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Adaptor protein FE65 (APBB1) specifically binds to
the intracellular tail of the type I transmembrane pro-
tein, �-amyloid precursor protein (APP). The formation
of this complex may be important for modulation of the
processing and function of APP. APP is proteolytically
cleaved at multiple sites. The cleavages and their regu-
lation are of central importance in the pathogenesis of
dementias of the Alzheimer type. In cell cultures and
perhaps in vivo, secretion of the �-cleaved APP ectodo-
main (sAPP�) is the major pathway in the most cells.
Regulation of the process may require extracellular/in-
tracellular cues. Neither extracellular ligands nor intra-
cellular mediators have been identified, however. Here,
we show novel evidence that the major isoform of FE65
(97-kDa FE65, p97FE65) can be converted to a 65-kDa
N-terminally truncated C-terminal fragment (p65FE65)
via endoproteolysis. The cleavage region locates imme-
diately after an acidic residue cluster but before the
three major protein-protein binding domains. The cleav-
age activity is particularly high in human and non-hu-
man primate cells and low in rodent cells; the activity
appears to be triggered/enhanced by high cell density,
presumably via cell-cell/cell-substrate contact cues. As a
result, p65FE65 exhibits extraordinarily high affinity
for APP (up to 40-fold higher than p97FE65) and potent
suppression (up to 90%) of secretion of sAPP�. Strong
p65FE65-APP binding is required for the suppression.
The results suggest that p65FE65 may be an intracellu-
lar mediator in a signaling cascade regulating �-secre-
tion of APP, particularly in primates.

FE65 is a multimodular adaptor protein, consisting of three
major protein-protein interaction domains, a WW domain
and two phosphotyrosine interaction domains (PID)1 (1, 2)

(Fig. 2A). The interaction between FE65 and APP mainly takes
place between the C-terminal PID (PID2) and the APP intra-
cellular domain (AICD), although other regions may also po-
tentially contribute to the action. The physiological effects of
FE65-�PP complexes are not well understood. Genetic evi-
dence suggests that strong FE65-�PP binding was favored by
natural selection during animal evolution toward human line-
age (3). �PP is a widely studied protein because of its role in the
pathogenesis of dementias of the Alzheimer type (DAT). FE65
is predominantly expressed in central nervous system neurons,
and its expression is regulated during development and aging,
with high levels corresponding to the timing of neural tissue
formation and high neuronal activity (4–8). Selective knock-
out of the p97FE65 isoform results in modest impairments in
learning but severe deficits in relearning spatial tasks (8).
These phenotypes reflect reduced synaptic plasticity. Thus, the
APP-FE65 pathway may play roles in normal and abnormal
cognitive functions.

In addition to binding to AICD, FE65 can also interact, at
least in vitro, with several other proteins through its WW and
PID1 domains (1, 2). FE65 is able to translocate between the
nucleus and cytoplasm, consistent with the distinct locations of
its multiple binding partners. Through these protein-protein
interactions, FE65 may impact upon APP processing (9–12),
gene expression (13, 14), pre-mRNA splicing (15), cell cycle
progression (16), plasma membrane dynamics (17, 18), axonal
projection and neuronal positioning (19), and learning and
memory (8).

As a type I transmembrane protein, APP can undergo serial
proteolytic processing at sites within or near the transmem-
brane domain; dysfunction of the process is thought to be the
underlying mechanism of DAT (20, 21). APP processing in-
volves at least two consecutive cleavages. Cleavages by �- or
�-secretases release large soluble ectodomains, sAPP� or
sAPP�, into extracellular environments and leave small C-
terminal fragments retained in membranes. These membrane-
bound fragments may be further cleaved by �-secretases lead-
ing to release and secretion of non-pathogenic p3 peptides or
potentially pathogenic A� peptides and AICD (20). Under phys-
iological conditions, �-cleavage of APP is the major and ubiq-
uitous pathway of APP metabolism in most cells. That cleavage
precludes production of A� peptides, whereas suppression of
�-cleavage of APP may potentially provide more substrates for
�-secretase. The regulation of APP processing is thought to
occur at the level of ectodomain shedding via extracellular or
intracellular cues (22, 23).

Unlike some other �-secretase-cleaved transmembrane pro-
teins, the extracellular cues or ligands that are potentially
responsible for the regulation of APP secretion have not yet
been identified. Secretion of the ectodomains of APP in cell
culture seems to occur constitutively (“by default”) (20, 21). On
the other hand, several lines of evidence consistently show that
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deletion of the AICD or introduction of mutations into this
domain promotes APP secretion (24–27). This suggests that
the conserved AICD may normally play a suppressive role. The
regulation most likely requires interactions with AICD-binding
proteins. Although AICD is rather small (only about 47 amino
acid residues in length), it can be bound by more than 12
proteins and/or their family members, at least based upon in
vitro evidence (2). FE65 is the prototypical AICD-binding pro-
tein. Despite direct binding, the impact of FE65 on secretion of
APP ectodomains has been somewhat controversial (9–12, 28).
This inconsistency may be due to the results having been
obtained under various experimental settings; it may also re-
flect the intrinsic complexity of the FE65 molecule and the
cellular environments with which FE65 interacts in different
biological contexts. We now demonstrate that p97FE65 can
undergo endoproteolysis, leading to production of p65FE65.
p65FE65 exhibits extraordinarily high affinity for AICD and
strong suppression of secretion of sAPP�. These results suggest
a novel cellular mechanism by which secretion of sAPP� is
regulated, particularly in primate cells.

EXPERIMENTAL PROCEDURES

Cell Cultures and DNA Transfection—Cell cultures were performed
as described previously (6). For transient transfection, cells were seeded
at 80–90% of confluence before transfection. Transfection was mediated
by polyethylenimines (Polysciences, Inc., Warrington, PA) as described
previously (29). Typically, 1.2 �g of total plasmid DNAs and 6 �l of
polyethylenimines were used for one well of the 12-well plates. Down-
stream assays were usually performed at 24–48 h after transfection.

