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Proteolytic processing of the amyloid precursor protein
(APP) generates large soluble APP derivatives, 3-amyloid (Af3)
peptides, and APP intracellular domain. Expression of the
extracellular sequences of APP or its Caenorhabditis elegans
counterpart has been shown to be sufficient in partially rescuing
the CNS phenotypes of the APP-deficient mice and the lethality
of the apl-1 null C. elegans, respectively, leaving open the ques-
tion as what is the role of the highly conserved APP intracellular
domain? To address this question, we created an APP knock-in
allele in which the mouse A3 sequence was replaced by the
human A. A frameshift mutation was introduced that replaced
the last 39 residues of the APP sequence. We demonstrate that
the C-terminal mutation does not overtly affect APP processing
and amyloid pathology. In contrast, crossing the mutant allele
with APP-like protein 2 (APLP2)-null mice results in similar
neuromuscular synapse defects and early postnatal lethality as
compared with mice doubly deficient in APP and APLP2, dem-
onstrating an indispensable role of the APP C-terminal domain
in these development activities. Our results establish an essen-
tial function of the conserved APP intracellular domain in
developmental regulation, and this activity can be genetically
uncoupled from APP processing and A pathogenesis.

Genetic and biochemical evidence establishes a central role
of APP? in Alzheimer disease pathogenesis. Genetic mutations
or gene amplification of APP are linked to a subset of cases of
early onset familial Alzheimer disease (FAD); APP processing
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generates (3-amyloid (AB) peptides, which are the principal
components of the amyloid plaque pathology (reviewed in Ref.
1). APP represents the founding member of a family of con-
served type I membrane proteins including APL-1 in Caenorh-
abditis elegans, APPL in Drosophila, and APP, APP-like
protein 1 (APLP1), and APLP2 in mammals (reviewed in Ref. 2).
Full-length APP is processed by at least three proteinases
known as «-, B-, and <y-secretases. Both «-secretase and
B-secretase cleave APP in the extracellular domain with «-
secretase cleavage occurring inside the AB domain and
B-secretase at the amino terminus of AB. These proteolytic
events generate large soluble APP derivatives and the mem-
brane-anchored APP carboxyl-terminal fragments, which serve
as substrates for subsequent y-secretase processing, producing
either p3 (product of a- and y-secretases) or A peptides (prod-
uct of B- and 7y-secretase) and the APP intracellular domain.
The intracellular sequences are most highly conserved among
the APP family members. Of particular interest, phosphoryla-
tion at the threonine 668 residue (Thr®®) and adaptor protein
interactions through the YENPTY motif have been shown to
regulate APP localization, trafficking, amyloidogenic process-
ing, and possibly cell signaling (reviewed in Refs. 2 and 3).

Despite the high degree of sequence conservation and the
well characterized biochemical and cellular properties, in vivo
loss-of-function studies in mice and in C. elegans both argue
against an important role of the APP intracellular domain. Spe-
cifically, the apl-1-null C. elegans is lethal, and the lethality can
be rescued by neuronal expression of the APL-1 extracellular
domain (4). Mice deficient in APP are viable but exhibit subtle
phenotypes including reduced body weight, locomotor activity,
and forelimb grip strength and impaired synaptic plasticity,
spatial learning, and memory (5, 6). Expressing only the APP
extracellular domain was shown to be sufficient in rescuing the
anatomical and behavioral abnormalities (7). Nevertheless, a
recent publication documented that acute knockdown of APP
by in utero electroporation of an APP RNAI construct leads to
neuronal migration defect, and the phenotype can only be res-
cued by expressing the full-length APP, but not the APP extra-
cellular or intracellular domains, either individually or com-
bined (8).

Gene knock-out studies reveal genetic redundancies among
the APP proteins as mice doubly deficient in APP/APLP2,
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APLPI/APLP2, or missing all three APP members are early
postnatal lethal (9, 10). Our analysis of APP/APLP2 double
knock-out mice identified an essential role for the APP family of
proteins in the patterning of neuromuscular junction (NMJ)
(11). Further investigation of neuromuscular synapse and cen-
tral synaptogenesis support the notion that APP is a synaptic
adhesion protein, and that the synaptogenic function requires
full-length APP (12, 13). The early postnatal lethality and the
diffused synaptic distribution of the NMJ present in the APP/
APLP2 double knock-out animals provide sensitive and spe-
cific readouts for us to definitely determine the role of the APP
C-terminal domain in vivo.

