and bind DNA through the heterologous
Gal4 peptide, the confounding effects of the
stress-induced modification of the dimeriza-
tion partners of CHOP is avoided. MMS
treatment or overexpression of p38 markedly
activated a reporter gene driven by Gal4
binding sites only when the CHOP-Gal4
chimeric protein was present (7.9 and 10
times as much, respectively); overexpression
of SAPK-1 or ERK2 was without effect.
The effect of MMS and p38 appeared to be
dependent on CHOP phosphorylation be-
cause in cells expressing CHOP-Gal4 with
an Ala™8! substitution, reporter gene ex-
pression was not enhanced by these stimuli
(Fig. 3C).

Overexpression of CHOP leads to atten-
uated adipocytic differentiation of 3T3-L1
cells (6). This effect is dependent on the
ability of the protein to dimerize and bind
DNA. We compared the ability of wild-type
and of Ala8! CHOP to inhibit adipocytic
differentiation in 3T3-L1 cells. Both pro-
teins inhibited differentiation; however, cells
expressing wild-type CHOP showed less lip-
id accumulation than cells expressing the
Ala”8! substitution mutant (Fig. 3D). Thus,
we conclude that Ser”® and Ser®! are neces-
sary for the full biological activity of CHOP.

Under favorable conditions, CHOP is
not present in cells. Stress leads to accumu-
lation of CHOP in the nucleus. Our results
indicate that stress also leads to phosphoryl-
ation of the protein and that this modifica-
tion results in enhanced transcriptional ac-
tivation by CHOP. The CHOP accumula-
tion in response to stress is apparently de-
pendent on the activity of cellular kinases
because it can be inhibited by the broad-
spectrum kinase inhibitors 2-aminopurine
and H7 (I). However, the signaling pathway
that activates CHOP phosphorylation is dis-
tinct from the one that leads to CHOP
expression; an inhibitor of p38 does not
block CHOP expression (Fig. 2B). Perhaps
the potent ability of CHOP to modify cell
growth and differentiation requires careful
modulation beyond that provided by the
mechanisms that control expression of the
protein. The stress-activated p38 appears to
serve a specific role in this fine-tuning of
CHOP activity.
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G Protein—-Mediated Neuronal DNA
Fragmentation Induced by Familial Alzheimer’s
Disease—-Associated Mutants of APP

Tomoki Yamatsuiji,* Takashi Matsui, Takashi Okamoto,
Katsumi Komatsuzaki, Shizu Takeda, Hiroaki Fukumoto,
Takeshi Iwatsubo, Nobuhiro Suzuki, Asano Asami-Odaka,

Scott Ireland, T. Bernard Kinane, Ugo Giambarella,
Ikuo Nishimoto§

Missense mutations in the 695-amino acid form of the amyloid precursor protein (APPgg,)
cosegregate with disease phenotype in families with dominantly inherited Alzheimer’s
disease. These mutations convert valine at position 642 to isoleucine, phenylalanine, or
glycine. Expression of these mutant proteins, but not of hormal APPy,, was shown to
induce nucleosomal DNA fragmentation in neuronal cells. Induction of DNA fragmentation
required the cytoplasmic domain of the mutants and appeared to be mediated by het-
erotrimeric guanosine triphosphate-binding proteins (G proteins).

Alzheimer’s disease (AD) is characterized
pathologically by the presence of senile
plaques and neurofibrillary tangles as well as
extensive neuronal loss in the brain (1).
Senile plaques are extracellular deposits
whose major constituent, B-amyloid (AB),
is cleaved from the transmembrane precur-
sor APP (2). Alternative splicing of tran-
scripts from a single gene results in at least
10 isoforms of APP (3), of which APPys is
preferentially expressed in neuronal tissues.
V6421, V642F, and V642G—three mis-
sense mutations in which Val®*? in the
transmembrane domain of APPys is re-
placed by Ile, Phe, or Gly, respectively—
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have been associated with dominantly in-
herited familial AD (FAD) (4). These mu-
tations cosegregate with the AD phenotype
(5) and account for most, if not all, of the
evidence for linkage of AD to chromosome
21 (4). Overexpression of such APP mu-
tants mimics the neuropathology of AD in
transgenic mice (6).

