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and the Amyloid Precursor Protein
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Increasing evidence has implicated the low density lipoprotein receptor-related protein (LRP) and the adaptor protein FE65 in Alzhei-
mer’s disease pathogenesis. We have shown previously that LRP mediates �-amyloid precursor protein (APP) processing and affects
amyloid �-protein and APP secretion and APP-c-terminal fragment generation. Furthermore, LRP mediates APP processing through its
intracellular domain. Here, we set out to examine whether this interaction is of direct or indirect nature. Specifically, we asked whether
adaptor proteins such as FE65 influence the LRP-mediated effect on APP processing by forming a protein complex. In coimmunopre-
cipitation experiments, we confirmed the postulated APP-FE65 and the LRP-FE65 interaction. However, we also showed an LRP-FE65-
APP trimeric complex using pull-down techniques. Because FE65 alters APP processing, we investigated whether this effect is LRP
dependent. Indeed, FE65 was only able to increase APP secretion in the presence of LRP. In the absence of LRP, APP secretion was
unchanged compared with the LRP knock-out phenotype. Using RNA short interference techniques against FE65, we demonstrated that
a reduction in FE65 protein mimics the LRP knock-out phenotype on APP processing. These results clearly demonstrate that FE65 acts as
a functional linker between APP and LRP.
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Introduction
Alzheimer’s disease (AD) is a progressive neurodegenerative dis-
order characterized by senile plaques and neurofibrillary tangles.
The major pathological component of senile plaque is amyloid
�-protein (A�), which is usually a 40- or 42-amino acid (aa)
peptide. A� is generated by proteolytic cleavage by two enzymes
(�- and �-secretase cleavage) from a larger type I integral trans-
membrane glycoprotein termed �-amyloid precursor protein
(APP). In another pathway, APP is cleaved within the A� region
by a proteinase activity known as �-secretase, which has been
identified as a member of the �-disintegrin and metalloprotein-
ase ADAM family (for review, see De Strooper and Annaert,
2000). This gives rise to a secreted form of APP (APPs�) and
prevents generation of an intact A� polypeptide.

Low-density lipoprotein receptor-related protein (LRP) is a
600 kDa transmembrane glycoprotein with multifunctional re-
ceptor properties mediating the internalization and degradation
of many extracellular ligands, including �2-macroglobulin, apo-
lipoprotein E, and Kunitz protease inhibitor-containing forms of

APP (Herz and Strickland, 2001). LRP and the aforementioned
ligands are also genetically associated with AD and are found in
senile plaques in brains of AD patients (Kang et al., 2000). LRP is
cleaved in the trans-Golgi network by furin to generate a 515 kDa
�-subunit and 85 kDa �-subunit (Herz et al., 1990), which re-
main associated in a noncovalent manner as they are routed to
the cell surface (Herz et al., 1990; Willnow et al., 1996). Interest-
ingly, we and others have shown that LRP modulates multiple
steps in APP processing and trafficking, including the turnover of
both full-length and C-terminal fragments of APP, secretion of
APPs, internalization of cell surface APP, and the generation and
release of A� peptide (Ulery et al., 2000; Pietrzik et al., 2002). The
effect of LRP on APP processing and A� generation was mapped
to a seven amino acid region (-NPTYATL-) within the intracel-
lular domain of LRP, a finding consistent with colocalization of
these two molecules by fluorescence resonance energy transfer
(FRET) (Kinoshita et al., 2001; Pietrzik et al., 2002).

The mechanism by which LRP regulates APP processing
through its cytoplasmic domain is unknown. Although LRP–
APP complexes can be detected (Rebeck et al., 2001), APP is not
known to directly bind to LRP. However, the adaptor protein
FE65, a family of three related members including Fe65L1 and
Fe65L2, has been shown to interact and colocalize with both LRP
and APP. This has led to the proposal that FE65 is an adaptor
molecule that links LRP and APP, although such a trimeric com-
plex has not been demonstrated biochemically. Importantly, it is
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not known whether this complex, if
present, is required for APP processing. In
this study, we showed that APP and LRP
are indeed linked through FE65 in a mul-
tiprotein complex as hypothesized. Fur-
thermore, the three molecules are neces-
sary and sufficient for the formation of this
complex in vitro. Using LRP-deficient
cells, our studies suggest that either LRP or
FE65 can be the limiting factor in this pro-
tein complex. Thus, either the absence of
LRP or FE65 would perturb APP process-
ing, presumably by abrogating formation
of this complex.