By creating a strain of APP knock-in mice in which the APP
intracellular domain was mutated by introducing a frameshift
mutation, we report here that the neuromuscular synapse
structure and animal viability require the highly conserved APP
intracellular domain. In contrast, the C-terminal domain is dis-
pensable for APP processing, secretion, and amyloidogenesis.

EXPERIMENTAL PROCEDURES

Animals—APLP2 knock-out mice (9), PSIM146V knock-in
mice (14, 15), and APP/hAB mice, which carry the Swedish and
London mutations and humanized AB sequence (16), were
described as cited. To generate APP/hAB/mutC knock-in mice,
a gene-targeting vector including the Swedish/Arctic/London
FAD mutations, the humanized A sequence, and a frameshift
mutation at the sequence encoding 1le®>® (APP695 numbering)
was electroporated to R1 ES cells (detailed description can be
found in the supplemental methods and supplemental Fig. S1).
ES clones were screened by Southern blotting, and three clones
were used to inject blastocysts to create chimeric mice. Chi-
meric mice were bred to C57BL/6 to establish germline trans-
mission of the knock-in allele. These knock-in mice were then
mated with transgenic mice expressing the Cre recombinase
under the protamine promoter (17) to remove the neomycin
resistance cassette and to produce the APP/hAB/mutC allele.
Genotyping was done by PCR using the following primer pairs
(5" to 3'): GTAATGCCTGTGTGGCCAAACACATG and
AAGTAATGGATTTGTTCTCCCAGGTCG, which amplify
the loxP insertion site. The expected PCR product from the
wild-type allele is 230 bp, and the expected PCR product from
the knock-in allele is 270 bp.

Antibodies and Reagents—22C11 and 6E10 monoclonal anti-
bodies are available from Covance. The polyclonal anti-APP
C-terminal antibody APPc was described previously (12). Anti-
FLAG (rabbit polyclonal), anti-synaptophysin, and anti-choline
transporter (CHT) antibodies were purchased from Sigma,
DAKO, and Chemicon, respectively. a-Bungarotoxin was from
Molecular Probes.

Quantitative Real-time PCR—Total RNA was isolated from
mice brains using the RNeasy lipid tissue mini kit (Invitrogen)
and subjected to DNase I digestion to remove contaminating
genomic DNA. Reverse transcription was performed using a
SuperScript III RNase H-reverse transcriptase (Invitrogen), and
the reaction mix was subjected to quantitative real-time PCR
using an ABI PRISM sequence detection system 7000 (Applied
Biosystems, Inc.). Primers were designed with Primer Express
Version 2.0 software (Applied Biosystems) using sequence data
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from the National Center for Biotechnology Information
(NCBI). The sets of GAPDH and hypoxanthine-guanine phos-
phoribosyltransferase primers were used as an internal control
for each specific gene amplification. The relative levels of
expression were quantified and analyzed by using the ABI
PRISM sequence detection system 7000 software. The real-
time value for each sample was averaged and compared using
the comparative threshold cycle method. The relative amount
of target RNA was calculated relative to the expression of
endogenous reference and relative to a calibrator, which was
the mean threshold cycle of control samples.

Neuronal Culture—Postnatal day 0 (PO) pups from APP/
hAB/mutC heterozygous breeding were genotyped using the
REDExtract-N-Amp™ tissue PCR kit (Sigma). Homozygous
knock-in pups and their wild-type littermates were selected,
and their hippocampi were dissected. The tissue was tryp-
sinized, mechanically dissociated, washed, resuspended in
Neurobasal medium with B27 supplement (Invitrogen), and
plated on poly-p-lysine-coated 60-mm dishes. Conditioned
medium and total cell lysates (in PBS with Complete protease
inhibitor cocktail) were collected at 14 days in vitro.