Recent studies of mice in which the APP
gene has been disrupted (7) have suggested
an essential role for normal APP in neuro-
nal development and function. To elucidate
the function of APPyy, and its mutants, we
used F11 cells (8), hybrids of a primary rat
dorsal root ganglion neuron and a mouse
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Fig. 1. Immunoblot analysis of the expression of
APPggs, the three FAD APP mutants, and
V642IAH657-K676 in F11 neuronal cells. Thirty-
six hours after transfection with the APP ¢DNAs,
cells were lysed, and the lysate (20 pg of protein
per lane) was subjected to SDS—-polyacrylamide
gel electrophoresis on a 7.5% gel and immunoblot
analysis with antibody 22C11 to APP. Similar data
were obtained when blots were probed with anti-
body AC-1 to the COOH-terminus of APP. The
arrow indicates the expressed APP proteins. Mo-
lecular size standards are indicated in kilodaltons.

neuroblastoma cell line N18TG2 that ex-
hibit neuronal traits. Nucleosomal DNA
fragmentation in these cells was directly
assessed by the terminal deoxynucleotidyl
transferase (TdT)-mediated deoxyuridine
triphosphate (dUTP) nick end-labeling
(TUNEL) assay (9). The extent of end-
labeling was standardized by cell population
and quantitated by sampling randomly cho-
sen fields in an entire well with an image
analysis system; data were collected from
multiple independent transfections (9).
Normal and mutant APPgs cDNAs (10)
were transiently transfected into F11 cells
(11), and expression was detected 12 to 48
hours after transfection (Fig. 1). The
amount of expression was similar for normal
APPy5 and the FAD mutants. Transfection
of F11 cells with lacZ ¢cDNA induced little
DNA fragmentation after 36 hours (Fig. 2).
Under the same conditions, transfection
with V6421, V642F, or V642G APP cDNA
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V642| APP

V642IAH657-K676

Fig. 2. Effects of APP mutants on nucleosomal DNA fragmen- B

tation. (A) TUNEL analysis of fragmented nucleosomal DNA in 8-
F11 cells 36 hours after transfection with LacZ, APPggs, V642!
APP, or VB642I1AHB57-KB76 constructs as indicated. The 3’-
OH ends of fragmented DNA are specifically stained brown by
exogenously added TdT and digoxigenin-labeled dUTP. (B)
Quantitation of DNA fragmentation induced by FAD APP mu-
tants. TUNEL of F11 cells 36 hours after transfection with the
indicated constructs was quantitated by image analysis. Data
were analyzed as described (9) and are means + SE from at

least three independent transfections.

resulted in marked nucleosomal DNA frag-
mentation. Transfection with normal
APPgys cDNA had virtually no effect on
DNA fragmentation. Similarly, expression
of V6421AH657-K676, a V6421 APP mu-
tant lacking the 20 cytoplasmic residues
(His®*7 to Lys®), did not induce DNA
fragmentation.

Although AB(1-42) is the major and
earliest constituent of senile plaques in AD
(12), fragmentation of DNA was not in-
duced in F11 cells by 50 pM synthetic
AB(1-42) (Fig. 3) or by 50 pM synthetic
AB(1-40) (13), which has been shown to
induce apoptosis in other cultured cells (14).
Moreover, DNA fragmentation in untrans-
fected F11 cells was not induced by the
medium (CM/F11-V642I) conditioned by
transfected F11 cells expressing V6421 APP,
which were themselves undergoing substan-
tial DNA fragmentation. We also excluded
the possibility that F11 cells expressing
V6421 APP secrete a factor that enhances
the effect of AB(1-42), because the combi-
nation of 50 uM AB(1-42) and CM/F11-
V6421 also did not induce DNA fragmenta-
tion in untransfected F11 cells.
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We next measured the concentrations of
AB(1-40) and AB(1-42) in the condi-
tioned medium of F11 cells transfected with
each FAD APP mutant (Table 1) (15). As
has been described (16, 17), secretion of
AB(1-40) from cells expressing the three
FAD APP mutants was reduced relative to
that from cells expressing normal APPy,
whereas secretion of AB(1-42) was in-
creased. However, the concentrations of
both AB peptides were in the picomolar
range in the medium of F11 cells trans-
fected with the mutant cDNAs. Given that
50 puM AB(1-42) failed to induce DNA
fragmentation in the presence or absence of
CM/F11-V642l, these data indicate that
secreted AB(1-42) was not responsible for
the DNA fragmentation induced by the
FAD APP mutants. This conclusion is sup-
ported by our results with V6421A41/42
(10), a mutant V6421 APP that lacks the
41st and 42nd residues of the AB region
and hence encodes AB(1-40) but not
APB(1-42). V6421A41/42 was expressed as
efficiently as V6421 APP in F11 cells (13)
and also induced DNA fragmentation to a
similar extent (Fig. 3).
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Fig. 3. Effects of AB(1-42), CM/F11-V642l, and
V6421A41/42 on DNA fragmentation. The effects of
50 M AB(1-42), CM/F11-V642l, or both on nu-
cleosomal DNA fragmentation were examined
after incubation with untransfected F11 cells for
48 hours (incubation for 36 hours yielded similar
results). CM/F11-V642| represents medium
conditioned for 48 hours by F11 cells trans-
fected with V642 APP cDNA (medium condi-
tioned for 36 hours yielded similar results). F11
cells expressing V6421 APP and V6421A41/42
were also analyzed by TUNEL 36 hours after
transfection. Data are means + SE of at least
three independent experiments.

