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ABSTRACT We have identified a novel 8 amyloid pre-
cursor protein (BAPP) mutation (V715M-BAPP770) that
cosegregates with early-onset Alzheimer’s disease (AD) in a
pedigree. Unlike other familial AD-linked BAPP mutations
reported to date, overexpression of V715M-BAPP in human
HEK?293 cells and murine neurons reduces total A produc-
tion and increases the recovery of the physiologically secreted
product, APPa. V715M-BAPP significantly reduces AB40
secretion without affecting AB42 production in HEK293 cells.
However, a marked increase in N-terminally truncated A3
ending at position 42 (x-42AB) is observed, whereas its
counterpart x-40A 8 is not affected. These results suggest that,
in some cases, familial AD may be associated with a reduction
in the overall production of A but may be caused by increased
production of truncated forms of AB ending at the 42 position.

A subset of early-onset cases of Alzheimer’s disease (AD) is
due to autosomal dominant mutations identified on the
amyloid precursor protein (BAPP), presenilin 1, and presenilin
2, the gene products of chromosomes 21, 14, and 1, respectively
(1-3). To date, the common phenotype of these familial AD
(FAD)-linked mutations was the exacerbation of the produc-
tion of AB and, particularly, its readily aggregatable and
pathogenic 42-aa-long species (for reviews see refs. 4 and 5).
Here we report on the identification of a novel BAPP mutation
(V715M-BAPP) likely responsible for probable early-onset
AD that triggers unusual alterations of BAPP processing.
Thus, AB production appears drastically lowered whereas the
physiological product of BAPP processing, APPq, is increased.
Our data suggest that the overall amount of AB or increase of
AB42 secretion is not, per se, always sufficient to explain all
FAD-linked neuropathologies. The important increase of N-
terminally truncated AB products ending at the 42 position
produced by V715M-BAPP-expressing cells indicates that
these x-42 species likely contribute to the development of the
neurodegenerative disease in V715M-BAPP-bearing patients.

EXPERIMENTAL PROCEDURES

Antibodies and Epitope Mapping. All the antibodies used in
the present work and the corresponding epitopes that are
recognized are shown in Fig. 1.

Pedigree Description. Family 074 is a two-generation family
of Italian origin with three affected subjects fulfilling the
National Institute of Neurological and Communicative Disor-
ders and Stroke—Alzheimer’s Disease and Related Disorders
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FiG. 1. Organization of BAPP and mapping of epitopes recognized

by antibodies. «, a-secretase; B, B-secretase; y40, y-secretase acting at
the 40th aa of AB; y42, y-secretase acting at the 42nd aa of AB.
Antibodies are shown in boxes.

Association criteria for probable Alzheimer’s disease (6). The
proband is a 44-year-old woman with a progressive and
insidious history of memory decline over a 3-year period. Her
father was dead by age 40 from an accident. Two paternal
uncles also developed dementia at ages 60 and 52, respectively
(see the pedigree drawing in Fig. 2). The duration of survival
from symptom onset to death is 14 years in the first affected
relative. The second patient is still alive after 13 years of
symptom duration. The ApoE genotypes of the proband and
his affected uncle were 3/3 and 2/4, respectively. In all
affected subjects, memory problems are associated with
apraxia, aphasia, and agnosia. Neurological examination oth-
erwise is normal.

Genetic Analysis. In proband and available relatives, exon 17
of the APP gene was sequenced by using the intronic primers
described by Fidani et al. (7) with an M13 reverse sequence and
an M13-21 sequence added to the 5’ ends of the sense and
antisense primers, respectively. The PCR conditions were
similar to those described previously (8). PCR products were
purified by electrophoresis on low-melt agarose gel and se-
quenced directly on both strands using the PRISM Ready
Reaction Dye Primer sequencing kit (Applied Biosystems;
Perkin-Elmer) and an Applied Biosystems model 373A auto-
mated sequencer. DNA analysis revealed a heterozygote GTG
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FiG. 2. Partial pedigree of the 074 family with the V715M muta-
tion. Solid symbols indicate affected individuals. Arrow denotes the
propositus. WT, wild type; 715, V715M mutation.

— ATG substitution at codon 715 (BAPP770 numbering),
changing the predicted amino acid valine to methionine in
affected subjects.

Mutagenesis. Oligonucleotide-directed mutagenesis was
performed according to the uracylated, single-strand strategy
directly on pcDNA3 containing wild-type (wt)-BAPP751. The
antisense oligonucleotide used to obtain the V696M-BAPP751
(corresponding to the V715M-BAPP770) was 5-ATGAC-
GATCATTGTCGCTA-3'. The sequencing of whole BAPP
cDNA confirmed the only presence of the expected mutation.

