative transmembrane domains
(Sherrington et al., 1995). As such structured proteins are
most likely G protein-coupled receptors, this discovery
might provide strong support for the concept that abnor-
mality in G protein-linked pathways is a common promoter
of AD, although the real function of this protein remains
unknown.

This study also highlights the similar mechanistic frame-
works in the Neu-induced transformation system and the
FAD-APP-induced apoptosis system (Figure 7). In the
former system, activation of the downstream machinery
by the Neu mutation leads to transformation (Bargmann
et al., 1986). In the FAD-APP system, activation of the
downstream machinery by the FAD mutations likely
causes apoptosis. In both cases, point mutations in the
transmembrane domains of cell surface molecules induce
a dominant abnormality in their effector systems. These
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cellular malfunctions (transformation and apoptosis) are
probably essential processes in the mechanism of diseases
such as cancer and AD. As studies of tyrosine kinases
have provided a growing body of information useful in
cancer research, further studies of FAD-APP-induced
apoptosis are expected to contribute significantly to analyz-
ing and developing therapies for this disease.

Finally, the question must be addressed of why the
apoptotic effect of FAD-APP is considerably rapid, when
it takes many years for FAD to develop. One possibility
is that expression of the cell death apparatus necessary for
this effect of FAD-APP is age-dependent. The mechanism
underlying this effect should thus be further delineated.
Alternatively, in asymptomatic kindreds, the cell death
effect of FAD-APP may be antagonized by a certain
defense mechanism of the body, which deteriorates after
several decades of life. In this regard, it is quite interesting
that many cytokines and serum factors have been reported
to antagonize apoptosis in a cell death-specific manner.

Materials and methods

Materials
Human bcl-2 ¢DNA under the control of the SV40 promoter, provided
by Drs S.J.Korsmeyer (Washington University, MO) and J.Yuan



(Massachusetts General Hospital, MA) and lacZ gene under the control
of the B-actin promoter, were from Dr J.Yuan (Miura et al., 1993).
G,0G204A c¢DNA was provided by Dr S.M.Strittmatter (Strittmatter
et al., 1994). AB1-40 and AP1-42 were purchased from Sigma and
Backem, respectively.

Construction of mutants

For construction of APP mutants, the Sacl-BamHI fragment of mouse
APPgys cDNA (Nishimoto er al., 1993) was initially subcloned in
M13mp18. Oligonucleotide-directed mutagenesis was conducted by the
Kunkel method. The Sacl-Xbal fragment of each APP mutant cDNA
was inserted into pVL1393-APP (Nishimoto et al., 1993). We used
ACCGTGATTATCATCACCC for V6421, ACCGTGATTTTCATCA-
CCC for V642F, CCGTGATTGGCATCACCCT for V642G, CCGTG-
ATTCGCATCACCCT for V642R, ACCGTGATTCTCATCACCC for
V642L, CCGTGATTGACATCACCCT for V642D, CCGTGATTGCCA-
TCACCCT for V642A, CCGTGATTTACATCACCCT for V642Y,
CCGTGATTTGCATCACCCT for V642C, CCGTGATTTCCATCACC-
CT for V642S, CCGTGATTAACATCACCCT for V642N, CCGTG-
ATTACCATCACCCT for V642T, CGTGATTATGATCACCCTG for
V642M, CCGTGATTCACATCACCCT for V642H, CCGTGATT-
CCCATCACCCT for V642P, CGTGATTGAGATCACCCTG for V642E,
CGTGATTTGGATCACCCTG for V642W, ACCGTGATTAAGATCA-
CCC for V642K, ACCGTGATTCAGATCACCC for V642Q and GATG-
ATAATCACGGTGACAACGCCGCC-CAC for lle-APPA41/42. All
mutations were verified by DNA sequencing. The BamHI fragment
of each APP mutant was subcloned into pcDNAI. Ile-APPA20 was
constructed using the following primers: AAACAGTACACAT-
CCATCATGCAGCAG (Internal primer IP1) and ATATCCGTTCTGC-
TGCATGATGGATGT (IP2) and AACGACGCTCTCATGCCT (External
primer EP1) and AATGGGGAAGCTGTCTTCCAT (EP2). After ampli-
fication of two fragments of Ile-APP cDNA by PCR using two combina-
tions of the primers (EP1/IP2 and EP2/IP1), those fragments were mixed
and amplified by PCR using the two external primers to generate a
fragment lacking H657-K676. This fragment was subcloned into pVL-
APP (Nishimoto et al., 1993), utilizing Sacl and Xbal restriction sites.
The sequence was verified to lack H657-K676 and not to contain the
unwanted mutation in the region which was through PCR. The entire
Ile-APPA20 fragment (~2 kb) was recovered with BamHI digestion and
subcloned into pcDNA 1. Some of the APP constructs were also subcloned
into pECE, which yielded similar results.