Materials and Methods
Cell lines and cDNA constructs. Mouse fibro-
blasts deficient in LRP [LRP�/�; pseudomo-
nas exotoxin A (PEA)] and corresponding LRP-
expressing control cells (LRP�/�; PEA 10)
were obtained from American Type Culture
Collection (Rockville, MD) and transfected
with full-length human APP751 as described
previously (Pietrzik et al., 2002). LRP-deficient
Chinese hamster ovary (CHO) cell line (13–
5-1) and corresponding CHO K1 control cells
(kind gift from Dr. S. Leppla, National Institutes of Health, Bethesda,
MD) were grown in �DMEM supplemented with 10% fetal bovine se-
rum (Fitzgerald et al., 1995). HS683 neuroglioma cells, which stably
overexpress wild-type human APP695, have been described previously
(Weggen et al., 2003). FE65-pcDNA3 (kind gift from Dr. J. Buxbaum,
Mount Sinai School of Medicine, New York, NY) and deletion construct
lacking the last 169aa of the C terminus of FE65, FE65� phosphotyrosine
interaction domain (PID2), were subcloned into the retroviral expres-
sion vector pLHCX (Clontech, Palo Alto, CA) and transferred into
GP�E86 packaging cell line. After infection with recombinant viruses,
LRP�/� and LRP�/� mouse fibroblasts and HS683 cells were selected
with hygromycin, and stable cultures were used for analysis without
additional clonal selection. APP-C50-myc was generated by PCR and
transiently transfected into CHO 13–5-1 and CHO K1 cells using Fu-
gene6 (Roche, Indianapolis, IN) as described previously (Weggen et al.,
2003).

Antibodies. The polyclonal LRP C-terminal antibody (Ab) (1704), the
APP C-terminal polyclonal Ab (pAb) (CT15), the APP midregion pAb
(863) (Sisodia et al., 1993; Marquez-Sterling et al., 1997; Pietrzik et al.,
2002), and monoclonal antibodies 1G7 and 5A3, which react with the
ectodomain of APP and the monoclonal A� antibody 26D6, have been
described previously (Koo et al., 1996; Pietrzik et al., 2002). The poly-
clonal FE65 Ab (5916) was generated by immunizing rabbits with a syn-
thetic peptide corresponding to the last 15 amino acids of the cytoplasmic
domain of human FE65 coupled to keyhole limpet hemocyanin. The pAb
to the WW binding domain of FE65 was a kind gift from Dr. J. Buxbaum.

Immunoprecipitation and immunoblotting. To detect APPs, media
conditioned by the respective cell lines for 24 hr were collected for anal-
yses and immunoprecipitated using the monoclonal APP ectodomain
antibodies 1G7 and 5A3. One percent NP-40 cell extracts and immuno-
precipitates were fractionated by SDS-PAGE in 4 –12% Tris-glycine gels.
In all cases, gel loading was normalized to total protein content in the cell
extract or the corresponding cell extracts when medium samples were
used. Western blotting was performed with the indicated antibodies and
detected by enhanced chemiluminescence (Pierce, Rockford, IL). Quan-
titation of the chemiluminescence signal was performed with a CCD
camera imaging system (GeneGnome; Syngene, Frederick, MD).

26D6 APP Ab was used for coimmunoprecipitation experiments. Cells
were lysed in 1% 3-[(3-cholamidopropyl)dimethylammonio]-1-pro-
panesulfonate buffer. Extracts and corresponding immunoprecipitates
(1:10 for Hs683 cells) were fractionated by SDS-PAGE in 4 –12% Tris-

glycine gels. Western blotting was performed with the indicated antibod-
ies and detected by enhanced chemiluminescence (Pierce).

Metabolic labeling. Confluent cultures of APP751-transfected
LRP�/� fibroblasts overexpressing FE65 were incubated with phorbol
12-myristate 13-acetate (PMA) or DMSO vehicle in methionine-free
DMEM supplemented with 150 �Ci/ml [ 35S] methionine/cysteine for 30
min. Cells were chased for 6 hr, and APPs was immunoprecipitated from
conditioned media with monoclonal antibodies 1G7–5A3. The immu-
noprecipitates were fractionated by SDS-PAGE (4 –12% Tris-Tricine
NuPAGE gels) and exposed to either film or phosphorimaging for
quantitation.