Cell Culture, Transfections, and Detection of BAPP.
HEK?293 cells were cultured as described previously (9) and
stably transfected by calcium phosphate precipitation with
pcDNA;3, empty or containing wt-BAPP, Sw-BAPP, or the
V715M-BAPP. The presence of the V715M and Swedish
mutations was confirmed after sequence analysis of PCR
products (by means of adequate primers surrounding the
mutation region) of cDNA obtained by reverse transcription
from total cellular RNA prepared from transfectant cells.

TSM1 neuronal cells were established and cultured as
described (10, 11) and transiently transfected with lipo-
fectamine reagent (GIBCO/BRL) with pcDNA3;, empty or
containing wt-BAPP, Sw-BAPP, or V715M-BAPP.

Cells were homogenized and analyzed for their BAPP
content by means of WO2 (0.12 ug/ml) as described previously
(11, 12).

Metabolic Labeling and Detection of Secreted AB40, Af42,
and APPa. Cells were metabolically labeled in the presence of
phosphoramidon (10 uM) and analyzed for AB42 and AB40
production by sequential immunoprecipitation with a 350-fold
dilution of FCA3542 and FCA3340 (see Fig. 1). Tris-tricine gel
analyses, radioautography, and then densitometric analyses
were performed by PhosphorImager (Fuji) as described pre-
viously (13). Total sAPP (APPw«/B) was quantified after
immunoprecipitation with a 1,000-fold dilution of mAb207
(see Fig. 1), SDS/PAGE, protein transfer on nitrocellulose,
and direct radioautography. APPa was quantified from the
same nitrocellulose by Western blot analysis with a 200-fold
dilution of mAb 10D5C (see Fig. 1) as described previously
(14).

Detection of Total Intracellular AB, p10, and p12. Cells were
labeled metabolically as above and then scraped, rinsed in 1X
PBS (Quantum, Durham, NC), and lysed in 1X RIPA buffer
containing detergents (10 mM Tris-HCI/150 mM NaCl/5 mM
EDTA/0.1% SDS/0.5% deoxycholic acid/1% Nonidet P-40).
Cellular lysates were centrifuged and the resulting superna-
tants were incubated overnight with a 350-fold dilution of
FCA18 (see Fig. 1) and protein A-Sepharose (total AB and
p12) or with a 1,000-fold dilution of B11.4 antibody [detection
of p10 and p12 (see Fig. 1)]. Immunoprecipitates were resus-
pended with loading buffer, heated at 95°C, and then submit-
ted to a 16.5% Tris-tricine electrophoresis and analyzed as in
ref. 11.

Proc. Natl. Acad. Sci. USA 96 (1999)

Detection of Total AB by Western Blot Analysis. Condi-
tioned media were treated overnight with a 350-fold dilution
of FCA18 in the presence of protein A-Sepharose, and immu-
noprecipitated proteins were submitted to Tris-tricine gels and
Western blotted as above. The nitrocellulose membrane was
heated in boiling PBS for 5 min to enhance the signal and
capped with 5% skim milk in PBS containing 0.05% Tween 20
(PBS-Tween buffer) for 15-30 min. Membranes then were
exposed overnight with WO2 antibody (1 ug/ml) in 1% skim
milk PBS-Tween buffer, and total AB was quantified by
enhanced chemiluminescence as described for BAPP.