Biotinylation Assay—HEK293 cells were transiently trans-
fected with APP constructs. Cells were washed with ice-cold
PBS containing 1.0 mm MgCl, and 0.1 mm CaCl, (PBS/Ca-Mg)
and treated with sulfo-NHS-SS-biotin (1.5 mg/ml; Pierce) for
1 h on ice in PBS/Ca-Mg. Biotinylating reagents were removed
by incubating with cold 100 mm glycine in PBS/Ca-Mg for 30
min followed by three washes with cold PBS/Ca-Mg. Cells were
incubated at 37 °C to allow internalization to occur, which was
subsequently terminated by transferring culture plates to ice.
Residual cell surface biotin was stripped with freshly prepared
50 mm mercaptoethanesulfonic acid (Sigma) in TE buffer (150
mMm NaCl, 1 mm EDTA, 0.2% bovine serum albumin, 20 mm
Tris, pH 8.6) for 30 min and quenched with iodoacetamide (5
mg/ml) in PBS/Ca-Mg. Cells were then lysed in 1% CHAPS lysis
buffer containing 50 mm Tris, pH 7.4, 150 mm NaCl, and pro-
tease inhibitors (Roche Applied Science). Biotinylated proteins
and non-biotinylated proteins were separated by incubation
with an UltraLink-NeutrAvidin bead (Pierce). Samples were
subject to Western blot analysis.

Western Blotting—To prepare total tissue/cell lysate, mouse
brain, spinal cord, or cultured neurons were homogenized
using radioimmune precipitation buffer (1% Nonidet P-40, 50
mm Tris, pH 8.0, 150 mm NaCl, 0.5% sodium deoxycholate,
0.1% SDS, 2 mMm EDTA) containing Complete protease inhibi-
tor cocktail (Roche Applied Science). After three sets of 10
pulses of sonication, the homogenates were spun at 20,000 X g
for 15 min. To prepare the PBS-soluble fraction for soluble APP
quantification, brain/spinal cord was homogenized in PBS with
Complete protease inhibitor cocktail, and then tissue lysates
were centrifuged at 100,000 X gat 4 °C for 1 h to collect super-
natants. Protein concentrations were determined using the
Bio-Rad protein dye assay. 10 ug of protein were loaded on a
10% SDS-PAGE gel run at 100 V for 2 h at room temperature
and transferred onto a nitrocellulose membrane (Bio-Rad) at
100V for 1 h. Membranes were blocked 1 h using 5% nonfat dry
milk in TBS containing 0.1% Tween 20 (TBST, Sigma). After
three washes with TBST, secondary antibody application was
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performed at room temperature for 1 h using 5% milk in TBST
followed by three additional washes with TBST. Signals of
Western blots were detected by enhanced chemiluminescence
(GE Healthcare), scanned, and analyzed using Image] software
from the National Institutes of Health. Data were represented
as mean * S.E. of three samples/group.

Sandwich ELISA—Brain halves were weighted and homoge-
nized in 4X (w/v) homogenization buffer composed of PBS, 1%
Triton X-100, and Complete protease inhibitor cocktail (Roche
Applied Science). Total brain lysates were centrifuged at
20,000 X g, and supernatants were diluted two times and then
applied to AB40 ELISA kit (Invitrogen) following the compa-
ny’s protocol. Each sample was analyzed in duplicates. 4 —5 ani-
mals were used for each genotype.

Mass Spectrometry—The measurement of A peptides using
immunoprecipitation/mass spectrometry (IP/MS) was carried
out essentially as described except that the 6E10 antibody was
used to precipitate AB from PBS extractions due to the disrup-
tion of the 4G8 site upon introducing the Arctic mutation (18,
19). Mass spectra were collected using a TOF/TOF 5800 mass
spectrometer (ABSciex). Each mass spectrum was averaged
from 4000 laser shots and calibrated using bovine insulin as an
internal mass celebrant. Peak areas were used for relative
quantification.