In vitro translation and glutathione S-transferase pull down. Recombi-
nant glutathione S-transferase (GST) fusion proteins were generated by
subcloning the last 43 C-terminal amino acids of APP and the last 100
C-terminal amino acids of LRP into pGEX4T-2 plasmid (Amersham
Biosciences, Arlington Heights, IL). Bacterial expression of fusion pro-
teins was induced with isopropyl-�-thiogalactopyranoside. Induced
proteins were purified using glutathione-agarose beads according to
manufacturer instructions (Amersham Biosciences). Affinity precipita-
tion was performed as follows. Chaps-lysates were incubated with GST-
agarose beads for 1 hr at 4°C. Subsequently, fusion proteins were added
to precleared lysate and incubated for 1 hr at 4°C. Beads were washed
three times in Chaps buffer, and bound LRP was identified by SDS-PAGE
followed by immunoblotting.

Stabilization of APP-C50 by FE65. The APP C50-myc construct was
cotransfected into CHO K1 and CHO 13–5-1 cells with either control
plasmid or pCDNA3-FE65. Forty-eight hours after transfection, cells
were extracted with NP-40-lysis buffer for 30 min and centrifuged at
20,000 � g for 10 min at 4°C. Insoluble material was re-extracted in 10 ml
of 1% SDS (Kimberly et al., 2001), sonicated, and then diluted to 0.1%
SDS and cleared by centrifugation at 20,000 � g at 4°C for 20 min. NP-40
and SDS extracts were immunoprecipitated with monoclonal anti-myc
Ab 9E10. Immunoprecipitated material was separated on 4 –12% Bis-
Tris gels, and the APP C50-myc fragment was detected by Western blot-
ting with pAb CT15.

Results
FE65 complexes with APP and LRP
In this study, we hypothesized that complex formation between
LRP and APP is required for normal APP processing. To test for
the presence of APP-FE65-LRP complexes, we first assayed for
APP-FE65 and LRP-FE65 complexes. As expected, on the basis of

Figure 1. Interaction between FE65 and APP or LRP by coimmunoprecipitation. a, APP can be coimmunoprecipitated with
FE65 from HEK 293 cells expressing FE65-Flag and APP695. Using CT15 Ab, APP is present in cell lysates of APP695-expressing cells
(lanes 2, 4) and in FE65-Flag immunoprecipitates of cells coexpressing APP695 and FE65-Flag (lane 5). Note that in the absence of
FE65-Flag, no APP was immunoprecipitated with the anti-Flag Ab (lane 3). b, FE65 can be coimmunoprecipitated with LRP from
HEK 293T cells expressing FE65-Flag and LRP-CT. Using anti-FE65 Ab, FE65 is present in LRP immunoprecipitates of cells expressing
LRP-CT, LRP-CT�1, and LRP-CT�2 (lanes 4, 3, 2). Note that in the absence of LRP-CT (lane 5) or presence of LRP-CT�1�2 (lane 1),
only little FE65 can be coprecipitated with LRP. This is because of the fact that these cells do express endogenous LRP. c, Using
anti-Flag Ab (top panel), FE65 can be detected in cell lysates of FE65-Flag-transfected cells (lanes 1–5). Endogenous light chain
LRP (�) and transfected LRP-CT constructs were detected in cell lysates using the anti-LRP Ab 1704 (bottom panel). IP, Immuno-
precipitation; M2, anti-Flag monoclonal antibody; MW, molecular weight.
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published reports, APP-FE65 complexes can be immunoprecipi-
tated from human embryonic kidney (HEK) 293 cells cotrans-
fected with APP695 and FE65 (Fig. 1a). Similarly, FE65-LRP
complexes can be detected in 293 cells expressing an N-terminal
truncated LRP construct, LRP-CT, and FE65 (Fig. 1b). The LRP
cytoplasmic tail contains two Asm-Pro-X-Tyr NPXY motifs, and
it has been suggested that the proximal site is the domain that
interacts with FE65 (Trommsdorff et al., 1998). To test this hy-
pothesis, deletions were generated in the N-terminal truncated
LRP-CT construct, deleting either NPXY motifs in the cytoplas-
mic domain of LRP, LRP-CT�1 and LRP-CT�2 (Pietrzik et al.,
2002), or both (LRP-CT�1�2). Surprisingly, after expression in
293 cells, FE65 can be coimmunoprecipitated with both LRP-
CT�1 and LRP-CT�2 but not LRP-CT�1�2. This indicated that
FE65 does not discriminate between these two NPXY motifs of
LRP and can interact with both domains. It should be noted that
in this experiment, we could detect interaction between endoge-
nous LRP and the transfected FE65, because low levels of com-
plexes can be immunoprecipitated in mock-transfected con-
trol and LRP-CT�1�2-transfected cells (Fig. 1b). Comparable
expression of the FE65 and the various LRP-CT constructs are
shown in Figure 1c.