RESULTS

Overexpression of V715M-BAPP in independent HEK293
clones (Fig. 34) leads to a 43-46% decrease in total AR
immunoreactivity when compared with wt-BAPP-expressing
cells (Fig. 3 B and C). Metabolic labeling and immunoprecipi-
tation indicated a very similar 46-56% reduction in the
recovery of radiolabeled AB (data not shown). This very
unusual FAD-linked inhibition of AB production prompted us
to examine the A species, the formation of which could be
influenced by the mutation. By means of recently developed
selective AB antibodies (15), we demonstrate that wt-BAPP-
and V715M-BAPP-expressing cells secrete virtually equal
amounts of AB42 (Fig. 4 B and D) and that the decrease of total
secreted AB is due to the lowering of the AB40 species
(49-52% of decrease, P < 0.001; see Fig. 4 C and E).
Interestingly, it should be noted that although the total amount
of AB is lowered significantly, the ratio of AB42 to AB40 is
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Fi1G. 3. Effect of the V715M-BAPP mutation on the secretion of
total AB by HEK293 cells. Stably transfected HEK293 cells overex-
pressing wild-type BAPP (wt-10 clone), V715M-BAPP (two clones,
V715M-6 and V715M-9), or Swedish mutated (Sw)-BAPP were ob-
tained and cultured as described in Experimental Procedures. BAPP
expression in cell lysates was revealed with WO2 (4). Total secreted
AB (B) was immunoprecipitated (with FCA18 antibody), submitted to
SDS/PAGE and Western blot analysis (with mAbWO?2), and then
analyzed as described in Experimental Procedures. Bars in C corre-
spond to densitometric analyses of secreted AB (normalized to the
amount of endogenous BAPP content) and are the means = SEM of
three to four independent determinations. Mock indicates HEK293
cells stably transfected with the empty pcDNA3 vector. *, P < 0.001
(versus wt-10 cells).
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FIG. 4. Effect of the V715M-BAPP mutation on the secretion of AB40 and AB42 and their x-40/42-related products by HEK293 cells. Stably
transfected HEK293 cells are as in Fig. 3 and metabolically labeled as described in Experimental Procedures. Expression of BAPP revealed as in
Fig. 3 is shown A. Secreted AB42/x-42 (B) and AB40/x-40 (C) were obtained after sequential immunoprecipitation by means of FCA3542 and
FCA3340, respectively, and quantified after radioautography and densitometric analysis. Bars in D and E represent the densitometric analysis,
normalized to the amount of endogenous BAPP content, of AB42 or AB40 (solid bars) and x-42 or x-40 (open bars) and are expressed as the
percentage of those obtained with wt-BAPP751-expressing cells taken as 100 (note the distinct scales of ordinates). Values are the means = SEM
of three to eight independent experiments. F illustrates the ratios of AB42/AB40 (solid bars) and x-42/x-40 (open bars). Mock indicates HEK293
cells stably transfected with the empty vector pcDNA3. =, P < 0.05; #x, P < 0.01; *#, P < 0.001; NS, nonstatistically significant (versus corresponding

wt).

increased by the V715M mutation (157-177% of control, P <
0.001; see Fig. 4F). Control experiments performed in identical
conditions indicate that HEK293 cells expressing the Sw-
BAPP secrete higher amounts of AB than wt-BAPP-expressing
cells (232% of control, P < 0.001; see Fig. 3B) and that the
Swedish mutation drastically increases the secretion of both
Ap42 (Fig. 4 B and D) and Ap40 (Fig. 4 C and E) without
significantly affecting the AB42/AB40 ratio (Fig. 4F).

Our resolved SDS/PAGE analysis allows the detection of a
doublet protein of lower molecular weights reacting with
FCA3542 (Fig. 4B) and FCA3340 (Fig. 4C) but not with
FCA1S8 [not shown, but see Figs. 3 and 5 for secreted and
intracellular AB detection by means of the N-terminally di-
rected FCA1S (see Fig. 1) that does not reveal any truncated
Ap-related species at lower molecular weights]. Therefore,
although not definitely identified, these Ap-related products
likely correspond to the previously reported N-terminally
truncated AB11-40 and AB17-40 and their 11/17-AB42 coun-
terparts. Two independent V715M-BAPP-expressing HEK293
clones elicit selective increases of x-42 (197-227% of control,
P < 0.001; see Fig. 4 B and D) but not x-40 (Fig. 4 C and E)
N-terminally truncated AB species. This is illustrated further
by the drastic augmentation of the x-42/x-40 ratio (Fig. 4F). It
is noteworthy that the production of the x-42 species was not
affected by the Swedish mutation (Fig. 4 B and D).

We examined further the influence of the V715M mutation
on the intracellular production of AB as well as on the recovery
of p12 and p10, the C-terminal proteolytic products of BAPP
derived from a unique cleavage by B- or a-secretases, respec-
tively (for review, see ref. 4). Intracellular detection of A is

low but clearly quantitative in wt-BAPP-expressing cells. Two
independent clones expressing V715M-BAPP produce statis-
tically significantly lower amounts of intracellular AB (79 and
69% of the AB produced by wt-BAPP-expressing cells)
whereas the Swedish mutation-bearing cells exhibit 4-fold
more AB (P < 0.001) than the latter cells (Fig. 5 4 and B).