Recombinant Constructs—All human FE65 constructs were derived
from previously described parental constructs (3) or their modifications.
Double-tagged pcDNA3.1-HA-p97fe65-myc was generated by insertion
of a HA tag into the N-terminal FE65 in pcDNA3.1-p97fe65-myc. The
modified construct was then used for generations of deletions/muta-
tions by site-directed mutagenesis; these were utilized for the mapping
of p97FE65 cleavage sites. Various non-tagged FE65 constructs in a
pcDNA3.1 vector were used for the experiments where comparisons
with endogenous FE65s were needed or for APP secretion assays. The
C-terminal Myc-tagged pcDNA3.1-fe65-myc constructs were generated
and used for the experiments on immunocytochemical localizations or
APP secretion. pGEX-APPC48, coding for a fusion protein between
glutathione S-transferase (GST) and the 48 C-terminal amino acids of
the human APP, was from the previous study (3). pGEX-KG-Tip60(63–
454), coding for a fusion protein between GST and Tip60, was a gift from
Dr. Thomas C. Sudhof (the University of Texas Southwestern Medical
Center). pGEX-LRPC101 (4445–4544), coding for a fusion protein be-
tween GST and the 101 C-terminal residues of human low density
lipoprotein receptor-related protein 1 (LRP), was PCR subcloned from
pcDNA3.1-mLRP4T100, a gift from Dr. Guojun Bu (Washington Uni-
versity, St Louis). Constructs of pCA-APP695, pCA-S�C, and pCA-
APP�AICD were obtained from previous studies (30). All insert se-
quences were verified by DNA sequencing. A synthetic peptide
containing the C-terminal 57 residues of APP (C57) was purchased from
rPeptide (Athens, GA).

Antibodies—Affinity-purified anti-FE65 polyclonal antibodies FE27
and FE518 were described previously (3, 8). The epitope sequences have
no homology to FE65L1 and FE65L2 and are completely conserved
between human and mouse. Anti-HA monoclonal 16B12, Alexa-Fluor-
594–16B12, anti-Myc monoclonal 9E10 and FITC-labeled 9E10 were
purchased from Babco (Richmond, CA); anti-APP-N-terminal mono-
clonal 22C11 and anti-A�1–17 monoclonal 6E10 were from Chemicon
(Temecula, CA); anti-�-actin monoclonal and anti-�PP-C-terminal
polyclonal (for immunostaining) were from Sigma); anti-�PP-C-termi-
nal polyclonal (O443) (for Western blotting) was a generous gift from
Dr. Kumar Sambamurti (the Mayo Clinic, Jacksonville, Florida) (31);
anti-caspase-3 and anti-PARP (poly(ADP-ribose) polymerase) poly-
clonal were from BD Biosciences; anti-cyclin B1 polyclonal was from
Santa Cruz Biotechnology (Santa Cruz, CA).

Western Analysis and GST Pull-down Binding Assays—Western
analysis was performed as described previously (3, 8). FE65 antibodies
were used at 1:20,000 dilutions; commercial antibodies were used at
dilutions suggested by the manufacturers, except for antibodies 22C11
and 6E10, which were used at 1:15,000 dilutions. GST pull-down assays
were performed as described previously (3). GST-APPC48 pull-down

was performed in a modified binding/lysis buffer (50 mM Tris-HCl, pH
7.5, 150 mM NaCl, 0.5% Triton X-100, 10% glycerol, 50 mM NaF, 1 mM

sodium vanadate) supplemented with EDTA-free CompleteTM protease
inhibitors (Roche Applied Science) prior to use. GST-LRPC101 and
GST-Tip60 pull-down were performed in LRP binding/lysis buffer (20
mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM CaCl2, 2 mM MgCl2, 1%
Triton X-100) supplemented with the same protease inhibitors. Fresh
monkey cerebral cortex lysates (from a 10-year-old female Macaca
nemestrina) were generous gifts from Dr. John Glomset (the Primate
Center, University of Washington). Autopsy human brain tissues (with
a post-mortem interval of �3 h) were from a non-demented 65-year-old
female. Mouse brain tissues were from 6-month-old C57BL/6J females.
The use of human subjects and animals in the study has complied with
all relevant federal guidelines and institutional policies. Brain tissues
were homogenized in corresponding binding/lysis buffers and centri-
fuged at 14,000 rpm at 4 °C for 20 min; supernatants were used for
Western analysis or pull-down assays. Statistical analysis was per-
formed by two-tailed Student’s t test.

Immunocytochemistry—COS cells were plated on coverslips in 24-
well plates. Immunostaining was conducted 24 h after transfection.
Cells were fixed in 3.7% paraformaldehyde/phosphate-buffered saline
(PBS) at room temperature for 30 min, permeabilized in 0.15% Triton
X-100/PBS at room temperature for 5 min, and blocked in 5% fetal
bovine serum/PBS-T (0.2% Tween 20 in PBS) at room temperature for
30 min. For staining APP, cells were incubated with 22C11 or anti-
�PP-C-terminal polyclonal antibody at 1:500 dilutions in 1% fetal bo-
vine serum/PBS-T at room temperature for 30–60 min. After washes
with PBS-T, cells were incubated with an Alexa-Fluor-568-conjugated
secondary antibody at 1:200 dilutions (Molecular Probes, Eugene, OR).
For staining Myc-tagged FE65s or HA-tagged mLRP4, FITC-9E10 or
Alexa-Fluor-594–16B12 was used at 1:200 dilutions. Samples were
mounted in a 4�,6-diamidino-2-phenylindole medium and visualized by
standard immunofluorescence microscopy with the facilities provided
by the Keck Center at the University of Washington.

RESULTS

An N-terminally Truncated C-terminal FE65 Fragment Ex-
hibits High Affinity for AICD—In previous experiments, we
observed an �65-kDa protein fragment that could be pulled
down together with p97FE65 by GST-APPC48 and recognized by
an FE65-specific antibody FE518 (3). The results suggested that
the fragment might be a truncated FE65. To map the fragment,
a double-tagged neuronal isoform p97FE65 cDNA was generated
(Fig. 2A) and expressed in COS cell cultures. Western analysis
revealed that the 65-kDa fragment could be recognized by anti-
bodies specific to C-terminal epitopes (FE518 or Myc) but not by
those specific to N-terminal epitopes (HA and FE27) (Fig. 1A),
indicating that it contains the distal two-thirds of the C-terminal
region of p97FE65. We named the fragment p65FE65.