Evidence for APP-FE65-LRP complex
The above results are consistent with published reports suggest-
ing that both LRP and APP bind to FE65. To test for the presence
of trimeric complex consisting of APP, FE65, and LRP, GST-APP
pull-down experiments were performed. For this analysis,
LRP�/� cells expressing LRP-CT were transfected with either
FE65 or with a deletion mutant of FE65 lacking the second PID
domain (FE65�PID2). Deletion of the latter PID domain abro-
gates the interaction with APP (for review, see Russo et al., 1998).
With this assay, the GST-APP construct was able to complex with
LRP-CT only in the presence of FE65 (Fig. 2a), indicating that
FE65 facilitated complex formation between APP and LRP.
When FE65 was not transfected or when the mutant FE65 con-
struct deleted the second PID domain expressed, there was no

interaction between APP C-terminal fusion protein and LRP-CT
(Fig. 2a). The expression levels of transfected FE65 and
FE65�PID2 are shown in Figure 2b.

The above results suggested that FE65 does indeed enhance
APP-LRP interaction. Therefore, we next determined whether
these three proteins are sufficient for the formation of a tripartite
complex. In this experiment, a soluble LRP C-terminal fusion pro-
tein (LRP-ST-glutathione S-transferase) was used to pull down in
vitro translated full-length APP695 labeled with [35S]-methionine in
the presence or absence of in vitro translated FE65. Consistent with
the notion that functional FE65 is necessary and sufficient for APP to
complex with LRP, LRP-ST-glutathione S-transferase was able to
precipitate radiolabeled APP695 only when full-length FE65 was
present (Fig. 3). In the absence of FE65 or in the presence of
FE65�PID2, there was no interaction between LRP-ST-glutathione
S-transferase and radiolabeled APP695. We estimated that �30% of
the input APP695 can be precipitated by LRP-ST-glutathione S-
transferase when FE65 is present. The expression levels of in vitro
translated FE65 and FE65�PID2 are shown in Figure 3b. Therefore,
APP, FE65, and LRP together are necessary and sufficient to form a
trimeric complex in vitro.

LRP expression mediates FE65-induced APPs secretion
Having demonstrated biochemically the interaction between
APP, FE65, and LRP, we next asked whether this tripartite com-
plex has any functional role in APP processing as hypothesized.
To test this concept, we examined APP processing in LRP-
deficient mouse fibroblasts (LRP�/�) with and without FE65
transfection (Fig. 4a). In LRP-expressing cells, FE65 overexpres-
sion resulted in an approximate twofold to threefold increase in
APPs secretion versus mock transfected cells (Fig. 4b), consistent
with studies in madin–Darby canine kidney cells (Sabo et al.,
1999). As reported previously, basal APPs secretion is increased
in LRP-deficient cells (Ulery et al., 2000; Pietrzik et al., 2002).

Figure 2. APP43CT-glutathione S-transferase pull-down of LRP-FE65 complex. a, Lysates
from LRP-deficient mouse embryonic fibroblast (MEF) cells stably overexpressing LRP-CT were
transfected with FE65 (lanes 5, 6) or FE65�PID2 expression vector (lanes 3, 4) or untransfected
controls (lanes 1, 2). Lysates were incubated with APP43CT-glutathione S-transferase. Bound
proteins were coprecipitated by the addition of glutathione-agarose. Proteins were detected
with polyclonal anti-LRP Ab 1704. Note that only in the presence of functional FE65 was the
LRP-CT fragment pulled down by APP43CT-glutathione S-transferase. The FE65 and FE65�PID2
expression in LRP-deficient MEF cells stably overexpressing LRP-CT is shown in b using an Ab
against the WW domain in FE65. MW, Molecular weight.

Figure 3. LRP-ST-glutathione S-transferase pull-down of in vitro translated FE65-APP695
complex. a, APP695 was in vitro translated in the presence of [ 35S]-Methionine and incubated
with in vitro translated FE65 (lanes 5, 6) or FE65�PID2 (lanes 7, 8). As control, [ 35S]-APP695
was incubated without FE65 or FE65�PID2 (lanes 3, 4). After incubation with LRP-ST-
glutathione S-transferase fusion protein or GST fusion protein alone (lanes 1 and 2), bound
proteins were coprecipitated by the addition of glutathione-agarose. Radiolabeled APP695 was
detected by exposure to x-ray film, and the radioactive decays were quantified using phospho-
rimaging techniques. Note that only in the presence of functional FE65, �30% of the radiola-
beled APP695 was pulled down by LRP-ST-glutathione S-transferase. The in vitro translated
FE65 and FE65�PID2 proteins used in these experiments are shown in b. MW, Molecular
weight.

