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Most cases of early-onset familial Alzheimer’s disease (FAD) are caused by mutations
in the genes encoding the presenilin 1 (PS1) and PS2 proteins, both of which undergo
regulated endoproteolytic processing. During apoptosis, PS1 and PS2 were shown to
be cleaved at sites distal to their normal cleavage sites by a caspase-3 family protease.
In cells expressing PS2 containing the asparagine-141 FAD mutant, the ratio of alter-
native to normal PS2 cleavage fragments was increased relative to wild-type PS2-
expressing cells, suggesting a potential role for apoptosis-associated cleavage of pre-
senilins in the pathogenesis of Alzheimer’s disease.

Apoptosis (programmed cell death) is an
evolutionary conserved form of cellular sui-
cide that plays a beneficial role during
development and homeostasis (1). Exten-
sive evidence indicates that activation of
apoptotic cell death is associated with a
variety of neurodegenerative disorders (2),
including Alzheimer’s disease (AD) (3-5).
Most cases of early-onset FAD are caused by
mutations in the genes encoding the PS1
and PS2 proteins (6), both of which under-
go regulated endoproteolytic processing to
yield two stable fragments (7-9). Overex-
pression of the presenilins in transfected
cells has been reported to increase suscep-
tibility to apoptosis (10-12). Here we in-
vestigated whether the presenilins serve as
substrates for apoptosis-associated cleavage
in the programmed cell death pathway and
assessed the effects of an FAD mutation on
this process.

We initially identified the endogenous
form of the PS2 endoproteolytic COOH-
terminal fragment (CTF) using the COOH-
terminal antibody to PS2, anti-PS2Loop
(13). The endogenous PS2-CTF appeared
as a 25-kD band in both human brain (14)
and in uninduced H4 neuroglioma cells
(Fig. 1). As reported for PS1 (7), no full-
length PS2 was detected in brain (14) or in
the uninduced cells (Fig. 1). In stably trans-
fected H4 cells that were induced to over-
express PS2 containing a COOH-terminal
FLAG epitope tag (9), the 54-kD full-
length and high molecular weight forms of
PS2 were observed along with multiple
CTFs with apparent sizes of 26, 25, and 20

T.-W. Kim, W. H. Pettingell, D. M. Kovacs, R. E. Tanzi,
Genetics and Aging Unit, Department of Neurology, Mas-
sachusetts General Hospital, Harvard Medical School,
Charlestown, MA 02129, USA.

Y.-K. Jung, Department of Life Science, KwangJu Insti-
tute of Science and Technology, 572 Sangam-dong,
Kwangsan-ku, KwangJu, Korea.

*To whom correspondence should be addressed. E-mail:
tanzi@helix.mgh.harvard.edu

www.sciencemag.org * SCIENCE ¢ VOL. 277 « 18 JULY 1997

kD (Fig. 1, lanes 1 and 8), representing the
transgene-derived normal cleavage product
containing the eight-amino acid FLAG
epitope, the endogenous CTF, and a small-
er, alternative CTF, respectively (15).

We have previously shown that overex-
pression of PS2 in transfected cells results in
the generation of a 20-kD CTF that pre-
dominantly localizes to the detergent (Tri-
ton)-resistant cellular fraction and that ex-
hibits a very slow rate of turnover (9, 15).
Whereas here the endogenous (Fig. 1, band
e) and normal transgene-derived (Fig. 1,
band f) CTFs were primarily localized to
the detergent-soluble cellular fraction (Fig.
1, lane 3), the smaller, alternative 20-kD
CTF was enriched in the detergent-resis-
tant fraction (Fig. 1, lane 2). Together,
these data suggested that when overex-
pressed in stably transfected inducible H4
cells, PS2 is cleaved at a site located distal
to the normal cleavage site, resulting in a
smaller detergent-insoluble CTF.