Endogenous p65FE65 protein bands were also detected in
cerebral cortex lysates of freshly prepared monkey brain (Fig.
1B) and in lysates prepared from human and non-human pri-
mate confluent cell cultures, including COS cells and a brain
neuroblastoma cell line, SK-N-SH (Fig. 1D). Similar results
were also observed in HEK cells and brain neuroblastoma cell
lines IMR32 and MC65 (data not shown). In contrast, endoge-
nous p65FE65 was rarely detected in lysates of the counterpart
tissues/cell cultures from rodents, although these tissues/cells
expressed relatively abundant p97FE65 (Fig. 1, B and D). The
results suggest that p65FE65 is predominantly produced in
primates. The endogenous p65FE65 fragments could also
be dramatically enriched by GST-�PPC48 pull-down (Fig. 1,
C and E, compare with Fig. 1, B and D), as ratios of p65FE65/
p97FE65 were increased 10–40-fold after the treatments (Fig.
1F, left). The enrichments were not because of an AICD-in-
duced event because p65FE65/p97FE65 ratios were not
changed during incubation with GST-APPC48 (Fig. 1G). These
results suggest that p65FE65 has extraordinarily high affinity
for AICD. Although Western analysis of lysates prepared from
autopsy human cerebral cortexes detected neither p97FE65
nor p65FE65 bands (data not shown), GST-APPC48 pull-down
enriched the p65FE65 bands (Fig. 1C).
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To examine the interactions of p65FE65 with other binding
partners, pull-down assays with GST-LRPC101 (a fusion pro-
tein between GST and the 101 C-terminal residues of human
LRP) or GST-Tip60 (a fusion protein between GST and Tip60)
were also performed. Both LRP and Tip60 have previously been
shown to bind the PID1 domain (13, 32). The results revealed
that the p65FE65 (but not p97FE65) bands were also enriched
by GST-LRPC101 or GST-Tip60 pull-down but not by incuba-
tion with these fusion proteins alone (controls) (Fig. 1F, right).
A reasonable interpretation is that the N-terminal region of
p97FE65 has inhibitory functions for multiple downstream
protein-protein interactions; removal of this region is appar-
ently responsible for the great enhancement of these bindings.

A previously described 60-kDa p60FE65 detected in mouse
brain tissues (8) was also detected in non-human primates and
human brain tissues (Fig. 1, B and C). Although both p60FE65
and p65FE65 are N-terminally truncated C-terminal frag-
ments, p60FE65 is generated by alternative translation down-
stream of exon 2 and is rarely detected in cell cultures. In

contrast, p65FE65 is generated by endoproteolytic cleavage
within a region encoded by exon 2 (see below) and can be
detected in confluent cultures. Because p60FE65 lacks part of
the WW domain, this isoform may not have the same functional
roles as p65FE65 does.2

To investigate what caused rodent cells to produce only small
amounts of p65FE65, we compared the ratios of p65FE65/
p97FE65 in lysates of confluent HEK, Neuro-2a, and B103 cells
expressing human or mouse p97FE65 cDNA sequences (Fig.
1H). The results suggest that neither rodent protein sequences
nor cell environments favor the production of p65FE65.

p65FE65 Is a Cleaved Product of p97FE65—Because
p65FE65 is also produced from the cDNA construct coding for
p97FE65, it is unlikely to be a product of alternative splicing.
Instead, the fragment might be generated via endoproteolytic
cleavage of p97FE65 or alternative translation from the

2 B. H. Cool, Q. Hu, and G. M. Martin, unpublished observations.

FIG. 1. An N-terminally truncated C-terminal FE65 fragment (p65FE65) has high affinity for AICD. A, lysates of COS cell cultures
transfected with pcDNA3.1-HA-p97fe65-myc were analyzed by Western blotting with antibodies 16B12 (anti-HA), FE27, FE518, or 9E10 (anti-Myc) or
the corresponding preimmune serum (PI). p97, p97FE65; p65, p65FE65; C, pcDNA3.1 vector controls. B and C, lysates freshly prepared from a monkey
cerebral cortex (MkBr) or a C57BL/6J mouse cortex (MsBr) were analyzed by Western blotting with antibody FE518 (10 �g of protein/lane) (B). COS
cell lysates overexpressing p97FE65 were used as references. These brain lysates along with cerebral cortex lysates of a human autopsy brain (HBr)
were also analyzed by GST or GST-APPC48 (C48) pull-down (250 �g of protein/sample) followed by Western blotting with FE518 (C). D and E, lysates
of various cell cultures grown to 25% (L lanes) or 100% (H lanes) confluence (conf) were analyzed by Western analysis (D) or by GST-APPC48 pull-down
(E) as described in B and C. Levels of �-actin were used as loading controls. COS, a SV-40-transformed African green monkey kidney cell line; SK-N-SH,
Neuro-2a, and B103, brain neuroblastoma cell lines from human, mouse, and rat, respectively; Pre, preabsorbed FE518. Results similar to those of
SK-N-SH or COS cells were also observed in human neuroblastoma cell lines IMR32, MC65, and HEK293 (data not shown). F, left panel, p65/p97 ratios
of selected samples in B–E were compared before and after subjection to GST-APPC48 pull-down analysis. Right panel, p65/p97 ratios of COS cell
lysates overexpressing p97FE65 were compared before and after being subjected to GST-LRPC101 or GST-Tip60 pull-down analysis. G, COS cell
lysates expressing pcDNA-p97fe65-myc were incubated with GST-APPC48 (C48) without pull-down (lane 2) or with pull-down (lane 3) followed by
Western analysis with anti-Myc antibody. H, HEK293, Neuro-2a, or B103 cells were transfected with human pcDNA-p97fe65-myc (Hp97), mouse
pcDNA-p97fe65-myc (Mp97), or pcDNA3.1 (C lanes). Lysates were analyzed by Western blotting with FE518.