Pietrzik et al. • Tripartide Complex of LRP-FE65-APP J. Neurosci., April 28, 2004 • 24(17):4259 – 4265 • 4261



However, overexpression of FE65 in LRP-
deficient cells did not further augment the
level of APPs secretion compared with un-
transfected control cells (Fig. 4b). One ex-
planation for this latter finding is that the
FE65 effect on APP processing is lost in the
absence of LRP. Alternatively, it is possible
that APPs secretion has already reached a
plateau in LRP�/� cells and thus cannot
be further augmented by FE65. To exclude
this possibility, LRP�/� cells expressing
FE65 were treated with PMA to stimulate
APPs secretion. As seen, PMA treatment
resulted in an additional threefold increase
in APPs secretion in LRP�/� cells ex-
pressing FE65, arguing against the possi-
bility that APPs release has already reach
the maximum level in these cells (Fig. 4c).

The above results were obtained from
fibroblasts that were deficient in LRP. To
examine the behavior of endogenous levels
of LRP, we examined HS683 neuroglioma
cells, which revealed a puzzling finding af-
ter FE65 expression. Indeed, if FE65 is nec-
essary for APP-LRP complexes to form,
one would have predicted that FE65 transfection results in more
APP-LRP complexes, in which case APPs secretion would have
decreased or remained the same rather than increasing, as de-
tected in this case (Fig. 5a). Thus, the above experiment was
repeated with an FE65 construct lacking the second PID domain
(FE65�PID2) that does not interact with APP, and this mutant
therefore cannot function as an APP-LRP adaptor molecule. Sur-
prisingly, overexpression of both FE65 and FE65�PID2 resulted
in an approximate twofold increase in APPs secretion compared
with mock transfected cells (Fig. 5a). This indicated that overex-
pression of both FE65 and FE65�PID2 acted in a dominant-
negative manner, possibly by reducing the amount of LRP com-
plexed to APP. In other words, it appears that overexpression of
FE65 has sequestered the available LRP, resulting in a state resem-
bling LRP deficiency, and accordingly a rise in APPs secretion.

To test this hypothesis, coimmunoprecipitations were per-
formed in APP695-transfected HS683 human neuroglioma cells.
In these cells, complexes of APP and endogenous LRP can be
recovered by immunoprecipitation (Fig. 5b), consistent with a
previous report (Rebeck et al., 2001). Closer inspection showed
that the endogenous LRP recovered from APP immune com-
plexes consisted of both full-length (��� subunits) and light
chain (� subunit) species, indicating that the interaction oc-
curred in the early secretory pathway before furin cleavage of
LRP. Interestingly, after overexpression of either FE65 or
FE65�PID2, less APP-LRP complexes were recovered, suggesting
that both FE65 constructs result in sequestration of LRP. Conse-
quently, an increase in APPs secretion accompanied this reduc-
tion in levels of APP-FE65-LRP complexes.

RNA short interference against FE65 mimics an
LRP knock-out
In view of the above results, one prediction is that reducing en-
dogenous FE65 levels should also disrupt the link between LRP
and APP and similarly perturb APP processing. We have shown
previously that expression of the N-terminal LRP-CT in LRP-
deficient cells restored some of the abnormalities in APP process-
ing, such as APPs secretion, to that seen in LRP-expressing con-

trol cells. Accordingly, LRP-deficient fibroblasts with or without
LRP-CT expression were treated with FE65 RNA short interfer-
ence (RNAsi) to lower FE65 levels (Fig. 6). RNAsi lowered FE65
by �80% (Fig. 6, bottom panel), and this was accompanied by a
twofold increase in APPs secretion in LRP-CT cells (Fig. 6, top
panel). However, the reduction in FE65 by RNAsi did not result
in altered APPs secretion in the absence of LRP. This result again
is consistent with the concept that FE65 is the adaptor molecule
that links LRP to APP, and loss of either FE65 or LRP, the latter by
genetic deficiency or sequestration by FE65, produces the same
abnormal phenotype in APP processing.