Given recent reports that overexpression

Fig. 1. Multiple PS2 COOH-terminal fragments
(PS2-CTF) in the inducible H4 cells (9) overex-
pressing COOH-terminal epitope-tagged PS2.
The 25-kD endogenous PS2 fragment (band e)
was detected in both induced (lanes 1, 5 to 8) and
uninduced (lanes 9 to 12) samples (73). Two ad-
ditional fragments, including a 26-kD fragment
representing the normal cleavage product con-
taining an eight-amino acid FLAG epitope (band
f), and the smaller, 20-kD fragment (band a), were
detected only in the induced (lanes 1, 5 to 8)
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of PS2 induces apoptosis in transfected cells
(10, 12), we examined the effects of zZVAD,
a broad-spectrum inhibitor for most mamma-
lian interleukin-1B—converting enzyme ICE/
Ced-3 proteases (caspases), and ZDEVD-fmk,
a more selective inhibitor for caspase-3
(CPP32) family proteases (caspases-3, -6, and
-7) (16, 17). Both zVAD and zDEVD blocked
the generation of the 20-kD PS2-CTF in cells
overexpressing PS2 (Fig. 1) but had no effect
on levels of the endogenous 25-kD CTF (Fig.
1, band e), the 26-kD transgene-derived CTF
(Fig. 1, band f), or other PS2 species. These
findings indicated that in the absence of tra-
ditional apoptotic stimuli, overexpression of
PS2 led to the activation of caspase-3 family
proteases that alternatively cleaved PS2.

Caspase-3 is activated through a pro-
tease cascade in response to apoptotic
stimuli and cleaves specific intracellular
substrates during apoptosis (16, 17). To
determine whether the alternative PS2-
CTF was generated from full-length PS2
during apoptosis, we used a relatively low-
expressing inducible H4 cell line in which
only low to undetectable levels of the
20-kD CTF were observed at 12 hours
after induction of PS2. When apoptosis
was induced with 20 uM etoposide, the
alternative 20-kD CTF as well as the cor-
responding alternative NH,-terminal frag-
ment (NTF) were generated (Fig. 2). The
alternative NTF was 34 kD, whereas the
“normal” NTF, labeled as band f in the top
panel of Fig. 2, was 30 kD. The alternative
PS2 cleavage fragments were first observed
at 3 hours after treatment with etoposide.
Treatment with increasing concentrations
of zZVAD inhibited the generation of both
alternative cleavage products (Fig. 2).
These data indicated that full-length PS2
gave rise to the alternative NH,- and
COOH-terminal cleavage fragments after
the induction of apoptosis.
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samples. The 20-kD CTF was selectively localized in the nonionic detergent (1% Triton X-100)-resistant
cellular fraction (lane 2) (9, 13). Wild-type PS2 cells were induced for 48 hours, fractionated into
detergent-insoluble and -resistant (lane 2) and detergent-soluble {lane 3) fractions and wash (lane 4), and
then analyzed by protein immunoblotting (73). Total SDS lysates are shown in lane 1. Generation of the
20-kD PS2-CTF was blocked by zZVAD (zVAD-fmk, a broad-spectrum caspase inhibitor) and zDEVD
(zDEVD-fmk, a selective caspase-3 inhibitor) in cells overexpressing PS2 (lanes 5, 6, 9, and 10). zFA
(cathepsin B inhibitor) was used as a control for the fluoromethylketone (fmk) group (anes 7 and 11).
Inducible PS2 cells were incubated with 100 uM zVAD (lane 5 and 9), zZDEVD (lanes 6 and 10), and zFA
(lanes 7 and 11), or solvent alone {dimethylsulfoxide; lanes 8 and 12) in the absence (uninduced, lanes
9 to 12) or presence (induced, lanes 5 to 8) of tetracycline for 24 hours.
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We next examined whether endogenous
PS2 is also cleaved by a caspase-3 family
protease (or proteases). When native H4
cells were treated with staurosporine (Fig.
3A) or etoposide (14), apoptosis was in-
duced as indicated by poly(ADP-ribose)
polymerase (PARP) cleavage, proteolysis of
inactive caspase-3 precursor (CASP-3), and
decreased viability (assayed by trypan blue
exclusion) (14). The progression of apopto-
sis correlated with the increased generation
of the endogenous 20-kD PS2-CTF and
decreased production of the 25-kD CTF
(starting at 6 hours after treatment) (Fig.
3A).