FE65 Cleavage Regulates APP Secretion12550



p97FE65 open reading frame. To determine which mechanism
is responsible for generation of p65FE65, we mapped the N
terminus of p65FE65. Initial efforts at microsequencing of af-
finity-purified p65FE65 were unsuccessful because of N-termi-
nal blockage. As an alternative approach, deletion (�) analysis
was performed using a panel of mutant constructs generated
from the pcDNA3.1-HA-p97fe65-myc (wild type) (Fig. 2A). The
results showed that � (residues) 131–180 reduced the size of
the larger band but did not affect the production of p65FE65,
whereas �212–261 reduced the sizes of both the p65FE65 and
p97FE65 bands, suggesting that the N terminus is located
downstream of residue 180 but upstream of residue 212 (Fig.
2B). This assumption was confirmed by �171–220, which com-
pletely abolished the production of p65FE65. A further smaller
deletion (�191–220 but not �171–200) within this region also
partially disrupted generation of p65FE65 but resulted in some
minor nonspecific bands (Fig. 2B). Interestingly, when deletion
regions were smaller than 15 residues (�178–189, �186–199,
�195–209, and �206–215) within this region, no significant
interference occurred (Fig. 2, A and B), suggesting that gener-
ation of p65FE65 requires a specific secondary or tertiary
structure. Large deletions might disturb the conformation,
whereas small ones might not significantly perturb the struc-
ture. The results suggest the possibility of heterogeneous pro-
teolytic cleavages at multiple sites within a small region rather
than that of alternative translation, which usually involves
initiation from a definite codon. A combination analysis of the
results of � 131–180, �171–220, �212–261, and �191–220 sug-
gests that the putative cleavage site most likely is located
between residues 191 and 212, although �171–220 showed the
most efficient interruption.

The endoproteolytic cleavage hypothesis was further tested
by a frameshift mutation (a single T insertion) introduced to
residue 106 (FS106) that resulted in the premature termination
of p97FE65 translation at residue 118, upstream of the puta-
tive cleavage site(s) (Fig. 2A). In addition to the premature

termination of p97FE65, the mutation would also lead to two
mutually exclusive outcomes: (a) uninterrupted expression of
p65FE65, indicating that p65FE65 was generated by alterna-
tive translation from an internal in-frame codon; or (b) abol-
ished expression of p65FE65, confirming that p65FE65 was
generated by endoproteolytic cleavage of p97FE65. The results
revealed that the frameshift mutation abolished the production
of p97FE65 as well as p65FE65 (Fig. 2C, right), producing a
single �18-kDa peptide corresponding to the size of the prema-
turely terminated N-terminal peptide (Fig. 2C, left). Therefore,
we concluded that p65FE65 is derived from p97FE65 via en-
doproteolytic cleavage. In this particular experiment, we also
observed an �28-kDa fragment corresponding to the size of the
cleaved N-terminal product from the wild-type p97FE65 (Fig.
2C, left). The fragment was not often detectable (e.g. Fig. 1A),
suggesting that it might be unstable.

A comparative sequence analysis revealed the following. 1)
FE65 residues 171–220 are not conserved in FE65L1 and
FE65L2, members of the FE65 family. Thus, the endoproteo-
lytic cleavage at this site is a unique feature of FE65 process-
ing. 2) Residues 171–220 are not completely conserved in the
FE65 proteins of human, mouse, and rat (Fig. 2D), which may
partially explain the inefficient cleavage of p97FE65 in rodent
cells. 3) The endoproteolytic cleavage separates a previously
uncharacterized acidic residue cluster (ARC) from the down-
stream major protein-binding domains (Fig. 2A). The ARC
(E143QGPDEGEEKAAGEAEEEEEDDDDEEEEED172), en-
riched for polyglutamic acids, is also absent in FE65L1 and
FE65L2 but conserved in FE65 of human, mouse, and rat.

We cloned a human p65FE65 starting with a Met codon
followed by codons 193–710. The design was based upon: 1) the
mutation analyses shown in Fig. 2, A and B; 2) the Peptidecut-
ter analysis (us.expasy.org/tools/peptidecutter) between resi-
dues 191 and 212, suggesting an endopeptide cleavage site
between residues 192 and 193. Expression of the cloned
p65FE65 in COS cells yielded a protein fragment migrating at

FIG. 2. p65FE65 is endoproteolyti-
cally cleaved from p97FE65. A, a sche-
matic diagram indicates the positions of
deletions (�) and a frameshift mutation
(FS) in HA-p97FE65-Myc (“wild type”).
The numbers correspond to the human
FE65 amino acid sequences (GenBankTM

accession number L77864). WW, WW do-
main; AICD, APP intracellular domain
that interacts with FE65 PID2. B, gener-
ations of p65FE65 in COS lysates ex-
pressing the wild-type and mutant con-
structs were examined by Western
analysis (top) with FE518 or by GST-
APPC48 pull-down followed by Western
analysis (bottom). C, expression of a
frameshift mutant HA-p97FE65FS106-
Myc in COS cells prematurely terminated
translation of p97FE65 (left panel) and
also abolished production of p65FE65
(right panel). D, comparisons of the amino
acid residues between 171 and 220 among
human, mouse, and rat FE65s. The non-
conserved residues are underlined.
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a position identical to that of the cleavage product from
p97FE65 in SDS-PAGE.

Attempts to identify the class of the protease(s) responsible
for the p97FE65 cleavage were unsuccessful. We screened can-
didate proteases with a protease inhibitor set (Roche Applied
Science), including inhibitors specific for metalloproteinases,
aspartic proteases, serine and cysteine proteases, and amino-
peptidases. Each inhibitor was separately added to the lysates
of COS cells expressing p97FE65. Ratios of p65FE65/p97FE65
were not changed as a result of these treatments. The results
suggest that the responsible protease(s) may become inactive
once cells are lysed.

Cleavage of p97FE65 May Be Regulated by Cell Density—The
evidence that especially abundant p65FE65 fragments were pro-
duced in confluent primate cell cultures raised the possibility
that the cleavage activity might be regulated by cell density. To
test that possibility, we designed the experiments illustrated in
Fig. 3A (left panel). To avoid the up-regulated expression of
endogenous p97FE65 at high cell densities confounding the anal-
ysis (Fig. 1, D and E), we analyzed exogenous p97FE65 expressed
from pcDNA3.1-HA-p97fe65-myc. As shown in Fig. 3A, levels of
the exogenous p97FE65 at cell-plating densities between 6.25%
(lane 1) and 100% (lane 5) were not much different under these
conditions. In contrast, the ratios of p65FE65/p97FE65 were
dramatically increased as cell densities increased, reflecting up-
regulated p97FE65 cleavage activity. In COS cells, cleavage ac-
tivity was inactive at low cell density, became active in �50%
confluent cells, and reached peak levels when cultures were 100%
confluent (Fig. 3A, middle panel). Similar but less robust results
were observed in SK-N-SH cells (Fig. 3A, right panel). These
results suggest that high cell density can trigger or enhance the
cleavage activity in cultures and presumably in vivo, where high
density is the norm.

