
and bind DNA through the heterologous 
Gal4 peptide, the confounding effects of the 
stress-induced lnodification of the dimeriza- 
tion partners of C H O P  is avoided. MMS 
treatment or overexpression of p38 markedly 
activated a reporter gene driven by Gal4 
binding sites only when the CHOP-Gal4 
chi~neric protein was present (7.9 and 10 
times as much, respectively); overexpression 
of SAPK-1P or ERK2 was without effect. 
The effect of MMS and p38 appeared to be 
dependent on  C H O P  phosphorylation be- 
cause in cells expressing CHOP-Gal4 with 
an Ala7"."l substitution, reporter gene ex- 
pression was not enhanced by these stimuli 
(Fig. 3C).  

Overexpression of C H O P  leads to atten- 
~ ~ a t e d  adipocytic differentiation of 3T3-L1 
cells (6) .  This effect 1s dependent on the 
ability of the protein to dilnerize and bind 
DNA. W e  compared the ability of wild-type 
and of Ala'"'' C H O P  to lnhiblt adipocytic 
differentiation in 3T3-L1 cells. Both pro- 
teins inhibited differentiation; however, cells 
expressing wild-type C H O P  showed less lip- 
id acc~l~n~l la t ion than cells expressing the 
~ 1 ~ 7 ~ 8 1  substitution mutant (Fig. 3D). Thus, 

we conclude that Ser7' and Ser" are eneces- 
sary for the full biological actlvity of CHOP. 

Under favorable conditions, C H O P  is 
not present in cells. Stress leads to accumu- 
lation of C H O P  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- 
tivatloll by CHOP.  The  C H O P  accumula- 
tion in response to stress is apparently de- 
pendent on the activlty of cellular kinases 
because it can be inhibited by the broad- 
spectrum kinase inhibitors 2-aminop~~rine 
and H7 ( 1  ). However, the signaling pathway 
that activates C H O P  phosphorylation is dis- 
tinct from the one that leads to C H O P  
expression; an inhibitor of p38 does not 
block C H O P  expression (Fig. 26).  Perhaps 
the potent ability of C H O P  to modify cell 
growth and differentiation requires careful 
~nodulation beyond that provided by the 
lnechanis~ns that control expression of the 
protein. T h e  stress-activated p38 appears to 
serve a specific role in this fine-tuning of 
C H O P  activltv. 
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G Protein-Mediated Neuronal DNA 
Fragmentation Induced by Familial Alzheimer's 

Disease-Associated Mutants of APP 
Tomoki Yamatsuji," Takashi Matsui, Takashi Okamoto,? 

Katsumi Komatsuzaki, Shizu Takeda,$ Hiroaki Fukumoto, 
Takeshi Iwatsubo, Nobuhiro Suzuki, Asano Asami-Odaka, 

Scott Ireland, T. Bernard Kinane, Ugo Giambarella, 
lkuo NishimotoQ 

Missense mutations in the 695-amino acid form of the amyloid precursor protein (APP,,,) 
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 normal APP,,,, was shown to 
induce nucleosomal DNAfragmentation in neuronal cells. Induction of DNAfragmentation 
required the cytoplasmic domain of the mutants and appeared to be mediated by het- 
erotrimeric guanosine triphosphate-binding proteins (G proteins). 

Alzheirnerls disease ( A D )  is characterized , , 

pathologically by the presence of senile 
plaques and ne~lrofibrillary tangles as well as 
extensive neuronal loss 111 the brain ( 1 ) .  
Senile plaques are extracellular deposits 
whose major constituent, P-amylold ( A P ) ,  
is cleaved from the t rans~ne~nbrane precur- 
sor APP (2) .  Alternative splicing of tran- 
scripts from a single gene results in at least 
10 isoforms of APP ( 3 ) ,  of w h ~ c h  APP,,, is 
preferentially expressed In neuronal tlssues. 
V6421, V642F, and V642G-three mis- 
sense mutations in which Val"' in the 
translne~nbrane dolnain of APP,,, is re- 
placed by Ile, Phe, or Gly, respectively- 