Immunohistochemistry and Amyloid Load Quantification—
Antibody staining on paraffin-embedded brain sections was
performed as described (20). In particular, paraformaldehyde-
perfused brains were cut into 10-um paraffin sections. The sec-
tions were deparaffinized in xylene, rinsed with ethanol, and
rehydrated through ethanol gradient. Antigen-retrieval was
done by incubating sections with 70% formic acid for 6 min.
Endogenous peroxidase activity was quenched by incubating
the slides in 0.3% H,O, for 30 min. The slides were rinsed with
Tris-buffered saline (TBS; 50 mMm Tris-Cl, pH 7.5 and 250 mm
NaCl). Nonspecific epitopes were blocked for 30 min with 3%
normal goat serum, 0.4% Triton X-100 in TBS. Primary anti-
body 6E10 was diluted 1:1000 in blocking buffer and incubated
overnight at 4°C in a humid chamber. Sections were then
washed three times for 5 min each in TBS and incubated with
anti-mouse secondary antibody/peroxidase-conjugated strept-
avidin (VECTASTAIN ABCkit; Vector Laboratories) following
the company’s protocol. Pictures were taken with a Zeiss Axios-
kop 2 Plus microscope equipped with the Axiocam MRC digital
camera, and the images were processed with the Axiovision 3.1
software. Images covering the entire cortex were taken. The
number of AB plaques (>5 wm) was counted manually under
an Olympus microscope (CX 31). Data were reported as the
total number of plaques divided by the total cortical area for
each animal.

Immunofluorescence Staining of Neuromuscular Junction—
Whole-mount immunostaining of the diaphragm muscle and
quantification of neuromuscular phenotypes were carried out
as described (11, 12). Confocal images were obtained with a
Zeiss 510 laser scanning microscope, and quantification was
done using the ImageJ program from the National Institutes of
Health.

Statistical Analysis—Genotyping analysis of the offspring
from APP*/~APLP2*/~ male and female intercrosses was per-
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formed using chi-square analysis. AB levels and plaque load
were analyzed by analysis of variance. Student’s ¢ test was used
for all other analysis. *, p < 0.05, **, p < 0.01, ***, p < 0.001. Data
were presented as average * S.E. (standard error of the mean).

RESULTS

Generation and Expression Analysis of APP/hAB/mutC
Knock-in Animals—To investigate the role of the highly con-
served APP C-terminal domain in survival, neuromuscular syn-
apse development, and amyloid pathology in vivo, we created a
knock-in allele in which the mouse A was replaced by the
human AB sequence with simultaneous introduction of the
Swedish/London/Arctic FAD mutations. In addition, the two
cytosines in ATC CAT encoding residues Ile*>*~His®*” of APP
(695 isoform numbering) were deleted, resulting in a frameshift
starting at His®*” and deletion of the last 39 amino acids of the
APP C-terminal sequences including the highly conserved
Thr®®® residue and the YENPTY sequence (Fig. 14 and sup-
plemental Fig. S1). A 10-amino acid out-of-frame spacer
sequence was simultaneously introduced downstream of His®>”
to ensure proper membrane anchoring and y-secretase pro-
cessing of the C-terminal deleted APP. This knock-in allele is
herein termed as APP/hAB/mutC or ki.

Homozygous APP/hAB/mutC (ki/ki) mice are viable, fertile,
and exhibit a normal body weight as compared with their wild-
type littermates (not shown). To evaluate the effect of the C-ter-
minal mutation on APP expression, processing, and secretion,
we first compared the mRNA levels of APP in brains of 2-
month-old ki/ki mice and their wild-type littermates by quan-
titative real-time PCR using the APP knock-out mouse brains as
a negative control and found no statistically significant differ-
ences between the two genotypes (Fig. 1B). Western blot anal-
ysis of total brain lysates using the 22C11 antibody (which rec-
ognizes an extracellular epitope) revealed two major bands with
the upper band presumably full-length APP and the lower band
soluble extracellular processed APP derivatives. Quantification
of the total APP showed a slight reduction (~20%) in the ki/ki
samples (Fig. 1C, 22C11, quantified in Fig. 1G). Because both
the lower band of total APP (Fig. 1C) and the production of
PBS-extractable soluble APP ectodomains (Fig. 1D) were simi-
lar between the ki/ki and wild-type brains, the lower levels of
total APP in the ki/ki samples must be due to the preferential
reduction of full-length APP/hAB/mutC protein. Similar
results were obtained when spinal cord tissue was analyzed (Fig.
1, E and F). The absence of the APP intracellular domain and
the introduction of human A sequence in the APP/hAB/mutC
protein were confirmed by Western blotting using the C-termi-
nal specific APPc antibody and human AS-specific 6E10 anti-
body, respectively (Fig. 1C, APPc and 6E10). This corresponds
to the absence of APP/Fe65 interaction using the bimolecular
fluorescence complementation assay (supplemental Fig. S2)
(21) The reduced full-length APP/hAB/mutC but normal solu-
ble secreted APP is consistent with the observation that dele-
tion of the APP intracellular domain leads to its reduced inter-
nalization and elevated secretion (Fig. 2D) (22).