The PB-secretase-derived product pl2 was monitored by
means of B11.4 (anti-C terminus of BAPP; see Fig. 1) and
FCA18 (that recognizes only intact free N terminus of AB; see
Fig. 1 and ref. 15). Therefore, the genuine p12 should react
with both antibodies. Indeed, an intracellular protein immu-
noprecipitated by B11.4 and FCA18 and migrating at the
expected 12-kDa molecular mass was detected (Fig. 5C), the
production of which was not influenced significantly by the
V715M mutation (Fig. 5D). As expected, the B-secretase
cleavage-derived p12 formation is augmented by the Swedish
mutation (188% of control, P < 0.05; see Fig. 5 C and D). A
10-kDa protein also was detected with B11.4 but not with
FCA18 (Fig. 5C). The latter data indicating the lack of the N
terminus of A, together with the molecular mass, indicate
that this fragment likely corresponds to the a-secretase-
derived product, p10. The production of p10 is not affected by
the Swedish mutation but is augmented by the V715M sub-
stitution (183% of control, P < 0.01; see Fig. 5E).

Both Swedish (221% of control, P < 0.001) and V715M
(140-177% of control, P < 0.001) mutations increase the
recovery of total secreted sAPP (APPa + APPB), the N-
terminal BAPP-derived products of a- and B-secretase cleav-
ages, respectively (Fig. 6 A and C). However, the use of an
immunological probe (10D5C) interacting with the C terminus
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Effect of the V715M-BAPP mutation on the intracellular formation of total AB, p10, and p12. The indicated transfectants were obtained

and metabolically labeled as in Figs. 3 and 4. Cells were lysed and centrifuged, and then supernatants were treated with FCA18 (4 and C) or B11.4
(C) antibodies and analyzed as in Fig. 4. Quantification of total intracellular AB (B), p12 (D), and p10 (E) was performed as in Fig. 4. Values
are expressed as the percentage of those obtained with wt-BAPP-expressing cells (taken as 100) and are the means = SEM of three to four
independent experiments. *, P < 0.1; #x, P < 0.05; ##, P < 0.01; ##+x, P < 0.001; NS, nonstatistically significant (versus corresponding wt-10).

of APPa but not with APP (see Fig. 1) allows us to establish
that APPa secretion is diminished by the Swedish mutation
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FiG. 6. Effect of the V715M-BAPP mutation on the secretion of total
SAPP and APPa by HEK293 cells. The indicated transfectants were
obtained and metabolically labeled as in Figs. 3 and 4. Cells media were
immunoprecipitated with the 207 antibody. Quantification of total SAPP
[ie, APPa + APPB (A and C)] was performed after SDS/PAGE,
Western blot analysis, and direct radioautography as in Fig. 4. APP« (B
and D) was analyzed from the same nitrocellulose after hybridization with
10D5C as described in Experimental Procedures. Values are expressed as
the percentage of those obtained with wt-BAPP-expressing cells (taken
as 100) and are the means = SEM of three to five independent
experiments. *, P < 0.001 (versus corresponding wt).

(P < 0.001; see Fig. 6 B and D) whereas the V715M mutation
augments the secretion of APPa (120-126% of control, P <
0.001; see Fig. 6 B and D), as it was shown for its C-terminal
counterpart, pl0 (see Fig. 5C), thereby confirming the stim-
ulatory influence of V715M on the a-secretase cleavage of
BAPP.

Several lines of evidence indicate that the mechanisms of
BAPP maturation and the influence of regulators on this
processing could be cell-specific. In this context, we took
advantage of a recently established neuronal cell line (10) to
examine the influence of the V715M mutation in such a cell
type. The whole amount of AB produced by neurons expressing
wt-BAPP after transient transfection precludes to delineate
the effect on AB40 and AB42 formation but allowed us to
assess the influence of the V715M mutation on total AB. Fig.
7 indicates that the neuronal TSM1 cell line secretes AB (Fig.
7B). After normalization with respect to the transiently trans-
fected cDNAs (Fig. 74), we established that the production of
ApB is increased by the Swedish mutation (482% = 57 of
control, n = 4) and lowered by the V715M mutation (75% =
7 of control, n = 8).