have been associated with dolninantly in- 
herited familial A D  (FAD) (4) .  These mu- 
tatlons cosegregate with the A D  phenotype 
(5) and account for most, if not all, of the 
evidence for linkage of A D  to chrolnoso~ne 
21 (4). Overexpression of such APP mu- 
tants mimics the neuropathology of A D  111 

transgenic lnlce (6) .  
Recent studies of mice in which the APP 

gene has been disrupted (7) have suggested 
an essential role for nor~nal  APP in neuro- 
nal developlnent and f ~ ~ n c t i o n .  T o  elucidate 
the function of APP,,, and ~ t s  mutants, we 
used F11 cells ( B ) ,  hybrids of a primary rat 
dorsal root ganglion neuron and a mouse 
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Fig. 1. lmmunoblot analysis of the expression of 
APP-, the three FAD APP mutants, and 
V6421AH6574676 in F11 neuronal cells. Thirty- 
six hours after transfection with the APP cDNAs, 
cells were lysed, and the lysate (20 pg of protein 
per lane) was subjected to SDS-polyacrylarnide 
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 APP6,, CDNAS (10) 
were transiently transfected into F11 cells 
(I I), and expression was detected 12 to 48 
hours after transfection (Fig. 1). The 
amount of expression was similar for normal 
APP6,, and the FAD mutants. Transfection 
of F11 cells with lac2 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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resulted in marked nucleosomal DNA frag- 
mentation. Transfection with normal 
APP,,, cDNA had virtually no effect on 
DNA fragmentation. Similarly, expression 
of V642IAH657-K676, a V642I APP mu- 
tant lacking the 20 cytoplasmic residues 
(His657 to Ly~676), did not induce DNA 
fragmentation. 

Although AP(1-42) is the major and 
earliest constituent of senile plaques in AD 
(1 2), fragmentation of DNA was not in- 
duced in F11 cells by 50 pM synthetic 
AP(1-42) (Fig. 3) or by 50 pM synthetic 
AP(1-40) (13), which has been shown to 
induce apoptosis in other cultured cells (1 4). 
Moreover, DNA fragmentation in untrans- 
fected F11 cells was not induced by the 
medium (CM/Fl l-V642I) conditioned by 
transfected F11 cells expressing V642I APP, 
which were themselves undergoing substan- 
tial DNA fragmentation. We also excluded 
the possibility that F11 cells expressing 
V642I APP secrete a factor that enhances 
the effect of AP(1-42), because the combi- 
nation of 50 pM AP(1-42) and CM/F11- 
V642I also did not induce DNA fragmenta- 
tion in untransfected F1 l cells. 
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We next measured the concentrations of 
AP(1-40) and AP(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 
AP(1-40) from cells expressing the three 
FAD APP mutants was reduced relative to 
that from cells expressing normal APP6,,, 
whereas secretion of AP(1-42) was in- 
creased. However, the concentrations of 
both AP peptides were in the picomolar 
range in the medium of F11 cells trans- 
fected with the mutant cDNAs. Given that 
50 pM AP(1-42) failed to induce DNA 
fragmentation in the presence or absence of 
CM/Fl l-V6421, these data indicate that 
secreted AP(1-42) was not responsible for 
the DNA fragmentation induced by the 
FAD APP mutants. This conclusion is sup- 
ported by our results with V642IA41142 
(lo), a mutant V642I APP that lacks the 
41st and 42nd residues of the AP region 
and hence encodes AP(1-40) but not 
AP(1-42). V642IA41142 was expressed as 
efficiently as V642I APP in F11 cells (13) 
and also induced DNA fragmentation to a 
similar extent (Fig. 3). 



Table 1. Concentration of Ap(1-40) and Ap(1- 
42) in the conditioned media of F11 cells trans- 
fected with various APP constructs. F11 cells (1 x 
1 06) were seeded into 100-mm dishes 24 hours 
before transfection with 10 pg of cDNA and 20 p1 
of Lipofectamine, as described (1 1). Forty-eight 
hours after transfection, the concentrations of the 
two Ap peptides in the medium were determined 
(15). Data are means + SE of three independent 
transfections. 