We next investigated APP processing and secretion using
primary neuronal cultures prepared from newborn littermate
ki/ki pups and their wild-type controls. At 14 days in vitro,
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confounding effects due to amyloid
deposition. The results showed
similar AB40 levels and dose-
dependent increases in both strains,

suggesting that the C-terminal

replacement does not have signifi-

cant impact on y-secretase process-
ing and AB production (Fig. 3A).
Because studies of the APP/hAS

knock-in animals have shown that

these mice develop minimal amy-
loid plaque pathology in their life-
time (16), to facilitate the develop-
ment of amyloid pathology, we
crossed the APP/hAB/mutC and
APP/hAB animals with the PSI
knock-in mice carrying the M146V
FAD mutation and created animals
that are doubly homozygous for
APP/hAB/mutC or APP/hAB and
PS1IM146V. The addition of the

FIGURE 1. Generation and biochemical characterization of APP/hAB/mutC ki mice. A, schematic representa-
tion of wild-type (WT) and APP/hAB/mutC (ki) alleles. TM stands for transmembrane region (also marked by gray
shading), and mAB and hAR represent mouse and human A sequences, respectively. Amino acid sequences from
the AB region to the end of the C terminus of both the wild-type allele and the ki allele are listed. Residues corre-
sponding to Swedish (K595N and M596L), Arctic (E618G), and London (V6421) mutation sites are shown in bold and
underlined letters. Residues different between mouse and human AB are shown in bold letters. Frameshift mutations
of the ki allele, which starts at the coding sequence for residue Ile%>® and results in stop codon after 10 amino acids,
areindicated by italic letters. B, quantitative real-time PCR of APP mRNA from 2-month-old wild-type (+/+),homozy-
gous APP/hAB/mutC knock-in (ki/ki), and APP knock-out (—/—) mouse brains. APP~/~ was used as a negative
control. C-F, representative Western blot analysis of 2-month-old ki/ki mice and their wild-type (+/+) littermates of
APP expression in total brain lysate, PBS-soluble fraction of the brain lysate, total spinal cord lysate, and PBS-soluble
fraction of spinal cord lysate, respectively, using the 22C11, 6E10, and APPc antibodies. y-Tubulin blot was used as
protein loading control. G, quantification of the relative ratio of 22C11/+y-tubulin blots. Both the upper and the
lower bands were included in the brain and spinal cord total lysate quantification. **, p < 0.01; N.S., non-

PS1IM146V mutation resulted in a
similar increase of A levels in both
APP knock-in alleles (Fig. 3A),
suggesting that the C-terminal
sequence does not affect the modi-
fication of y-secretase processing by
the PSI FAD mutation.

Due to the physiological expres-
sion of the APP alleles in the knock-

significant (p > 0.05) (Student’s t test).

conditioned medium and total cell lysates were collected and ana-
lyzed by Western blotting (Fig. 24). Similar to that of the adult
mouse brain and spinal cord, there was a significant reduction of
APP in total cell lysates between the ki/ki and wild-type cultures as
blotted by the N-terminal antibody 22C11, but the secretion of
APPs into the conditioned medium was comparable (quantifica-
tion in Fig. 2, B and C). Transfection of full-length or APP/hAB/
mutC constructs followed by examination of internalization of
surface APP by biotinylation assay showed that, consistent with
the published report (22), APP/hAB/mutC exhibited reduced
internalization, thus leading to elevated secretion (Fig. 2D). Over-
all, the results suggest that the highly conserved APP C-terminal
domain is dispensable in APP extracellular processing and soluble
APP production and secretion.