Our results suggest that residues His®*’

to LysS76 are critical for the induction of
DNA fragmentation by the FAD APP mu-
tants. It has previously been shown that
(i) the His®>7—Lys7 peptide is a specific
activator of the heterotrimeric GTP-bind-
ing protein G, (18, 19); (ii) without this
region, APPyy; cannot bind G, (18); (iii)
recombinant APP¢y, couples to G, but not
to G, in reconstituted vesicles (20); and
(iv) a monoclonal antibody to His®*’—
Lys®7® blocks this coupling of APP4ys to
G, (20). We therefore examined the role
of G proteins in DNA fragmentation in-
duced by V6421 APP. Pertussis toxin

Fig. 4. Role of G proteins in DNA fragmen- A

tation induced by V6421 APP. (A) Inhibition
of V642l APP-induced DNA fragmentation
by PTX. Twenty-four hours after transfec-
tion of F11 cells with V642! APP cDNA, the
culture medium was changed to Ham's F12
medium with or without PTX (100 ng/ml)
and the cells were cultured for an additional
12 hours. Cells were then subjected to
TUNEL analysis. (B) Upper panel: Inhibition
of V6421 APP-induced DNA fragmentation
by Ga (G204A) but not by Ga,,(G204A).

TUNEL staining

F11 cells were transfected with 0.5 pg of V6421 APP cDNA, in the %

Table 1. Concentration of AB(1-40) and AB(1-
42) in the conditioned media of F11 cells trans-
fected with various APP constructs. F11 cells (1 X
106) were seeded into 100-mm dishes 24 hours
before transfection with 10 ng of cDNA and 20 pl
of Lipofectamine, as described (77). Forty-eight
hours after transfection, the concentrations of the
two AB peptides in the medium were determined
(75). Data are means * SE of three independent
transfections.

(% total cell area)

AB(1-40) AB(1-42)
Transfectant M) M)
APPgog 63.2 + 3.1 53+x1.0
V642| APP 47.4 + 3.1 94 +04
V642G APP 432 + 3.2 105+ 0.6
V642F APP 472 + 3.6 71 07
V642I- 56.1 = 3.2 9.2 +07
AH657-K676

(PTX) (100 ng/ml), an inhibitor of G, and
G,, prevented apoptosis induced by V6421
APP (Fig. 4A) (21); DNA fragmentation
was inhibited only slightly by PTX at 10
ng/ml. PTX at 100 ng/ml did not attenuate
the expression of V6421 APP in these cells
or affect secretion of AB(1-40) or AB(1-
42) (22). This effective concentration of
PTX was typical for its effect on G, in
neuronal cells (23).

Cotransfection of F11 cells with cDNA
encoding Ga,(G204A), a specific inhibitor
of the a subunit of G in which Gly?* is
replaced by Ala (24), antagonized DNA
fragmentation induced by V6421 APP (Fig.
4B). In contrast, cotransfection of cells with
cDNA encoding Ge,,(G204A) (24), a
Ga;, homolog of Ga,(G204A), had virtu-
ally no effect on V6421 APP-induced DNA
fragmentation under the same conditions.
Neither of these cotransfections affected
the expression of V6421 APP (13). Trans-
fection of these two G204A constructs re-
sulted in an increase in cholera toxin—stim-
ulated adenylyl cyclase activity [58 = 15%

absence or presence of 0.5 pg of Ga (G204A) or Go,,(G204A) cDNA, 5 !