% % C C  b b  
%%%%,%"., Transfectant 

AP(1-40) Ap(1-42) 
o+ ?e ,<& ,b %, a. (PM) (PM) %$++a=+@ - APP,, 63.2 + 3.1 5.3 + 1 .O 

%, v64mpp 47.4 2 3.1 9.4 + 0.4 
b V642G APP 43.2 + 3.2 10.5 + 0.6 

V642F APP Fig. 3. Effects of AP(1-42), CM11-V6421, and V6421- 
47.2 + 3.6 7.1 2 0.7 
56.1 + 3.2 9.2 + 0.7 V6421A41/42 on DNA fragmentation. The effects of 

50 FM Ap(1-42), CM11-V6421, 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-V6421 represents medium (PTX) (100 nglml), an inhibitor of Gi and 

conditioned for 48 hours by F11 cells trans- Go, prevented a ~ O ~ t O s i s  induced V6421 

fected with ~6421 ~ p p  ~ D N A  (medium APP (Fig. 4A) (21); DNA fragmentation 
tioned for 36 hours vielded similar results). F11 was inhibited only slightly by PTX at 10 

~ ~.~ ~ 

cells exoressino V6421 APP and ~6421~41/42 ndml. PTX at 100 ndml did not attenuate 
were also analyzed by TUNEL 36 hours after 
transfection. Data are means + SE of at least 
three independent experiments. 

Our results suggest that residues His657 
to Lys676 are critical for the induction of 
DNA fragmentation by the FAD APP mu- 
tants. It has previously been shown that 
(i) the His657-Lys676 peptide is a specific 
activator of the heterotrimeric GTP-bind- 
ing protein Go (18, 19); (ii) without this 
region, APP,,, cannot bind Go (18); (iii) 
recombinant APP695 couples to Go but not 
to G, in reconstituted vesicles (20); and 
(iv) a monoclonal antibody to His657- 
Lys676 blocks this coupling of APPbg5 to 
Go (20). We therefore examined the .role 
of G proteins in DNA fragmentation in- 
duced by V642I APP. Pertussis toxin 

tGe expression of ~ 6 4 2 1  APP in these cells 
or affect secretion of AP(1-40) or AP(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 Go in which GlyZo4 is 
replaced by Ala (24), antagonized DNA 
fragmentation induced by V642I APP (Fig. 
4B). In contrast, cotransfection of cells with 
cDNA encoding Gaiz(G204A) (24), a 
Gaiz homolog of Ga,(G204A), had virtu- 
ally no effect on V642I APP-induced DNA 
fragmentation under the same conditions. 
Neither of these cotransfections affected 
the expression of V642I APP (13). Trans- 
fection of these two G204A constructs re- 
sulted in an increase in cholera toxin-stim- 
ulated adenylyl cyclase activity [58 + 15% 

Fig. 4. Role of G proteins in DNA fragmen- 
tation induced by V6421 APP. (A) lnhibition 
of V6421 APPinduced DNA fragmentation 
by PTX. Twenty-four hours after transfec- 
tion of F11 cells with V6421 APP cDNA, the 
culture medium was changed to Ham's F12 
medium with or without PTX (1 00 ng/ml) 
and the cells were cultured for an addit~onal 
12 hours. Cells were then subjected to 
TUNEL analysis. (B) Upper panel: lnhibition 
of V6421 APP-induced DNA fragmentation 
by Ga"(G204A) but not by Gu,,(G204A). 
Fll cells were transfected w~th 0.5 pg of V6421 APP cDNA, in the 
absence or presence of 0.5 pg of Gu0(G204A) or Gn,,(G204A) cDNA. % I 2 3  

with the use of 1 pI of Lipofectamine. DNA fragmentation was assessed 
by TUNEL 36 hours after transfection. Nontransfected cells and cells transfected with LacZ or APP,,, 
constructs are shown as controls. Lower panel: Expression of Ga0(G204A) or Ga,,(G204A) by cDNA 
transfection in F11 cells. Cells were transfected with V6421 APP cDNA and either Ga,,(G204A) cDNA (lane 
2) or Gn0(G204A) cDNA (lane 3); after 36 hours, cell lysates were prepared and subjected to immunoblot 
analysis with antibodies to Gee and to Ga,. Lane 1 ~ndicates analysis of untransfected F11 cells. Data in (A) 
and (B) are means + SE from at least three independent transfections. 

and 21 2 8% of the cholera toxin (0.25 
~g/ml)-stimulated activity for the Ga, and 
Ga, constructs (0.5 kg each), respectively]. 
Both G proteins achieved similar concen- 
trations in transfected F11 cells (Fig. 4B, 
lower panel) (25). Therefore, functional in- 
activation of Gao, but not of Ga,, resulted 
in inhibition of V642I APP-induced DNA 
fragmentation. 