Analysis of AB Production and Amyloid Pathology in APP/
hAB/mutC Knock-in Animals—Having established that the
APP C-terminal domain is dispensable for APP secretion, we
next asked whether it is required for AB production and devel-
opment of B-amyloid pathology. We used a sandwich ELISA to
measure AB40 levels in 3-month-old APP/hAB/mutC animals
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in animals, the AB42 level is below
the detection limit of the ELISA kit.
We therefore resorted to a more sensitive immunoprecipita-
tion/mass spectrometry method to measure the levels of A342
and normalized the values to AB40 (Fig. 3B). Comparing the
AB42/ABA0 ratios from 3 month-old APP/hAB/mutC and
APP/hA knock-in mice, with or without the PS1IM146V FAD
mutation, we did not find any significant differences between
the two knock-in lines, again suggesting that C-terminal region
does not play a critical role in regulating the pathological pro-
cessing of APP.

Immunostaining of 13-month-old APP/hAB/mutC and
PS1M146V double knock-in mice with the 6E10 antibody
revealed abundant A3 plaque deposits in cortex and hippocam-
pus. The degree of AR pathology was dependent on the
PS1M146V dosage (Fig. 3C and quantified in Fig. 3D). Consis-
tent with the fact that the Arctic variants of A are more robust
in developing parenchymal amyloidosis (23, 24), the amyloid
loads of APP/hAB/mutC and PS1M146V double knock-in ani-
mals are much higher than the corresponding APP/hAB and
PS1IM146V double knock-in animals without the Arctic muta-
tion (Fig. 3, C and D).
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FIGURE 2. Measurement of APP secretion from APP/hAB/mutC knock-in
neurons. A, Western blot analysis of APP expressed in total cell lysate (TCL)
and conditioned medium (CM) of hippocampal neuronal cultures of wild-
type (+/+4) and homozygous ki/ki pups. Antibodies 22C11 and APPc recog-
nize the APP N-terminal region and APP C-terminal region, respectively. y-Tu-
bulin blot was used as protein loading control. B and C are quantifications of
22C11 blots of APP to tubulin ratio in total cell lysate and conditioned
medium, respectively. *, p < 0.05; N.S., non-significant (p > 0.05) (t test.).
D, representative biotinylation assay showing a slower rate of APP internal-
ization in the absence of the intracellular domain. HEK293 cells expressing
full-length APP (FL) or APP/hAB/mutC (MutC) constructs were cell surface
biotinylated and incubated at 37 °C for 5 min to allow endocytosis of biotin-
ylated APP. After stripping the remaining biotin from the cell surface (0 min),
internalized biotinylated APP was isolated and detected by immunoblot
using the 22C11 antibody (5 min). 10% of the lysate was reserved as a repre-
sentative of the total protein expressed (Total) prior to the isolation of biotin-
ylated surface proteins (Surface).

Analysis of Survival and Neuromuscular Synapse Develop-
ment in APP/hAB/mutC Knock-in Animals—Our previous
studies established that APP and APLP2 play essential yet
redundant roles in animal viability and neuromuscular synapse
assembly (11). To determine whether these developmental
activities require the APP C-terminal domain, we performed
intercrosses of mice with one copy of each of the APP/hAB/
mutC and APLP2-null mutation (APP/~APLP2"/7). We
determined the genotypes of the surviving offspring at postna-
tal day 1 (P1) and at weaning age (P21) and compared the num-
ber observed against the number expected (Fig. 4). The 54 new-
born mice from the intercrossing analyzed showed a close to
Mendelian ratio for all genotypes (Fig. 44). However, few of
the APP*/“APLP2™/~ and APP*/~ APLP2 /™ mice survived
to adulthood (Fig. 4B). Of the 113 offspring genotyped at
weaning age, only ~25% of the expected APP*/“APLP2 ™/~
and APP/~APLP2~/~ mice were recovered (Fig. 4B), which
was significantly different from the predicted Mendelian ratio
(chi-square = 33.8; degrees of freedom (df), 8; p < 0.001). These
results demonstrate that, in contrast to the reported dispensa-
ble role of the APP intracellular domain in APP-mediated
growth, anatomical, and synaptic properties (7), the highly con-
served APP C-terminal sequences are essential in postnatal
viability.