To assess whether cleavage was a consequence of other cel-
lular events, e.g. apoptosis and cell cycle arrest, which are often
associated with high cell density, we examined COS lysates for
the expression of several reference marker proteins, including

caspase-3 (converted from the 32-kDa pro-active form to the 17-
and 12-kDa active forms during early/middle apoptosis), PARP
(converted from a 116-kDa inactive form into an 85-kDa active
form during late apoptosis), and cyclin B1 (a G2/M phase cell
cycle marker). The results showed that cleavage of p97FE65
occurred earlier than cleavage of caspase-3 or PARP (Fig. 3B)
and that the levels of cyclin B1 were not changed during the
experimental period. The results suggest that cleavage of
p97FE65 is not the consequence of apoptosis, and it appears to
be independent of cell cycle alterations.

To determine what factors, soluble or insoluble, were in-
volved in the regulation, low density COS cell cultures were
treated with high density conditioned media. The ratios of
p65FE65/p97FE65 were not changed by that treatment (Fig.
3C), suggesting that soluble factors may not contribute to the
regulation; instead, the regulation is likely mediated by cell-
cell or cell-substrate contacts. This interpretation is consistent
with the negative results of the protease inhibitor experiments
(above). The cleavage may be active only when the appropriate
contact cues are present.

Cellular Locations of p97FE65 and p65FE65 Are Modulated
by APP but Not by LRP—To assess whether the enhanced
affinity of p65FE65 for APP and LRP could affect the cellular
locations of p65FE65, immunostaining was performed in COS
cells transfected with various constructs (Fig. 4). In the absence
of co-transfections with APP, the major immunoreactivities
of p97FE65, p97FE65�171–220, and p65FE65 were in the
nucleus (Fig. 4, A–D), with relatively more p65FE65 immuno-
reactivity found in perinuclear structures or on plasmic mem-
branes (Fig. 4C). These findings suggest that under endoge-
nous APP concentrations, p65FE65 may be more readily
tethered in the cytoplasm than the uncleaved proteins, perhaps
because of its high affinity for APP (13, 33). In contrast, co-
transfections with APP resulted in the tethering of all FE65
proteins in perinuclear structures (presumably Golgi/endoplas-
mic reticulum) independently of strong or weak APP binding
(Fig. 4, E–J). The action requires AICD, as APP�AICD (in which

FIG. 3. Cleavage of p97FE65 is reg-
ulated by cell density. A, COS (middle
panel) or SK-N-SH (right panel) cultures
were treated as shown in the left panel.
Cell lysates were analyzed by Western
blotting with antibody 9E10 (anti-Myc) (5
�g of protein/lane). p65/p97 ratios were
plotted as function of % plating densities.
B, duplicate blots of A were sequentially
probed by antibodies specific for
caspase-3, PARP, cyclin B1, or �-actin. C,
low density (25%) COS cultures were in-
cubated for 24 h with or without high
density (100%) conditioned media. Cell ly-
sates were analyzed by GST-APPC48
pull-down followed by Western analysis
with FE518.
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the C-terminal 59 residues of APP695 was deleted and replaced
by novel 59 residues translated from the APP695 3�-untrans-
lated region) lacked such effects (Fig. 4, K–M). To our surprise,
unlike APP, mLRP4-HA (the membrane-containing minirecep-
tor of LRP) (34) was unable to tether either p97FE65 (data not
shown) or p65FE65 (Fig. 4, N–P) in the cytoplasm, although
mLRP4-HA also accumulated in the same perinuclear struc-
tures. These results suggest that APP has a unique function for
regulation of FE65 cellular localizations. The observations
raise the possibility that the presence of certain threshold
amounts of APP may be prerequisites for cytoplasmic functions
that require LRP-FE65 binding.

p65FE65 Is a Potent Suppressor of the Secretion of
sAPP�—To investigate whether cleavage of p97FE65 could
impact APP processing and function, we compared the effects of
cleaved and uncleaved FE65 (Fig. 5A) on secretion of sAPP� in
multiple cell lines. As shown in Fig. 5B, co-expression of
p65FE65 and human APP695 in HEK293 cells significantly
reduced levels of sAPP� in conditioned media and the ratios of
sAPP�/cellular APP by 90%, when compared with mock trans-
fections (co-transfections of the pcDNA3.1 vector and APP695).
The effects were p65FE65 dose-dependent (Fig. 5C). In con-
trast, overexpression of p97FE65�171–220 or p97FE65 mod-
estly reduced secretion of sAPP� by 25–60% (Fig. 5, B and C),
which is consistent with the observations by Ando et al. (9). The
results indicate that p65FE65 is a strong suppressor of the
secretion of sAPP�, although uncleaved p97FE65 may also
have weak suppressive functions in this cell line.

To determine whether tight FE65-AICD binding is essential
for the suppression, APP695 was also co-transfected with
p97FE65a2 or its cleaved derivative, p65FE65a2. As described
previously (3), the p97FE65a2 isoform is expressed in all ro-
dents and non-human primates as well as in �25% of Northern
European populations because of the presence of a minor FE65
allele that causes alternative splicing of exon 14. However,
rodents, non-human primates, and carriers of the minor allele
also express various amounts of the “normal” splicing isoform,

p97FE65. p97FE65 and p97FE65a2 are similar in size but have
different C-terminal regions leading to high and low APP bind-
ing affinity, respectively (3) (Fig. 5A). Remarkably, p97FE65a2
and p65FE65a2 showed no effects on secretion of sAPP� by
either measurement (Fig. 5B), although both proteins could be
efficiently tethered in the perinuclear structures by co-trans-
fected APP in COS cells (data not shown). The results indicate
that strong FE65-APP interaction is essential for the suppres-
sive action.