Stabilization of APP intracellular domain by FE65 is
LRP independent
As reported by a number of laboratories, FE65 is known to stabi-
lize APP intracellular domain (AICD) and, in doing so, allow the

Figure 4. LRP expression mediates FE65-induced APPs secretion. Mouse embryonic fibroblasts lacking the LRP gene
(LRP�/�) and corresponding LRP-expressing control fibroblasts (LRP�/�) were stably transfected with APP751 and with or
without FE65. APPs was immunoprecipitated using the monoclonal antibodies 1G7–5A3 and the samples immunoblotted with an
APP pAb (863) as described in Materials and Methods. a, Endogenous LRP levels were immunoblotted with LRP C-terminal Ab
1704. Transfected FE65 levels were immunoblotted with FE65 Ab against the WW domain. Transfected APP751 levels were
immunoblotted with APP C-terminal Ab CT15. b, APPs secretion is significantly increased (threefold) after FE65 expression in
LRP-expressing cells (lanes 3, 4) compared with untransfected cells (lanes 1, 2), whereas LRP�/� cells show no increase in APPs
secretion after FE65 overexpression (lanes 7, 8) compared with untransfected LRP-deficient cells (lanes 5, 6). c, LRP-deficient cells
expressing FE65 stimulated with PMA (lanes 3, 4) secrete more APPs than unstimulated cells (lanes 1, 2). MW, Molecular weight.

Figure 5. FE65 deletion mutant mediates APP processing. a, HS683 neuroglioma cells stably
transfected with APP695 were transiently transfected with FE65 or FE65�PID2 (top). FE65
levels were immunoblotted with FE65 Ab against the last 15 amino acids of FE65. APPs was
immunoprecipitatedusingthemonoclonalantibodies1G7–5A3,andthesampleswereimmunoblot-
ted with an APP pAb (863) as described in Materials and Methods. APPs secretion is significantly
increased after transfection with FE65- or FE65�PID2-transfected cells (lanes 2, 3) compared with
control (lane 3). b, APP can be coimmunoprecipitated with LRP from HS683 cells expressing APP695.
Using 26D6 Ab, LRP is present in APP immunoprecipitates (lane 2). Corresponding lysate is shown in
the left lane (lane 1). Note that both full-length (���) and furin-cleaved �-subunit of LRP are
detected in APP immunoprecipitates using the anti-LRP Ab 1704 for Western blot analysis. LRP im-
mune complex was significantly decreased after transfection with FE65 or FE65�PID2 (lanes 3, 4)
compared with control (lane 2). MW, Molecular weight; IP, immunoprecipitation.

4262 • J. Neurosci., April 28, 2004 • 24(17):4259 – 4265 Pietrzik et al. • Tripartide Complex of LRP-FE65-APP



translocation of AICD to the nucleus, the latter presumably to
activate downstream nuclear transcription (Kimberly et al., 2001;
Ni et al., 2001; Kinoshita et al., 2003). In view of the role of FE65
in linking APP and LRP, we asked whether LRP plays a role in the
translocation of AICD to the nucleus. Therefore, an APP con-
struct consisting of the last 50 amino acids (APP-C50) was trans-
fected into LRP-deficient and control cells, and the stability and
nuclear localization of AICD was determined with or without
FE65. When expressed alone, low amounts of the APP-C50 frag-
ment were present in the NP-40-soluble cytosolic fraction, but it
was undetectable in the nuclear SDS-soluble fraction (Fig. 7). As
expected, coexpression of FE65 markedly stabilized APP-C50 in
both NP-40 and SDS fractions. Interestingly, the same stabiliza-
tion of APP-C50 after FE65 transfection was observed in LRP-
deficient cells in a manner very similar to control LRP-expressing
cells. This result therefore provides evidence that LRP does not
play a direct role in the translocation of the C-terminal fragment
of APP to the nucleus.

Discussion
LRP is a multifunctional receptor, of which the physiological
roles have extended far beyond lipid transport. Recent studies
have shown that LRP also plays an important role in mediating
APP processing through unclear mechanisms (Ulery et al., 2000;
Pietrzik et al., 2002). A number of proteins interact with the

cytoplasmic domains of APP and LRP, but the specific functions
related to these interactions remain to be elucidated. Fe65 is an
excellent candidate to serve as an adaptor or scaffold protein,
because it is the only molecule that is known to bind both APP
and LRP via distinct domains and colocalize with both APP and
LRP (Trommsdorff et al., 1998; Kinoshita et al., 2001). Despite
these observations, biochemical evidence supporting an interac-
tion of the three molecules both physically and functionally has
been lacking. The current study was designed to test the hypoth-
esis that FE65 does function as an adaptor protein between APP
and LRP and that this interaction plays a physiological role in
APP processing. Our study provided strong evidence that FE65
does indeed link APP to LRP. Furthermore, our results suggested
that the APP-FE65-LRP complex formation regulates APPs
secretion.