Our studies of APP-mediated NMJ development suggest that
this activity correlates with a change in the presynaptic local-
ization of the high affinity CHT and that these two proteins may
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physically interact via their intracellular sequences (12). The
creation of the APP/hAB/mutC mice allows testing of the role
of the APP cytoplasmic tail in NMJ development. Indeed, sim-
ilar to the APP-null mutant, immunostaining of CHT in the
NM]J of APP/hAB/mutC mice revealed clear mislocalization of
CHT (Fig. 5, A and B). Moreover, whole-mount staining of dia-
phragm of newborn APP*/~APLP2~/~ or APP*/SAPLP2 ™/~
pups with anti-synaptophysin antibody and a-bungarotoxin
showed diffused presynaptic and postsynaptic distribution (Fig.
5, Cand D) and reduced pre- and postsynaptic apposition (Fig.
5, E and F) indistinguishable from the APP/APLP2 double defi-
cient mice. The combined results demonstrate an indispensa-
ble role of the highly conserved APP intracellular sequences in
survival and proper CHT targeting and neuromuscular synapse
development.

DISCUSSION

Genetic studies in C. elegans and mammals have established
essential functions of APP proteins in development (4, 9, 26).
Interestingly, expression of the APL-1 extracellular domain has
been shown to be sufficient in rescuing the apl-1-null lethality
(4). Likewise, expressing the soluble, a-secretase-cleaved APP
ectodomain complements the anatomical and behavioral
abnormalities of the APP-deficient mice (7). Both results argue
for a dispensable role of the APP intracellular domain. How-
ever, our previous in vivo and HEK293/hippocampal mixed cul-
ture studies support an important activity of the APP C-termi-
nal domain in modulating neuromuscular synapse and central
synaptogenesis (12, 13). By creating mice with mutated APP
intracellular sequences, we demonstrate here for the first time
that the highly conserved APP intracellular sequences are
required for APP-mediated survival and neuromuscular syn-
apse assembly in vivo. It needs to be pointed out that to simul-
taneously determine the role of the APP intracellular domain in
developmental function and A pathogenesis, we introduced
both the human AB sequence with FAD mutations and the
C-terminal mutation in APP/hAB/mutC knock-in animals.
Therefore, it is conceivable that changes in the A region con-
tribute to the lethality and NM]J defects. We believe that it is
highly unlikely because analysis of another APP knock-in strain
in which the first Tyr residue of the YENPTY sequence was
mutated, whereas the A region was not altered, revealed sim-
ilar developmental defects.*

Although the reason for the distinct domain requirement for
C. elegans and mouse viability is not known, it is worth noting
that the lethality of the ap/-1-null worm is likely caused by a
molting defect not relevant to mammals. Indeed, expression of
the corresponding APP extracellular domain is not able to res-
cue the apl-1 deficiency (4). Phenotypes present in APP-null
mice are rather diverse, and the underlying mechanisms are not
established. As such, it is difficult to explain the apparent dif-
ferential pathways mediating the APP activity in synaptic plas-
ticity and synaptogenesis. The fact that APP exists both as a
full-length protein and in multiple processed forms and that the
cleavage products can be differentially sorted and indepen-
dently transported makes it plausible that these APP isoforms

4Z.Wang, H. Zheng, A. Barbagallo, and L. D'’Adamio, unpublished data.
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FIGURE 3. Analysis of A levels and plaque pathology in APP/hAB/mutC
mice. A, sandwich ELISA measurement of AB40 levels in the brains of APP/
hAB/mutC and APP/hAf knock-in mice at 3 months of age. APP/hAB/mutC
and APP/hAB mice are represented by black and gray bars, respectively. PST is
wild type unless otherwise indicated, and blank represents buffer blank con-
trol of ELISA plate. The ELISA kit does not recognize mouse Af sequence in
wild-type animals and was used as an additional negative control. The APP
transgenic mice Tg2576 were used as positive control. n = 5/genotype. The
AB40 peptide standard curve is shown in the inset. B, AB42/AB40 ratio deter-
mined by IP/MS in brains of 3-month-old APP/hAB/mutC (black bars) or
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FIGURE 4. Postnatal lethality of APP/hA 3/mutC knock-in mice on APLP2-
null background. A, analysis of genotypes of 53 offspring collected at P1
derived from mating of APPX/~/APLP2*/~ males and females. Gray bars rep-
resent observed frequency of various genotypes as the percentage of total,
and open bars are expected frequency based on Mendelian inheritance. Chi-
square = 4.9; df, 8; p > 0.1. B, analysis of genotypes of 114 offspring collected
at P21 derived from the same breeding as in A. Genotypes with impaired
survival are highlighted in bold. Chi-square = 33.8; df, 8; p < 0.001.

confer distinct APP activities (27). Nevertheless, our previous
mixed culture studies (13), combined with the current NM]J
investigation, make a strong argument that full-length APP
may play an important role not only in neuromuscular synapse
development but also a central synaptogenesis and synaptic
function as well.