To demonstrate the generality of our observations, we tested
several other cell lines. In SK-N-SH cell cultures, p65FE65 or
p97FE65 also exhibited potent or modest suppressions of
sAPP� secretion, by 80–90 and 60–70%, respectively, whereas
the uncleaved p97FE65�171–220 had no such effects (Fig. 5D).
In COS, Neuro-2a, and B103 cells, however, only p65FE65
significantly suppressed secretion of sAPP� (by 60–70%),
whereas p97FE65, p97FE65�171–220, and p97FE65a2 had no
such effects (Fig. 5, E–G). In general, strong suppressions were
observed in human cell lines, moderate suppressions were seen
in a non-human primate cell line, and there was weak suppres-
sion in rodent cell lines. Consistent with these results, knock-
down of FE65 levels by short interference RNA showed in-
creased secretion of APP (12). In addition, the effects of cell
density on secretion of endogenous sAPP� were evaluated in
HEK293 cells (Fig. 5H). The results showed that secretion of
sAPP� was inversely regulated by cell density.

We should point out that the actual suppressive effects might
be larger than observed because immunostaining results re-
vealed that 80–90% of co-transfected cells showed strong stain-
ing of both FE65 and APP; the other 10–20% showed strong
staining of either APP or FE65 (data not shown), suggesting that
secretion of sAPP� in those cells mainly overexpressing APP
might have escaped the regulation by FE65. Secondly, the ex-
pression levels of p65FE65 were always stronger than those of
any other FE65 isoforms/fragments (Fig. 5, B–G). This was not
because of the variations of transfection efficiencies, as the dif-
ferences were persistent after normalization of FE65 levels to

FIG. 4. Cellular locations of
p97FE65 and p65FE65 are regulated
by APP but not by LRP. A–D, COS cells
transfected with plasmids coding for the
indicated Myc-tagged proteins and fixed
cells were immunostained with FITC-
9E10. E–J, COS cells were co-transfected
with pCA-APP695 and pcDNA3.1-
p97fe65-myc or pcDNA3.1-p65fe65-myc
and then co-stained with FITC-9E10
(green) and an anti-AICD antibody (red).
K–M, COS cells were co-transfected
with pCA-APP�AICD (APP695 with the
�-cleaved C-terminal fragment deleted
and replaced by 59 residues derived from
the 3�-untranslated region sequences of
APP695) and pcDNA3.1-p65fe65-myc and
were co-stained with FITC-9E10 (green)
and antibody 22C11 (red). N–P, COS
cells were co-transfected with pcDNA3-
mLRP4T100-HA (coding for the mem-
brane-containing minireceptor of LRP,
mLRP4-HA) and pcDNA3.1-p65fe65-myc
and were co-stained with FITC-9E10
(green) and Alexa-Fluor-594–16B12 (anti-
HA) (red). Nuclei were stained blue with
4�,6-diamidino-2-phenylindole.
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�-galactosidase activity controls. Similarly, globally stronger im-
munostaining was also evident in cells expressing p65FE65 than
those expressing any other FE65 forms (data not shown). These
observations suggest that p65FE65 may be more stable than
other FE65 forms. Thirdly, using sensitive enzyme-linked immu-
nosorbent assays (35), we were unable to detect reliable levels of
the A�40 and A�42 peptides in conditioned media (with or without
supplement of serum) under these experimental conditions (the
R values of typical standard curves were 0.9754–0.9967 when
concentrations of the A�40 or A�42 standard peptides were be-
tween 31.25–1000 pg/ml), suggesting that the levels of the A�
peptides in our samples may be below 31.25 pg/ml.

To evaluate the influences of various FE65 forms on the levels
of APP C-terminal fragments (CTFs), we examined the CTF
profiles of HEK293 cells co-expressing APP695 and various
FE65s (Fig. 5I). Consistent with the results of the A� enzyme-
linked immunosorbent assays, �CTF bands were undetectable.
However, we detected strong peptide bands corresponding to the
positions of �CTF. In general, the �CTF profiles were consistent
with those of sAPP� (i.e. high levels of sAPP� corresponding to
relative high levels of �CTF) with a few exceptions. For example,

cells with the mock transfections (control) secreted the highest
levels of sAPP� but did not express the highest levels of �CTF.
This may be due to the fact that the CTFs can be stabilized by
forming complexes with FE65 (36). Without co-transfection with
FE65, degradation of �CTF in the control samples may be faster
than those of the samples in which FE65 was co-transfected. In
addition, although the lowest levels of �CTF were also detected
in p65FE65-co-transfected cells, the magnitudes of reduced
�CTF were smaller than those of the reduced secretion of sAPP�.
The differences may reflect the dual effects of p65FE65 on �CTF,
with p65FE65 reducing secretion of sAPP� (presumably leading
to reduced �CTF levels) as well as stabilizing �CTF (resulting in
increased levels of �CTF). The faint peptide bands above �CTF
apparently corresponded to �CTF. As levels of these bands were
low and varied slightly between Western analyses of the same
samples, quantitative analysis of these bands was not performed.

DISCUSSION

p97FE65 Is Cleaved by Regulated Protease Activity—In this
study, we demonstrate that p97FE65 can undergo endoproteo-
lytic cleavage, generating p65FE65 and a small unstable N-