Alternative cleavage of endogenous PS2
during either staurosporine- or etoposide-
induced apoptosis was specifically blocked
by zVAD (Fig. 3B) and zDEVD (Fig 3C),
both of which displayed no effect on normal
processing of PS2 (generation of the 25-kD
endogenous fragment). zZVAD was a more
potent inhibitor of apoptosis-induced cleav-
age of PS2 than zDEVD (18). This is most
likely due to the fact that zVAD blocks the
activation of the upstream protease cascade
during the apoptotic pathway, whereas
zDEVD specifically acts downstream as a
competitive inhibitor for the caspase-3
cleavage site (17). These data indicated
that in native H4 cells undergoing apopto-
sis, a caspase-3 family protease was respon-
sible for the generation of the 20-kD PS2-
CTF. Thus, like PARP (19) or lamins (20),
PS2 appears to serve as an apoptotic death
substrate that undergoes alternative prote-
olysis during apoptosis (21).
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Fig. 2. Cleavage of full-length 54-kD PS2 (fl) by a
2ZVAD-sensitive protease activated during etopo-
side-induced apoptosis. Inducible H4 cells ex-
pressing PS2 containing the NH,-terminal FLAG
epitope were induced for 12 hours and further
incubated with media containing 20 pM etopo-
side for the time indicated, or first treated and
incubated with the indicated concentrations of
2VAD for 12 hours. Altemative (a’, 34 kD) and
normal (f, 30 kD) NH,-terminal cleavage products
were detected by anti-FLAG (top) (73), and the
alternative (a, 20 kD) and endogenous plus normal
COOH-terminal cleavage products (e/f, 25 kD)
were detected by anti-PS2Loop (bottom).
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Differential cleavage by apoptotic and
nonapoptotic proteases has also been dem-
onstrated for the sterol-regulatory element
binding proteins SREBP-1 and SREBP-2,
endoplasmic reticulum proteins that con-
trol cellular cholesterol homeostasis (22).
Both SREBP-1 and SREBP-2 are cleaved
by caspase-3 (23) and caspase-3—related
caspase-7 (24) at the site DSEPDSPVF for
SREBP-1 and KDEPDSPPV for SREBP-2
(25). A potential consensus site (DSYDS,
amino acids 326 to 330) (Fig. 4A) for cleav-
age by a caspase-3 family protease was lo-
calized in the large hydrophilic loop of PS2
(26). To test this site, we substituted either
of the two Asp residues with Ala (Fig. 4A)
(27). Both substitutions individually
blocked the generation of the 20-kD CTF
(Fig. 4B), indicating that PS2 is most likely
cleaved after either Asp®?® or Asp®?®. The
presence of Asp>?® might also be required
for cleavage after Asp*?®, or vice versa.
Meanwhile, the substitution Asp*°®—Ala
(D308A) had no effect on cleavage. These
data demonstrate that a caspase-3 family
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protease most likely cleaves PS2 at the pre-
dicted consensus cleavage site (Asp-X) that
resides distal to the normal cleavage site to
yield the apoptosis-associated PS2-CTF.
To determine whether PS1 also under-
goes alternative cleavage, we established
inducible H4 cell lines expressing PS1 with
a COOH-terminal FLAG epitope tag (27).
In cells overexpressing high levels of PSI,
in addition to the 24-kD “normal” trans-
gene-derived CTF and the 23-kD endoge-
nous CTF, a smaller, alternative 14-kD
CTF was detected. However, in clonal cell
lines expressing lower levels of PS1, the
14-kD CTF fragment was not detectable
(14). As was observed for PS2, the genera-
tion of the alternative 14-kD PS1-CTF was
blocked in the overexpressing cell lines by
treatment with zZVAD or :DEVD (14).
The 23-kD endogenous PS1-CTF was
observed in native H4 cells as a doublet,
presumably as a result of protein kinase C
(PKC)-mediated phosphorylation of this
fragment (28). Induction of apoptosis in
native H4 cells with staurosporine led to
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Fig. 3. Cleavage of
endogenous PS2 dur-
ing apoptosis. (A) H4
human  neuroglioma
cells were treated with
1 wM staurosporine
(STS) for timed inter-
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vals indicated on the top, and lysates were analyzed by protein immu-