Cell clones
We screened COS cell clones that significantly express G, immunoreac-
tivity, and a clone was selected (Figure 4A). It was named COS-NKI1,
which was originally a COS-7 clone provided by K.Bloch (Massachusetts
General Hospital, MA), grown in Dulbecco’s modified Eagle’s medium
(DME) supplemented with 10% CS and streptomycin/penicillin, and
used in this study. No significant apoptosis was induced by FAD-APPs
in usual COS-7 cells obtained from ATCC. For transient transfection,
NK1 cells were seeded at 4X 10%well in a 24-well plate or at 10%dish
in a 100-mm dish and cultured for 24 h in DME plus 10% CS
and penicillin/streptomycin. Cells were transfected with cDNA and
LipofectAMINE (Gibco) (cDNA and LipofectAMINE, 0.5 pg and 1 pl
in a 24-well plate for ELISA, TUNEL and immunohistochemical assay;
10 pg and 20 pl in a 100-mm dish for immunoblotting and DNA
laddering) in DME. This protocol yielded similar expression of cDNAs
between these two settings. Media were changed to DME plus 1% CS
after 24-h serum-free culture. After another 24-h culture, cells were
fixed or lysed. For stable expression of bcl-2, COS-NKI cells were
transfected by the calcium phosphate method using 10 ug bcl-2 cDNA
in pBabe/Puro. Cells were selected with 3 pg/ml puromycin. After 2-3
weeks, a clone was chosen and amplified for future studies.
Fragmented DNA associated with histone was detected using an
ELISA kit (Boehringer Mannheim) according to the manufacturer’s
instructions. Cells were seeded onto 24-well plates 24 h before transfec-
tion. After transfection, cell lysates were centrifuged for 10 min at
15 000 r.p.m. and the supernatants loaded on wells precoated with anti-
histone antibody. After washing, labeled anti-DNA antibody was loaded
on those wells. ABTS was added and OD4s/OD49, measured by a
microplate reader.

Ladder assays

For the ladder assay, DNA was extracted from cells treated with lysis
buffer (100 mM Tris-HCI, pH 8.5, 5 mM EDTA, 0.2% SDS, 200 mM
NaCl, 100 pg/ml Proteinase K). The cell lysate was incubated at 37°C
for 4 h with agitation, and subjected to isopropanol precipitation, two
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phenol/chloroform extractions and ethanol precipitation. The extracted
DNA was finally resolved in TE buffer (10 mM Tris-HCI, pH 8.0 and
1 mM EDTA), to which 10 ug/ml RNase was added. The nucleosomal-
size ladder of DNA was visualized in an agarose gel, as described (Rosl,
1992). Briefly, the sample (1 pg DNA) was incubated with 5 U Klenow
polymerase and 0.5 uCi [*?P]dCTP in 10 mM Tris-HCI, pH 7.5 and
5 mM MgCl, for 10 min. The reaction was terminated by addition of
10 mM EDTA and incubation for 10 min at 75°C. The unincorporated
nucleotides were removed by three consecutive precipitation cycles of
2.5 M ammonium acetate/isopropanol, and the labeled DNA was
resuspended in the TE buffer. The sample (0.25 ng DNA) was subjected
to 1.8% agarose gel electrophoresis and autoradiography.

Immunohistochemical analysis and TUNEL
Immunohistochemical analysis and nuclear staining were performed as
described by Miura er al. (1993). The sample was fixed in methanol/
acetone at —20°C for 5 min, dried, incubated with PBS plus 1% BSA
and 5% CS for 1 h, incubated with 22C11 (0.5 pg/ml) for 2 h, washed
with PBS, incubated with Texas Red-labeled anti-mouse IgG (Jackson
ImmunoResearch, 1/100) for 45 min, washed with PBS and incubated
with 5 uM acridine orange for 5-10 min. Samples were examined with
a fluorescence microscope. For the X-Gal staining, cells were washed
with PBS, fixed with 2.5% glutaraldehyde, 2 mM MgCl,, 2 mM EGTA
in PBS for 10 min and stained with X-Gal buffer with 0.1% Triton X-
100 for 1 h.

TUNEL was performed with a kit distributed by Oncor. COS-NKI
cells (4X10%well) were seeded onto a slide glass set inside a 24-well
plate in the presence of complete media. After similarly performed
transfection and incubation, the slide glass was subjected to procedures
for TUNEL, according to the manufacturer’s instructions.

The profiles of the time-course of apoptosis detected by the assays
used in this study (DNA laddering, ELISA, TUNEL and nuclear
morphology) were each different, depending on the aspect of apoptosis
focused on in each assay. To begin detecting apoptotic abnormality at a
significant level, the DNA laddering assay took 12 h after transfection
of FAD-APP cDNA:s, the ELISA and TUNEL assays needed 24 h, and
the nuclear morphology assay required 36 h. The optimal time points
were 24, 24-48 and 48 h, respectively, based on where we set the period
for each assay. However, the expression timing of transfected cDNA
was not synchronized, and APP mutants were randomly expressed in
cells during 2-3 days post-transfection. It is therefore underscored that
the time-dependency, which was different among these assays, did not
reflect the sequential events of apoptosis occurring in an individual cell.

All results presented in this study were repeated at least three times,
and most more than five times, with independent sets of transfection,
each of which yielded similar results. Statistical significance was
determined with Student’s ¢ test.
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