FIG. 5. p65FE65 shows potent and
dose-dependent suppression of se-
cretion of sAPP�. A, a schematic dia-
gram shows FE65 isoforms/fragments.
Number of arrows indicates their relative
affinities for AICD. B, HEK293 cells
were co-transfected with pCA-APP695,
pcDNA3.1-LacZ, and the indicated FE65
construct. Two independent clones (re-
ferred to as a and b) of each fe65 construct
were used to eliminate potential artifacts
due to cloning and plasmid preparation.
Conditioned media and cell lysates were
analyzed by Western blotting with anti-
bodies 6E10 and 22C11 or FE518, respec-
tively. Loading was normalized to relative
activities of �-galactosidase. Values are
presented as mean � S.E. Control, no
transfection. C, p65FE65 shows dose-de-
pendent suppression of secretion of
sAPP�. HEK293 cells were co-transfected
with equal amounts of pCA-APP695 and
various amounts of fe65 constructs. Total
amounts of plasmid DNA/well (12-well
plates) were made up to 1.2 �g with the
pcDNA3.1 vector. Samples were analyzed
as described in B. D–G, SK-N-SH, COS,
Neuro-2a, and B103 cells were co-trans-
fected with pCA-APP695 and the indicated
fe65 constructs. Samples were analyzed as
described in B. H, effects of cell densities on
�-secretion of endogenous APP. HEK293
cells were maintained at the indicated cell
densities for 20 h; conditioned media or cell
lysates were analyzed by Western blotting
with antibody 6E10 or 22C11 (n � 4). Sam-
ple loading was normalized to cell num-
bers. C, unconditioned culture medium.
I, effects of FE65s on levels of APP C-
terminal fragments. HEK293 cells
were co-transfected with pCA-APP695,
pcDNA3.1-LacZ, and the indicated fe65
constructs. Cell lysates or conditioned me-
dia were analyzed by Western blotting
with antibody O443 as described previ-
ously (31) or with 6E10 (n � 2). Sample
loading was normalized to relative activi-
ties of �-galactosidase. Control, no trans-
fection; C99, the pCA-S�C vector consist-
ing of the signal sequence of APP fused to
its C-terminal 99 residues was transfected
into HEK293 cells for use as standards for
�/�CTF; C57, a synthetic peptide contain-
ing the C-terminal 57 residues of APP was
used as a standard for �CTF.
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terminal fragment. The cleavage activity is more active in
cells/brain tissues derived from primates than those found in
the counterpart cells/tissues of rodents. By deletion analysis,
the major cleavage site is mapped between residues 191 and
212. However, the cleavage may occur in a rather flexible
fashion within a range of fewer than 50 residues between
residues 171 and 220 (Fig. 2). This is characteristic of some
proteolytic enzymes (37, 38). These cleavages may be influ-
enced by physical length or secondary and tertiary structural
characteristics of the cleavage domain. Deletion of residues
171–220 sufficiently disrupts the putative structure along with
all potential cleavage sites. It remains to be determined which
proteases are involved and where the cleavage occurs at the
subcellular level.

Despite the promiscuous sequence specificity, p97FE65 cleav-
age activity is regulated. The cleavage activity appears to be
triggered (e.g. in COS cells) or enhanced (e.g. in SK-N-SH cells)
by relatively high cell density. The regulation is apparently in-
dependent of apoptotic and cell cycle signals, and it is not medi-

ated by soluble factors. One potential interpretation is that ex-
tracellular contact cues (cell-cell or cell-substrate contact) are
involved. FE65 and APP have been shown to co-localize at mobile
membranes and growth cones (17, 18). Molecules in these struc-
tures may easily sense contact-mediated cues for guiding them to
their appropriate targets (39). FE65 may be one of those mole-
cules that is sensitive to suitable contact cues and able to convert
such cues into intracellular signals. This notion is also consistent
with evidence that sAPP functions in neurite outgrowth, synap-
togenesis, synaptic plasticity, and cell-cell adhesion (21, 40).
These cellular activities apparently require appropriate cell-cell
or cell-substrate communications.

Is p97FE65 a Pro-protein?—The cleavage sites on p97FE65
are located immediately after the ARC but before the major
protein-protein binding domains. The unique position suggests
that the cleavage may remove a region with regulatory influ-
ences on downstream protein-protein interactions. Consistent
with this proposition, we found that alterations of certain prop-
erties are associated with removal of the N terminus. First,

FIG. 5—continued
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removal of this region profoundly enhances formations of APP-
p65FE65, LRP-p65FE65, and Tip60-p65FE65 complexes in
vitro. Second, removal of the region appears to stabilize
p65FE65. The increased protein stability may be a consequence
of the enhanced protein-protein binding, as proteins in protein
complexes are perhaps less accessible by proteases. The en-
hanced affinity and stability may have synergic effects on
downstream cellular events, e.g. suppression of secretion
of sAPP�.

However, p97FE65 may not serve only as a pro-protein. The
ARC closely resembles clusters found in nuclear chaperones.
These domains mediate molecular interactions, particularly
between proteins (e.g. histones) and nucleic acids during DNA
replication and transcription (41). It remains possible that
p97FE65 and p65FE65 assemble different molecular com-
plexes in the nucleus, as both proteins can translocate into that
compartment. Given the nuclear chaperone-like ARC in
p97FE65 and the enhanced interactions between Tip60-
p65FE65, we compared the transactivation activities of
p97FE65 and p65FE65 using an APP-Gal4 reporter system,
which had been used previously to demonstrate a requirement
of FE65 for AICD nuclear signaling (13). The results revealed
that p65FE65 slightly reduced transactivation activities (by
15–45%) when compared with p97FE65. Because the assay
system relies on cleavages of APP, interpretations of the rela-
tive small differences can be potentially confounded by many
events, including APP processing, nuclear translocation, and
protein-protein interactions. These events can simultaneously
but differentially influence the performances of p97FE65 and
p65FE65 in the assay. Thus, novel assays need to be developed

for the assessment of the functions of p97FE65 and p65FE65 in
the nucleus. Recent evidence also indicates that the ARC in
p97FE65 might have special affinity for calcium ions (42).
However, the physiological relevance of these in vitro experi-
ments is unclear.

p65FE65 May Be an Intracellular Mediator of the sAPP�
Pathway in Primates—We show that the p97FE65 cleavage
event may be involved in the regulation of the sAPP� pathway.
Cleavage of p97FE65 produces a strong suppressor of the se-
cretion of sAPP�, presumably via the tight binding of p65FE65
to AICD. This may partially explain why strong FE65-APP
binding had been selected during animal evolution. We have
shown previously that the major fe65 polymorphic allele that
only produces p97FE65 has been selected in human (3). This is
in contrast to the minor human allele, which is more closely
aligned with non-human fe65 sequences, producing both
p97FE65 and p97FE65a2 (3). Here, we also show that the
p97FE65 cleavage activity and its potential modifiers (presum-
ably encoded by loci other than fe65) that lead to robust AICD
binding are also very active in primates. These events together
may lead to particularly robust and regulated p65FE65-AICD
interactions in our species. Interestingly, carriers of the minor
fe65 allele are relatively resistant to very late onset DAT (3, 43,
44). Failures to confirm these findings in other case control
studies may be related to the age structures of the study pop-
ulations (3). Tight p65FE65-AICD binding may suppress secre-
tion of sAPP� by one of several non-mutually exclusive mech-
anisms. 1) Tight p65FE65 binding may directly alter the
conformation of the distal regions of APP, making the latter an
unfavorable substrate for �-secretases. 2) Enhanced affinities