We reported that APP is targeted to the synaptic sites of the
NM]J, where it may modulate CHT activity through physical

APP/hAB (gray bars) knock-in mice with or without the PSTM146V mutation.
n = 3 foreach genotype. Typical mass spectrum traces for AB40 and AB42 are
shown in the inset. C, representative plaque images in the hippocampus area
of 13-month-old APP/hAB/mutC ki/ki; PSTM146V/+, APP/hAB/mutC ki/ki;
PS1M146V/M146V,and APP/hA ki/ki;and PSTM146V/M146V mice. Scale bar,
100 wm. D, quantification of plaque load in the cortex and hippocampus of
the above animals. ***, p < 0.001; N.S., non-significant (analysis of variance).
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mutant. Merge, overlay of Syn and AchR images. D, quantification of the average bandwidth of AchR-positive
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endplates/genotype). ***, p < 0.001; *, p < 0.05 (Student’s t test). Scale bars in A and E, 20 um; scale bar in
C, 100 wm.

intracellular domain or any sorting
signal (29), we cannot exclude the
possibility that the neuromuscular
synapse defect seen in APP/hApB/
mutC mice is primarily caused by
defective APP trafficking. Further-
more, APP intracellular sequences
mediate additional activities, in-
cluding interactions with multiple
proteins (reviewed in Ref. 3) and
transcriptional regulation via bind-
ing to Fe65 (30, 31), so it is therefore
conceivable that defective adaptor
protein interactions and intracellu-
lar signaling pathway may contrib-
ute to the developmental pheno-
types seen in the APP/hAB/mutC
mice.

In contrast to its critical role in
survival and neuromuscular syn-
apse organization during develop-
ment, we show here that the highly
conserved APP intracellular do-
main does not overtly affect APP
expression, processing, or secretion
in adult brain or in primary neuro-
nal cultures. The AB40 levels,
AB42/AB40 ratio, and modulation
by the PSIM146V FAD mutation
are all comparable with a similar
APP knock-in strain expressing the
full-length protein. Although subtle
effects of the Arctic mutation on
APP localization or B-secretase
cleavage as reported by Sahlin et al.
(25) cannot be formally excluded,
our results are consistent with the
published reports that introduction
of the Arctic mutation leads to a
more aggressive amyloid pathology,
likely due to enhanced A fibriliza-
tion (23, 24). In light of the exten-
sively published reports addressing
the various effects of the Thr®®® res-
idue and the YENPTY sequence on
APP localization, trafficking, and
processing (reviewed in Refs. 2
and 3), the relatively normal APP
and AB metabolism in the APP/
hAB/mutC mice is therefore unex-
pected. Differences in the model

interaction mediated by the APP intracellular domain (12, 13).
Our finding that expression of APP with mutated C-terminal
sequences leads to aberrant CHT localization and impaired
NM]J patterning strengthens this notion. However, APP is
known to undergo kinesin-dependent trafficking via the C-ter-
minal sequences (28). Although a recent report documented
that the fast anterograde transport of APP does not require the

30604 JOURNAL OF BIOLOGICAL CHEMISTRY

systems (in vivo versus in vitro), expression levels (physiological
versus overexpression), cell types (neurons versus non-neuro-
nal cells), and the nature of the systems (chronic versus acute)
could all contribute to the contrasting findings between our
work and the published studies.

Because of the central role of APP in Alzheimer disease, it is
essential to understand the mechanisms mediating its physio-
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logical function and pathogenesis. By creating a novel APP
knock-in allele that allows us to examine the in vivo function of
the highly conserved APP intracellular domain in developmen-
tal regulation and A pathology, we report here that the two
pathways can be genetically uncoupled. Because the APP intra-
cellular domain is critical for its physiological function but dis-
pensable for A production, targeting this region may thus lead
to undesirable physiological impairment rather than antici-
pated AB modulation.
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