DISCUSSION

Examination of the pedigree FO74 indicates that the mutation
cosegregates with the disease. Thus, the affected uncle bears
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FiG. 7. Effect of the V715M-BAPP mutation on the secretion of
total AB by cultured neurons. TSM1 neuronal cells were obtained (10),
cultured, and transiently transfected with wt-, Sw-, or V715M-BAPP
as described in Experimental Procedures. BAPP content was analyzed
after Western blotting by means of mAbWO2 (A4). Total secreted AB
was analyzed after immunoprecipitation with FCA18 and Western blot
analysis of immunoprecipitated proteins with mAbWO?2 as described
in Experimental Procedures (B).
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the mutation whereas unaffected relatives do not, except for an
at-risk 37-year-old sibling of the proband (see Fig. 2). Accord-
ing to the above considerations, together with the typical
clinical profile and age of the proband, it appears reasonable
to consider that the V715M mutation probably leads to
early-onset FAD in this pedigree. It is noteworthy that the
mutation is not a common polymorphism because exon 17 of
the BAPP gene has been sequenced in more than 100 subjects
without finding such an alteration.

Several chromosome 21-linked mutations responsible for
AD have been identified on the BAPP gene. A Swedish
mutation consists of a double-substitution KM — NL (adjacent
to the N terminus of Ap; ref. 16). Several reports consistently
indicated that the Swedish mutation leads to the exacerbation
of the production of total AB (16-23), by increasing both AB40
and, to a lesser extent, AB42 (24). This is accompanied by a
decreased production of APPa (21) and corresponding N-
terminally truncated ABs (25). The overproduction of AB also
takes place intracellularly in several cell systems (19, 23). This
overall Swedish mutation-linked overproduction of AR is
documented further by the presence of senile plaques in the
brains of transgenic mice and affected patients.

Additional mutations located close to the C terminus of A
have been documented. Three mutations, substituting the
valine residue at position 717 (AB770 numbering) for a glycine,
phenylalanine, or isoleucine, have been reported (26-28).
These substitutions do not affect significantly the overall
production of AB (24) but consistently increase the formation
of the 42-aa-long A species, thereby increasing the ratio of
ApB42 to total AB (24, 29). Recently, a novel mutation,
1716V-BAPP770, has been reported (30) that also leads to
increased production of AB42 in transfected cells. The stim-
ulatory effect of these C-terminal mutations on the v42-
secretase cleavage recently has been documented further by an
in vitro mutagenesis approach. Thus, mutations introduced at
positions 43 and 46 of C-terminal BAPP constructs (corre-
sponding to positions 714 and 717 of BAPP770) all led to
increased production of AB42 (31).

The new V715M mutation reported in the present work
clearly elicits a distinct phenotypic alteration of BAPP pro-
cessing because the total amount of AB, particularly AB40, is
drastically lowered whereas that of AB42 is not affected in
HEK?293 cells. This could indicate that the ratio of AB42 to
total AB produced is likely a more significant clue of a
pathological state than the absolute amount of AB42 or total
Ap detectable. Alternatively and more likely, the importance
of x-42 species in the neuropathological process perhaps has
been underestimated. Because the main modification of BAPP
processing triggered by the V715M mutation is the selective,
drastic increase in the x-42ApB-related fragments, it can be
postulated that this AB-related species is a main contributor of
the genesis of senile plaques.

It is interesting to note that the V715M mutation appears to
affect the a-secretase cleavage. This is indicated by the fact
that a statistically significant, increased recovery of both APP«
and its C-terminal counterpart, p10, is observed in HEK293
cells. Whether this is due to the direct influence of the
mutation on the a-secretase affinity/catalytic properties or to
the misrouting of the mutated BAPP to a route including a cell
compartment enriched in a-secretase remains to be estab-
lished. The combined overproductions of APP« and the x-42
species indicate that the mutation also influences the y-secre-
tase site of cleavage. That the x-40 production is not affected
suggests the occurrence of two distinct y-secretases, with the
y42-secretase drastically influenced by the mutation that
would not affect the y40-secretase. The hypothesis of two
distinct y-secretases agrees well with recent studies (32-35).

It should be added that we have introduced the V715M
mutation on the C-terminal B-secretase-derived p12 fragment
(see Fig. 1). Transient transfection of this cDNA construction

Proc. Natl. Acad. Sci. USA 96 (1999) 4123

in HEK293 cells leads to drastic lowering of secreted AR
recovery (data not shown). This suggests that the mechanistic
influence of the mutation is likely on the kinetic parameters of
y-secretases rather than on a putative, intracellular misrouting
of BAPP.

Although the patient bearing the V715M mutation exhibited
clinical alterations reminiscent of Alzheimer’s disease, we do
not know whether this mutation elicits the classical neurohis-
tological cortical stigmata. Transgenesis analysis of mice over-
expressing this mutated BAPP, in progress in the laboratory,
should allow us to examine this point and to support further the
possibility that overproduction of x-42 species could be im-
portant for the genesis of senile plaques.
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