Through yeast 2-hybrid-defined interactions, it was first hy-
pothesized by Trommsdorff et al. (1998) that FE65 acts as a linker
between LRP and APP. FE65 has two colinear PID binding do-
mains that bind LRP and APP, respectively. Thus, the concept
that FE65 can act as a scaffold linking APP and LRP is very attrac-
tive, although no biochemical data have been provided by these
or other investigators. However, LRP has two NPXY motifs that
can theoretically interact with FE65. Thus, whether FE65 inter-
acts exclusively with one or the other NPXY motif within the
cytoplasmic domain of LRP remains unclear. FE65 is thought to
bind to the proximal NPXY motif of LRP, because murine dis-
abled binds to the second NPXY motif of LRP (Trommsdorff et
al., 1998). Surprisingly, our studies suggested that FE65 interacts
with both NPXY motifs in the cytoplasmic domain of LRP. Spe-
cifically, the two LRP-CT constructs deleting one or the other
NPXY motif (�1 and �2) still associated with FE65. Only by
deleting both NPXY motifs (LRP-CT�1�2) the interaction be-
tween FE65 and LRP was lost. Whether these two NPXY sites are
functionally equivalent was not addressed in our study. In view of
our previous results demonstrating that the distal NPTY motif
appeared to be critical for APP processing, it may be that the
interaction with second NPTY motif between FE65 and LRP is
physiologically more important (Pietrzik et al., 2002).

It was shown previously by confocal microscopy-based FRET
techniques that APP695 and LRP are colocalized at the cell sur-
face. Using the same approach, it was subsequently reported that
APP and FE65 as well as LRP and FE65 are also in close proximity
to each other (Kinoshita et al., 2001). In this study, we provided
the biochemical evidence to support the concept that FE65 in-
deed links APP and LRP in a tripartite protein complex. This was
demonstrated by two approaches. First, in pull-down assays, an
APP C-terminal fusion protein was able to precipitate cell-
associated LRP only when intact FE65 was also expressed but not
a FE65 construct lacking the second PID motif. This indicated
that the two PID domains, which interact independently with
APP and LRP, are required presumably to bridge APP with LRP.
Second, LRP C-terminal fusion protein was able to pull down in
vitro translated APP695 only when FE65 was also cotranslated but
not when FE65 was omitted. Because the latter in vitro experi-
ment was performed with essentially only three components, the
results suggested that APP, FE65, and LRP comprise a trimeric
complex. Third, APP-LRP complexes can be coimmunoprecipi-
tated in HS683 cells but interestingly, the level of APP-LRP im-
mune complexes was decreased by overexpression of either FE65
or mutant FE65�PID2. Together, the findings provided strong
evidence that FE65 alone is sufficient to function as a scaffold for
APP to complex with LRP.

Since the publication by Trommsdorff and colleagues, it has

Figure 6. FE65 RNAsi treatment increased APPs secretion. Mouse embryonic fibroblasts
lacking the LRP gene (LRP�/�) and corresponding LRP�/� cells expressing the truncated
LRP-CT construct were incubated with FE65 RNAsi constructs for 6 d. Transfected LRP-CT levels
were immunoblotted with LRP C-terminal Ab 1704 (middle panel). Endogenous FE65 levels
were immunoblotted with FE65 Ab against the last 15 amino acids of FE65 (bottom panel). APPs
was immunoprecipitated using the monoclonal antibodies 1G7–5A3, and the samples were
immunoblotted with an APP pAb (863) as described in Materials and Methods (top panel). APPs
secretion is significantly increased after FE65 RNAsi treatment in LRP�/� cells expressing the
LRP-CT (lanes 7, 8) compared with controls (lanes 5, 6). APPs secretion remains unaltered in
LRP�/� cells after FE65 RNAsi treatment (lanes 3, 4) compared with controls (lanes 1, 2).