with the use of 1 ul of Lipofectamine. DNA fragmentation was assessed

by TUNEL 36 hours after transfection. Nontransfected cells and cells transfected with LacZ or APPg
constructs are shown as controls. Lower panel: Expression of Ga (G204A) or Gu,(G204A) by cDNA
transfection in F11 cells. Cells were transfected with V642| APP cDNA and either Ga,(G204A) cDNA (lane
2) or Ga (G204A) cDNA (lane 3); after 36 hours, cell lysates were prepared and subjected to immunoblot
analysis with antibodies to Ge, and to Ga,. Lane 1 indicates analysis of untransfected F11 cells. Data in (A)
and (B) are means = SE from at least three independent transfections.
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and 21 * 8% of the cholera toxin (0.25
pg/ml)—stimulated activity for the Ge, and
Ga,, constructs (0.5 pg each), respectively].
Both G proteins achieved similar concen-
trations in transfected F11 cells (Fig. 4B,
lower panel) (25). Therefore, functional in-
activation of Ga,, but not of Ga,, resulted
in inhibition of V6421 APP-induced DNA
fragmentation.

Our observation that expression of the
three FAD APP mutants induces nucleoso-
mal DNA fragmentation in neuronal cells is
consistent with a pathological study by
Lassmann et al. (26). These researchers
evaluated, through the use of TUNEL, cell
death in the brains of individuals with AD
and showed that the number of cells under-
going DNA fragmentation in AD brains
was ~30 times that in the brains of age-
matched controls. Other studies (27) have
also provided in situ evidence for extensive
DNA fragmentation in AD brains. Al-
though F11 cells are derived from rodents
and AD is a human disease, the observation
that overexpression of V642F APP causes
in transgenic mice neuropathology similar
to that of human AD supports the rele-
vance of our observations (28).

We conclude that G proteins, specifi-
cally G, mediate V642 APP mutant-in-
duced DNA fragmentation and that the
cytoplasmic domain (His®®? to Lys®76) of
the mutant proteins is critical for this
neurotoxicity. Constitutively activated
mutants of rhodopsin, a G protein—cou-
pled receptor, cause the retina to develop
features of retinitis pigmentosa, which at
the level of retinal neuronal cells is char-
acterized by DNA fragmentation (29).
Further research will be necessary to de-
termine whether G protein—-mediated
DNA fragmentation is implicated in other
subtypes of AD.
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specifically labels the 3’-OH ends of fragmented nu-
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cloned in M13mp18. Oligonucleotide-directed mu-
tagenesis was performed as described [T. A. Kunkel,
Proc. Natl. Acad. Sci. U.S.A. 82, 488 (1985)]. The
Sac [-Xba | fragment of each APP mutant cDNA was
inserted into pVL1393-APP (78). The oligonucleo-
tides used were 5'-ACCGTGAT TATCATCACCC for
V642l APP, 5'-ACCGTGATTTTCATCACCC for
VB42F APP, 5-CCGTGATTGGCATCACCCT for
V642G APP, and 5'-GATGATAATCACGGTGACAA-
CGCCGCCCAC for V6421A41/42. All mutations
were verified by DNA sequencing. The Bam HI frag-
ment of each APP mutant cDNA was subcloned in
pcDNA1 and pECE. V642IAH657-K676 cDNA was
constructed with the following primers: 5'-AAACAG-
TACACATCCATCATGCAGCAG (internal primer 1),
5'-ATATCCGT TCTGCTGCATGATGGATGT  (inter-
nal primer 2), 5'-AACGACGCTCTCATGCCT (exter-
nal primer 1), and 5'-AATGGGGAAGCTGTCTTC-
CAT (external primer 2). Two fragments of V642|
APP cDNA were amplified by the polymerase chain
reaction (PCR) with two combinations of the primers
(external primer 1 and internal primer 2, and external
primer 2 and internal primer 1), mixed, and amplified
by PCR with the two external primers to generate a
fragment lacking the sequence encoding His®” to
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with the use of Sac | and Xba | restriction sites. The
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Ham’s F12 medium supplemented with 18% FBS
and penicillin-streptomycin. Cells were transfected
with cDNA with the use of Lipofectamine (Gibco) in
serum-free medium. Unless otherwise specified, 0.5
g of cDNA and 1 pl of Lipofectamine were used for
DNA fragmentation assays, and 10 p.g of cDNA and
20 pl of Lipofectamine were used for immunoblot
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medium, transfected cells were cultured for a further
12 hours in Ham’s F12 medium containing 10 nM
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experiments, cells were cultured in the absence of
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the results were similar, although NGF reduced the
error bars in the quantitation of DNA fragmentation).
Cells were then fixed or lysed. For experiments in
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