noblotting (73) with antibodies to PS2loop, poly(ADP-ribose) polymer-

ase (PARP), pro-caspase-3 (CASP-3), and HSP70. (B) Inhibition of STS-induced (left) or etoposide (ETO)-
induced (right) cleavage of PS2, PARP, and CASP-3 in H4 cells by zZVAD. Cells were first treated with inhibitors
for 1 hour, then further incubated in the presence or absence of 2 uM STS (left) or 20 uM etoposide (right) for
18 hours, and lysates were analyzed by protein immunoblotting (73). (C) Inhibition of apoptosis-induced
cleavage of PS2 by zDEVD (inhibitor for a caspase-3 family protease; 100 pM). Treatment of cells with STS
and inhibitors was similar to that described for (B).
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Fig. 4. Abolition of ZVAD/zDEVD-sensitive cleavage of PS2 by replacement of Asp32€ or Asp®2°. (A)
Consensus ICE/Ced-3 protease cleavage sites located after Asp32® or Asp3?° (indicated by arrows A
and B, respectively) at the PS2 loop domain encoded by exon 11. The predicted normal cleavage sites
(8) are located in the distal region encoded by exon 10 (originally called exon 9) (36). Abbreviations for the
amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L,
Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. (B) Effect of D326A
and D329A mutations on the generation of the 20-kD PS2 fragment (27). Inducible constructs encoding
COOH-terminal FLAG epitope-tagged PS2 with indicated mutations (wild type, lane 1; D308A, lane 2;
D326A, lane 3; and D329A, lane 4) were transiently transfected into tetracycline-responsive founder H4
cells (9). Cells were grown in the absence of tetracycline (induction) for 24 hours and further incubated
in the presence of 20 M etoposide for 9 hours and then analyzed by protein immunoblotting with either
anti-PS2Loop (left) or anti-FLAG (right) (73).
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the generation of the 14-kD PS1-CTF and
also blocked the phosphorylation of the
endogenous CTF (Fig. 5). This is consistent
with the fact that staurosporine inhibits
PKC activity. Etoposide-induced apoptosis
also led to the generation of the 14-kD CTF
but, as expected, did not block phosphoryl-
ation of the endogenous PS1-CTF (Fig. 5).
As with PS2, apoptosis-associated cleavage
of endogenous PS1 was blocked by the
treatment with zVAD (Fig. 5) or zDEVD
(14). The size of the alternative PS1-CTF
and a scan of the PS1 amino acid sequence
suggested that the consensus sequence
AQRDS (amino acids 343 to 346) is the
most likely site for caspase-3-related cleav-
age in PS1, although this will require direct
testing.

To begin to investigate a potential role
for apoptotic PS2 cleavage products in AD
pathogenesis, we examined the effect of the
Asn'Y'—]Ile (N1411) Volga German FAD
mutation (29) on the generation of the
20-kD PS2 CTF. Multiple wild-type or
FAD mutant (N141I)-inducible cell lines
expressing “low,” “middle,” or “high”
amounts of PS2 were paired according to
expression level and analyzed by protein
immunoblotting (13). The ratio of the 20-
kD CTF:26-kD CTF was increased approx-
imately threefold in the PS2-N141I cells
relative to the wild-type PS2 cells (Fig. 6)
(30). Preliminary studies have also shown
that the alternative 14-kD PS1-CTF accu-
mulated in higher concentrations in lym-
phoblasts derived from patients with the
Ala**—Glu (A246E) PS1 FAD mutation
as compared to those from age-matched
controls (31).