Figure 7. Stabilization of AICD by FE65 is LRP independent. Transfected APP-C50-Myc was
immunoprecipitated using an anti-Myc Ab from CHO cell line 13–5-1 deficient in LRP (lanes 1, 2,
5, 6) and LRP expressing CHO-K1 control cell line (lanes 3, 4, 7, 8). APP-C50-Myc was detected
using the CT15 anti-APP Ab. Note that cells lacking LRP (13–5-1) show no significant difference
in APP-C50-Myc expression neither in the cytoplasmic fraction nor in the nuclear fraction com-
pared with LRP-expressing control CHO-K1 cells.
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been speculated that the binding of FE65 to APP and LRP some-
how mediates APP processing (for review, see De Strooper and
Annaert, 2000), but this idea has not been formally tested. There-
fore, several experiments that either increased or decreased the
levels of FE65 were designed to test the hypothesis that regulation
of APP processing by LRP occurs via the cytoplasmic binding of
FE65. We first postulated that overexpression of FE65 should
influence APP processing by altering the levels of APP-LRP com-
plex. Indeed, FE65 overexpression increased APPs secretion in
fibroblasts and neuroglioma cells. Interestingly, when FE65 ex-
pression was repeated in cells deficient in LRP, the increase in
APPs secretion was lost. This implied that the FE65 effect on
APPs secretion was dependent on LRP, or presumably the level of
APP-LRP complex. We also speculated that if an increase in APP-
FE65-LRP complex formation augments APPs secretion, then a
disruption of this complex should result in a decrease of APPs
secretion. Surprisingly, when a C-terminal-deleted FE65 con-
struct lacking the second PID (APP binding) domain was ex-
pressed, increased APPs secretion similar to that seen with over-
expression of wild-type FE65 construct was observed. In HS683
cells, this overexpression of FE65 is associated with decreased
levels of APP-LRP immune complexes. These results indicated
that intact and mutant FE65 both diminish APP-LRP complex
formation, resulting in altered APP processing. Recalling that
LRP deficiency also increases APPs secretion several-fold (Ulery
et al., 2000; Pietrzik et al., 2002), we therefore interpreted the
results to indicate that overexpression of either intact or mutant
FE65 construct must have sequestered endogenous LRP away
from APP, thus producing a phenotype similar to LRP deficiency.
Interestingly, this mechanism also provides an explanation for
the recent observation that FE65L overexpression reduced the
levels of APP C-terminal fragments (Chang et al., 2003). Al-
though the investigators showed quite convincingly that in-
creased �-secretase activity is correlated with the reduced APP-
CTF levels, our results suggest another mechanism whereby
FE65L overexpression similarly sequestered LRP away from APP.
This reduction in APP-LRP interaction would lead to a decrease
in APP-CTFs by increasing turnover, as we showed previously in
LRP-deficient cells (Pietrzik et al., 2002).

Similar results consistent with our hypothesis that APP-FE65-
LRP complex formation is important for APP processing were
obtained when FE65 levels were reduced. As mentioned, APPs
secretion is elevated in LRP-deficient cells, but this abnormality
can be rescued by expressing a truncated LRP construct, LRP-CT.
However, the effect of LRP-CT was lost when the cells were
treated with RNAsi to lower endogenous FE65 levels. Indeed, the
reduction of FE65 by RNAsi treatment resulted in exactly the
same phenotype as LRP deficiency. This indicated that lowering
FE65 has the same functional effect as LRP deficiency because of
the loss of the adaptor molecule. Thus, APP-LRP interaction can
be modulated by either increasing or decreasing FE65 levels. To-
gether, these results suggest that in many experimental settings,
LRP is the limiting factor for the APP-FE65-LRP complex forma-
tion. If true, this would provide a plausible explanation as to why
overexpression of FE65 in different cells results in rather dispar-
ate outcomes with regard of APP processing (Guenette et al.,
1999, 2002; Sabo et al., 1999; Ando et al., 2001; Tanahashi and
Tabira, 2002). We propose that differences in LRP levels within
different cell types affect the overall level of APP-LRP complexes
after FE65 expression: in some cells, the complexes will be re-
duced as seen in CHO cells but in others, the complexes will be
increased.

Recently, FE65 has been shown to play a crucial role in stabi-

lization and translocation of the AICD fragment into the nucleus
and subsequent transcriptional activation (Cao and Sudhof,
2001; Baek et al., 2002; Weggen et al., 2003). In view of the pre-
ceding results, we asked whether LRP deficiency influences the
FE65-mediated nuclear translocation of AICD. Interestingly, we
detected no difference between cells expressing LRP or cells lack-
ing LRP expression in their ability of FE65 to stabilize a
C-terminal APP construct (APP-C50) as well as its translocation
into the nucleus. Whether the lack of LRP alters the transactiva-
tion activity of AICD-FE65 complex in the nucleus, as proposed
by Kinoshita et al. (2003), remains unanswered. Nonetheless, our
results showed that LRP is required predominantly when APP is
in its membrane-associated form, either full-length or as
C-terminal fragments but not after �-secretase cleavage where
AICD is released.

In conclusion, the results presented in this study provide ad-
ditional insights into the regulation of APP processing by LRP.
Previous studies have convincingly demonstrated that FE65 lies
in close proximity to APP and LRP (Kinoshita et al., 2001). The
results reported in the present study support these findings and
clearly demonstrate that FE65 acts as a functional linker between
APP and LRP. These findings indicate that LRP and FE65 may
play a greater and more varied role in Alzheimer’s disease patho-
genesis than has been suspected.
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