Our observation that expression of the 
three FAD APP mutants induces nucleoso- 
ma1 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 Go, mediate V642 APP mutant-in- 
duced DNA fragmentation and that the 
cytoplasmic domain (His657 to Ly~676) of 
the mutant proteins is critical for this 
neurotoxicity. Constitutively activated 
mutants of rhodopsin, a G protein+ou- 
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 C; protein-mediated 
DNA fragmentation is implicated in other 
subtypes of AD. 
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specifically labels the 3'-OH ends of fragmented mi
crosomal DNA in situ in the presence of exog-
enously added TdT and digoxigenin-labeled dUTP. 
F11 cells were seeded on a cover glass precoated 
with poly-D-lysine (Boehringer Mannheim) and cul
tured for 24 hours in Ham's F12 medium supple
mented with 18% FBS and penicillin-streptomycin. 
After transfection, the cells were cultured for a further 
36 hours and then subjected to the TUNEL assay. 
The extent of DNA fragmentation was quantitated 
with a Videometric 150 Image Analysis System (On-
cor), as described [I. Joffeefa/., Calcif. Tissue Int. 53, 
45 (1993)]; briefly, it was determined from the ratio of 
the area of stained cells to the total cell area, the latter 
of which was obtained after detecting and highlight
ing the edges of all cells in the field. Cell areas were 
determined as total number of pixels. The maximal 
extent of DNA fragmentation was —10%. For each 
transfection, data were analyzed to obtain means ± 
SE of the extent of DNA fragmentation in 20 random
ly chosen fields (the SE values were <5% of the 
mean values in all instances), and the obtained mean 
values were further analyzed to yield means ± SE for 
at least three independent transfections. To ensure 
objective evaluation, different groups of researchers 
(i) performed transfections as well as stained and 
numbered the samples; (ii) subjected the anonymous 
numbered samples to image analysis; and (iii) col
lected data and collated them with the recorded 
numbers. 

10. APP mutants were constructed as follows: The Sac 
l-Bam HI fragment of APP6g5 cDNA {18) was sub-
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 l-Xba I fragment of each APP mutant cDNA was 
inserted into pVL1393-APP {18). The oligonucleo
tides used were 5'-ACCGTGATTATCATCACCC for 
V642I APP, 5'-ACCGTGATTTTCATCACCC for 
V642F APP, 5'-CCGTGATTGGCATCACCCT for 
V642G APP, and 5'-GATGATAATCACGGTGACAA-
CGCCGCCCAC for V642IA41/42. All mutations 
were verified by DNA sequencing. The Bam HI frag
ment of each APP mutant cDNA was subcloned in 
pcDNAI and pECE. V642IAH657-K676 cDNA was 
constructed with the following primers: 5'-AAACAG-
TACACATCCATCATGCAGCAG (internal primer 1), 
5'-ATATCCGTTCTGCTGCATGATGGATGT (inter
nal primer 2), 5'-AACGACGCTCTCATGCCT (exter
nal primer 1), and 5'-AATGGGGAAGCTGTCTTC-
CAT (external primer 2). Two fragments of V642I 
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 His657 to 
Lys676. This fragment was subcloned into pVL-APP 
with the use of Sac I and Xba I restriction sites. The 
sequence was verified as lacking the His657-Lys676 

coding sequence and shown not to contain un
wanted mutations. The V642IAH657-K676 cDNA 
was finally subcloned in pcDNAI and pECE. The 
lacZ construct contained the Escherichia coli lacZ 
gene under the control of the chicken (3-actin gene 
promoter. 