FIG. 6. A putative feedback pathway
regulating sAPP� secretion by FE65.
A, sAPP� is constitutively secreted into ex-
tracellular environments in low density
cell cultures. When cell cultures become
confluent, extracellular cues trigger/en-
hance the putative protease activity and
convert p97FE65 to a potent suppressor of
secretion of sAPP� via strong p65FE65-
APP binding. The feedback route may per-
sist unless new cues are established. B, in
contrast, weak p65FE65a2-APP binding
lacks such suppression. The feedback loop
may therefore be absent or ineffectual (see
“Discussion” for details).
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of p65FE65 for multiple binding partners may lead to increased
p65FE65 stability. 3) Increased affinity of p65FE65 for LRP
may recruit LRP to the site of AICD, as formation of LRP-
FE65-APP trimeric complexes may be part of the mechanism
for down-regulation of the secretion of APP (12). It is not clear
whether the modulation by p65FE65 occurs on the cell surface
or during transport in secretory vesicles. Immunostaining (Fig.
4) indicates that majorities of p65FE65 and APP remain to-
gether in secretory vesicles, however. In addition, recent evi-
dence suggests that the cleavages of APP can occur at normal
rates without APP ever reaching the cell surface but largely
requires that APP traverse the Golgi complex (45).

Our results help to resolve controversial reports about the
impacts of FE65 on APP secretion. Sabo et al. (11) showed that
overexpression of a rat fe65 cDNA in Madin-Darby canine
kidney cells increased secretion of sAPP�. The overexpressed
97-kDa FE65 proteins were apparently uncleaved in those
cells, which, therefore, might mimic the effects of the uncleaved
p97FE65�171–220, producing increased secretion of sAPP� in
some cell lines (Fig. 5). Overexpression of human FE65L1 in
the human neuroglioma cell line H4 or of FE65L2 in HEK293
cells showed an increased impact or no impact on secretion of
sAPP� (10, 28). Because the two family members share only
40–50% amino acid similarities with FE65 and also lack the
cleavage region we discovered in this study, they might either
resemble the effects of the uncleaved p97FE65�171–220 or
influence APP processing by different mechanisms.

Our findings may lead to a novel mechanism by which cleav-
age of p97FE65 and generation of p65FE65 may be prerequi-
sites for the efficient modulation of the sAPP� pathway. The
putative mechanism is apparently very effective in primates.
Identification of the receptors/ligands responsible for the reg-
ulation of APP-ectodomain secretions has been elusive. Re-
cently, the secreted glycoprotein F-spondin has been shown to
bind the APP ectodomain and to suppress products of �- and
�-secretases, but the physiological relevance of this observation
is still unclear (46). Deletions of some portions of the APP
ectodomain do not disturb its secretion,3 suggesting that the
regulation of APP secretion may be through the AICD, medi-
ated by AICD binding factors. Several AICD-binding proteins
have exhibited such potential. Co-expressions of X11 or the
c-Jun N-terminal kinase-interacting protein JIP1b with APP
suppress secretion of sAPP� or sAPP�/� (26, 47). Mutations of
the YENPTY motif in AICD, which is responsible for binding by
X11, JIP1b, and FE65, result in increased secretion of sAPP�
(26). In addition, reduction of APP secretion by LRP requires
FE65-binding motifs located in the LRP cytoplasmic domain
(12, 48). However, connections of these regulations to extracel-
lular cues have not been established. We now show that only
cleaved p65FE65 exhibits potent suppressive effects; the cleav-
age appears to be triggered/enhanced by high cell densities,
presumably via cell-cell or cell-substrate contact cues. FE65,
therefore, may be one of the key adaptors to provide links
between extracellular environments to the APP tail. The dis-
covery of the FE65 cleavage site may provide a novel therapeu-
tic target for optimizing the processing of APP.

A Putative Feedback System for Modulation of APP �-Secre-
tion—The suppression of APP �-secretion by cleaved FE65 is
consistent with a negative feedback model as outlined in Fig. 6.
In subconfluent cell cultures, sAPP� is constitutively secreted
into culture media. When cell cultures become confluent, cells
somehow sense altered contact cues and activate an intracel-
lular signaling cascade leading to p97FE65 cleavage. Removal
of the unstable N terminus of p97FE65 leads to remarkably

increased affinity for APP, probably through altered conforma-
tion of the C-terminal binding domains. These events ulti-
mately lead to potent suppression of the secretion of sAPP�
(Fig. 6A). Enhanced binding affinities may also allow p65FE65
to recruit other binding partners, such as LRP, to the site of the
APP tail for these actions. The feedback route may persist
unless new contact cues are established, such as when cells are
replated at low density. Although p97FE65a2 can also undergo
the proteolytic cleavage, the cleaved product is unable to con-
tribute to the regulation pathway because of inefficient binding
of APP; the feedback loop is thus disconnected (Fig. 6B).

How might these putative mechanisms work in the adult
brain? One can imagine that in the brain, cells and extracellu-
lar matrix have been densely packed in all dimensions, which
could, potentially, consistently activate the putative cleavage
protease. Alternatively, the cleavage activity may be sensitive
to special contact cues at micro-environmental settings, such as
where neurite outgrowth or synaptic remodeling is taking
place. The model is consistent with the evidence that the FE65
and APP families may have overlapping functions in axonal
projection and neuronal positioning during development (19,
49–51). Because the p97FE65 cleavage is more active in the
cells and tissues from non-human primates and humans than
in those from rodents, the feedback pathway may represent one
of a number of “fine-tuning” mechanisms that have been
adapted to more sophisticated functions in these high species.
For example, processing and metabolism of APP in rodents
differ from those of humans. Human-APP transgenic mice, for
example, never develop the same neuropathology seen in DAT
brains (52). Creation of a high fidelity model of DAT in labora-
tory mice may therefore require the “humanization” of many
loci related to APP metabolism, including its many binding
partners.
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