Apoptotic cell death has been reported
to be a pathological feature of AD (3-5),
although the exact contribution of apopto-
sis to the pathogenesis of AD remains un-
clear. Our studies indicate that PS1 and
PS2 participate in the apoptotic pathway. It
is possible that the alternative endoproteo-
lytic PS1 and PS2 fragments generated by a
caspase-3 family protease (or proteases) un-
der apoptotic conditions may serve as pro-
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Fig. 5. Cleavage of endogenous PS1-CTF during
STS-induced apoptosis. Samples identical to
those used for Fig. 3 were stained with anti-
PS1Loop (7). PS1 was cleaved to generate the
smaller 14-kD fragment during the progression of
apoptosis (left). Inhibition of STS-induced (middle)
and etoposide-induced (right) PS1 cleavage by
zVAD is shown. Asterisk indicates nonspecific
bands.
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apoptotic effectors that alter the apoptotic
threshold, making cells more vulnerable to
apoptosis. The observed increase in apopto-
tic PS2 fragments in cells overexpressing
the FAD mutant PS2-N 1411 raises the pos-
sibility that this fragment may contribute to
enhanced susceptibility to apoptosis as a
result of this mutation (10, 12). The N1411
FAD mutation in PS2 and other FAD de-
fects in PS1 and PS2 lead to increased
production of amyloid-B42 (AB42) in fi-
broblasts and plasma of FAD patients as
well as in transfected cells and transgenic
mice expressing mutant PS genes (32). In
addition, treatment of cells with AP .in-
duced apoptotic neuronal death in vitro
(concentrations of 1 to 100 pM) and in
vivo (3-5, 33) and down-regulated anti-
apoptotic Bcl-2 expression in primary neu-
rons (concentration of 100 nM) (34). Col-
lectively, these observations suggest at least
two potential pathogenic pathways: (i) al-
ternative PS cleavage products directly par-
ticipate in inducing pro-apoptotic condi-
tions, which in turn lead to pathogenic
changes associated with FAD, including
neuronal and synaptic degeneration and
subsequent generation of AB42; and (ii)
alternative PS cleavage products induce the
increased production or accumulation of
AP42 that, in tumn, effects pro-apoptotic
changes and neuronal cell death.

Because the alternative cleavage of the
presenilins occurs within 3 hours after an
apoptotic stimulus (Fig. 2), our findings
suggest that the alternative clip most likely
precedes the effects of PS2-N1411 on the
processing of amyloid precursor protein,
leading to an increased ratio of AB42:AB40
in transfected cells (32). The PS2-N141I
mutation increases both the ratio of AB42:
AB40 (32) and the ratio of the alternative:
normal PS2 COOH-terminal fragments by
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Fig. 6. Relative increase of the 20-kD PS2 CTF in
H4 cells expressing N141| mutant (Volga German)
PS2. The CTFs generated from inducible H4 cells
expressing “low” (lanes 1 and 2), “middle” (lanes 3
and 4) , and “high” {lanes 5 and 6) levels of wild-
type (lanes 1, 3, and 5) and N141| FAD mutant
(lanes 2, 4, and 6) PS2 (with COOH-terminal FLAG
epitope tag) were detected by protein immuno-
blotting with anti-PS2Loop (73). In each case, the
wild-type and PS2-N141l clonal cell lines were
paired for similar levels of expression (30).
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roughly three- to fourfold. Thus, these mo-
lecular events may be intimately related
consequences of the PS2-N141] mutation.
Exactly how the activation of caspase-3, the
enhanced generation of alternative preseni-
lin cleavage fragments, and the increased
generation of AB42 interact to contribute
to AD neuropathogenesis will be an impor-
tant topic for future studies.
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Differential Effects of Early Hippocampal
Pathology on Episodic and Semantic Memory

F. Vargha-Khadem,” D. G. Gadian, K. E. Watkins, A. Connelly,
W. Van Paesschen, M. Mishkin

Global anterograde amnesia is described in three patients with brain injuries that oc-
curred in one case at birth, in another by age 4, and in the third at age 9. Magnetic
rescnance techniques revealed bilateral hippocampal pathology in all three cases. Re-
markably, despite their pronounced amnesia for the episodes of everyday life, all three
patients attended mainstream schools and attained levels of speech and language
competence, literacy, and factual knowledge that are within the low average to average
range. The findings provide support for the view that the episodic and semantic com-
ponents of cognitive memory are partly dissociable, with only the episodic component

being fully dependent on the hippocampus.