11. F11 cells were seeded at a density of 4 x 104 cells 
per well on a cover glass in 24-well plates (for DNA 
fragmentation assay) or at 106 cells per 100-mm dish 
(for immunoblot analysis) and cultured for 24 hours in 
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 
ixg of cDNA and 1 |xl of Lipofectamine were used for 
DNA fragmentation assays, and 10 |xg of cDNA and 
20 |xl of Lipofectamine were used for immunoblot 
analysis. After incubation for 24 hours in serum-free 
medium, transfected cells were cultured for a further 
12 hours in Ham's F12 medium containing 10 nM 
nerve growth factor (NGF) and antibiotics (in some 
experiments, cells were cultured in the absence of 
NGF or in the presence of 10 nM NGF and 1 % FBS; 
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and 41 -kD Gô  in lysates of transfected F11 cells 
were detected by immunoblot analysis with antibod
ies to Ga0 (GC/2; 1/100 dilution) and to Got, (AS/7; 
1/100 dilution). Because the reactivities of these an
tibodies with the cognate Ga are similar, the antigen
ic bands observed at 39 and 41 kD reflect the relative 
amounts of the recombinant Ga0 and Ga, con
structs. Densitometric analysis indicated that trans
fection with Gal2(G204A) and Gao(G204A) cDNAs 
resulted in 1.8- and 2.1-fold increases (means of 
three experiments) in the intensity of the 41 - and 
39-kD bands, respectively, relative to the intensity of 
the endogenous 39-kD Ga0 band, indicating that the 
two G204A constructs were expressed in similar 
amounts. Transfection with Gao(G204A) cDNA ap
peared to enhance slightly the expression of endog
enous Gaj at 41 kD, probably because the Ga, gene 
promoter responded to an increase in the concen
tration of adenosine 3',5'-monophosphate induced 
by the construct, as described [T. B. Kinane et al., J. 
Biol. Chem. 268, 24669 (1993)]. 

26. H. Lassmannetal., ActaNeuropathol. 89,35 (1995). 
27. J. H. Su, A. J. Anderson, B. J. Cummings, C. W. 

Cotman, Neuroreport 5, 2529 (1994); M. Dragunow 
etal., ibid. 6, 1053 (1995); G. Smale, N. R. Nichols, 
D. R. Brady, C. E. Finch, W. E. Horton, Exp. Neurol. 
133,225(1995). 

28. We have also examined DNA fragmentation in hu
man postmitotic hNT neurons (Stratagene), differ
entiated from Ntera2 cells [V. M. Y. Lee and P. W. 
Andrews, J. Neurosci. 6, 514 (1986)], 36 hours 
after transfection with various APP cDNAs. Oligo-
nucleosomally fragmented DNA was assessed by 
ELISA (Boehringer Mannheim) [E. Bonfoco et al., 
Proc. Natl. Acad. Sci. U.S.A. 92, 7162 (1995)]. The 
results (expressed as the ratio of absorbance at 405 
nm to that at 492 nm, per 4 x 104 cells) were 0.025 
± 0.001 for nontransfected cells, 0.018 ± 0.007 
for cells transfected with 0.5 |xg of APP6g5 cDNA, 
and 0.056 ± 0.001 for cells transfected with 0.5 |xg 
of V642I APP cDNA (means ± SE of three indepen
dent transfections). These data indicate that V642 
mutant-induced DNA fragmentation occurs in hu
man neurons. 

29. V. R. Rao, G. B. Cohen, D. D.'Oprian, Nature 367, 
639 (1994); G.-Q. Chang, Y. Hao, F. Wong, Neuron 
11,595(1993). 

30. Supported in part by grants from Bristol-Myers 
Squibb. We thank M. C. Fishman for F11 cells, 
advice, and critical reading of the manuscript; M. 
Miura and J. Yuan for the lacZ construct and ad
vice; S. M. Strittmatter for Gao(G204A)cDNA; A. H. 
Tashjian, E. Haber, and J. H. Growdon for helpful 
discussions; E. Neer and B. Yankner for reading a 
prior version of this manuscript; M. H. Boulos, Y. 
Tamai, Y. Murayama, and E. Ogata for support of 
this work; and D. Wylie and L. Duda for help with 
preparation of the manuscript. 

21 July 1995; accepted 6 March 1996 

1352 SCIENCE • VOL. 272 • 31 MAY 1996 