One influential view of memory organiza-
tion (1) pictures the cognitive or declara-
tive form, comprising both fact and event
memory, as a unitary process that is depen-
dent on the hippocampal system, a set of
heavily interconnected medial temporal-
lobe structures consisting of the hippocam-
pus and underlying entorhinal, perirhinal,
and parahippocampal cortices. According
to this notion, both fact (or semantic)
memory and event (or episodic) memory
are impaired together in a graded manner
depending on the extent of damage to the
hippocampal system as a whole. An earlier
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view (2), which still has its adherents (3),
proposed instead that the core defect in
temporal-lobe amnesia is a loss of context-
rich episodic memory, in that in some am-
nesic cases, semantic memory, which is free
of context, appears to have been relatively
preserved. An opportunity to assess these
different views has been provided by our
study of patients with amnesia due to hip-
pocampal pathology sustained, in two of our
patients, very early in life, before they had
acquired the knowledge base that charac-
terizes semantic memory. The results sug-
gest a possible reconciliation of the two
views, namely that episodic memory de-
pends primarily on the hippocampal com-
ponent of the larger system, whereas seman-
tic memory depends primarily on the un-
derlying cortices.

Previously, in the absence of any report-
ed cases of amnesia due to very early bilat-
eral injury to the medial temporal lobe (4),
it had seemed that such early damage might
so impede cognitive development that the
resulting syndrome would take the form,
not of amnesia, but of severe mental retar-
dation (5). The findings described here
show instead that early bilateral pathology
that is limited largely to the hippocampus
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produces a severe loss of episodic memory
but leaves general cognitive development,
based mainly on semantic memory func-
tions, relatively intact.

The first of our three patients (6), Beth,
now aged 14, was born after a difficult
delivery, and she remained without a heart-
beat for 7 to 8 min before being resuscitat-
ed. She also sustained injury to the right
brachial plexus. Two hours after resuscita-
tion, she had a generalized seizure, and such
attacks recurred sporadically for 2 to 3 days
despite treatment with anticonvulsant med-
ication. Within 2 weeks, however, Beth had
made a good recovery, although the brachi-
al plexus injury resulted in permanent im-
pairment of the right arm and hand due to
partial loss of the nerve function deriving
from the fifth and sixth cervical nerve
roots. No other neurological problems were
evident until she reached age 5 when mem-
ory difficulties were first noted on her en-
trance into a mainstream school. The sec-
ond patient, Jon, now aged 19, was deliv-
ered prematurely at 26 weeks of gestation.
Weighing just under 1 kg and suffering from
breathing problems, he was kept in an in-
cubator for 2 months, during which time he
was tube-fed and placed on a ventilator.
Thereafter, he improved steadily and devel-
oped normally. At the age of 4, he suffered
two, protracted (1.5 to 2 hours), afebrile
convulsions. His memory impairment was
first noted by his parents about a year and a
half after the two long-lasting attacks. The
third patient, Kate, now aged 22, was an
average student until the age of 9, when she
accidentally received a toxic dose (400 mg
for 3 days) of theophylline, a drug with
which she was being treated for asthma. An
acute episode of seizures, unconsciousness,
and respiratory arrest ensued, from which
she showed good physical recovery but
which left her profoundly amnesic. Subse-
quently, at age 17, she developed temporal
lobe epilepsy, which has been well con-
trolled with anticonvulsant medication.

Neuropsychological examination showed
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