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The low-density lipoprotein receptor-related protein
(LRP) has recently been implicated in numerous
intracellular signaling functions, as well as in
Alzheimer’s disease pathogenesis. Studies have shown
that the B-amyloid precursor protein (APP) interacts
with LRP and that this association may impact the
production of amyloid B-protein (AB). In this report,
we provide evidence that LRP regulates trafficking of
intracellular proteins independently of its lipoprotein
receptor functions. We show that in the absence of
LRP, AP production, APP secretion, APP internaliza-
tion, turnover of full-length APP and stability of APP
C-terminal fragments are affected. Importantly, these
changes are not APP isoform dependent. Using dele-
tion constructs, the critical region in LRP that modu-
lates APP processing was mapped to a seven peptide
domain around the second NPXY domain (residues
4504-4510). Therefore, we propose a model by which
LRP functionally modulates APP processing, includ-
ing those steps critical for AB production, through
interactions of the cytosolic domains.
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Introduction

The low-density lipoprotein (LDL) receptor-related
protein (LRP) is a member of the LDL receptor family
of endocytic receptors. Although structurally similar to
other members of the LDL receptor gene family, LRP is
considerably larger. LRP is a 600 kDa transmembrane
glycoprotein that is cleaved in the frans-Golgi network by
furin to generate a 515 kDa o~ and an 85 kDa [B-subunit
(Herz et al., 1990). The subunits remain associated in a
non-covalent fashion as they are routed to the cell surface
(Herz et al., 1990; Willnow et al., 1996); from there, LRP
recycles between endosomal locations and the cell surface
(Ward et al., 1989). More than 19 ligands have been
reported to bind to the large 515 kDa N-terminal fragment
of LRP, which can be divided into four ligand-binding
domains (Moestrup et al., 1993; Willnow et al., 1994;
Holtzman et al., 1995; Bu and Rennke, 1996; Horn ef al.,
1997), but not to the 85 kDa C-terminal -subunit of LRP.
While the LDL receptor appears to function exclusively in
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lipoprotein metabolism, increasing evidence suggests that
LRP and the other members of the gene family have
diverse biological roles, including signal transduction
(Boucher er al., 2002; Loukinova et al., 2002) and
neurotransmission (reviewed by Herz, 2001).

LRP and several of its ligands: B-amyloid precursor
protein (APP), apolipoprotein E (ApoE) and a2-macro-
globulin (02M), all of which are found within senile
plaques, have been genetically associated with
Alzheimer’s disease (AD; reviewed by Hyman er al.,
2000). In addition, LRP has been shown to be a receptor
for the kunitz proteinase inhibitor (KPI)-containing iso-
form of the amyloid precursor protein (APP). As the KPI
isoform is present as a cell surface or secreted molecule,
both the secreted (APPs) and cell surface APP, upon
complexing with serum proteases, have been shown to
interact with LRP (Kounnas et al., 1995; Knauer et al.,
1996; Rebeck er al., 2001). LRP has been shown to
mediate clearance of amyloid B-protein (AB)-02M com-
plexes in vitro and possibly facilitate the clearance of AP
from brain in vivo (Narita et al., 1997; Kang et al., 2000;
Shibata et al., 2000). AP, derived from APP, is the
principal constituent of senile plaques deposited in brains
of AD individuals and is believed to hold a central position
in AD pathogenesis (reviewed by De Strooper and
Annaert, 2000).

Although the factors governing production and de-
position of A are not fully understood, it has been shown
that APP can undergo at least two post-translational
processing pathways. In one pathway, APP is cleaved
within the AP region by a proteinase activity known
as o-secretase, which recently has been determined as
a member of the ADAM family metalloproteinases
(reviewed by De Strooper and Annaert, 2000). This
gives rise to APPs and prevents generation of an intact
AP polypeptide. The residual 10 kDa C-terminal APP
fragment (CTF-o) remains within the plasma membrane
and can be cleaved by y-secretase activity to release a
truncated AP peptide, termed p3. Alternatively, APP can
undergo proteolytic cleavages by P-secretase (BACE)
followed by y-secretase to generate AP (Hussain et al.,
1999; Vassar et al., 1999). This is referred to as the
amyloidogenic pathway of APP processing, which can
take place intracellularly in the secretory compartments or
following internalization of cell surface APP in the
endocytic pathway (Koo and Squazzo, 1994; Cook et al.,
1997; Hartmann et al., 1997; Skovronsky et al., 1998). It
has been suggested that the cytoplasmic YENPTY
sequence mediates APP internalization into endosomes
and, in turn, generation of the secreted pool of AP (Koo
and Squazzo, 1994; Perez et al., 1999).

In a recent study, LRP was linked directly to AP
production in cells overexpressing APP751. When LRP
binding was blocked by the 39 kDa receptor-associated
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protein, RAP, or in cells deficient in LRP, AP levels were
dramatically reduced (Ulery et al., 2000). This led the
authors to propose that interaction between LRP and the
KPI domain of APP at the cell surface modulates APP
internalization and subsequent AP production. Although
this attractive hypothesis is consistent with the current
models of AP production, it implies that the neuron-
specific APP695 isoform, which lacks the KPI domain, is
excluded from this interaction. This prediction would, at
first approximation, be surprising since neuronal APP is
believed to be the major source of AP in brain. In this
study, we tested this hypothesis and our results failed to
confirm this proposed model. We show in cells deficient in
LRP that a number of steps in APP processing, trafficking
and turnover are indeed impaired in the absence of LRP.
Surprisingly, these perturbations are present with both
APP695 and APP751 isoforms. Moreover, these alter-
ations can be restored when an artificial LRP construct,
which truncates the N-terminus of the 85 kDa B-subunit
but retains the entire cytoplasmic domain, is expressed in
the LRP-deficient cells, indicating that interactions
between the respective cytoplasmic regions play a major
role in APP processing. We further narrowed the essential
region in the cytoplasmic tail to a small domain that
encompasses the second NPXY motif in LRP. In view of
the findings that a number of cytoplasmic proteins have
been shown to interact with the cytoplasmic tail of both
APP and LRP, we propose a model by which APP
processing is modulated by communication between the
cytoplasmic domains of APP and LRP, possibly via the
cytoplasmic adaptor proteins.

Results

APP processing is altered in the absence of LRP

To determine whether the processing of APP is affected in
the absence of LRP, APP751 was first introduced into
mouse fibroblasts deficient in LRP (LRP-/-) and corres-
ponding control (LRP+/-) cells by retroviral-mediated
infection. Single clones of comparable expression were
chosen for analyses. When the cell supernatants were
normalized to APP expression, the level of APPs in
LRP—/- cells transfected with APP751 was 2.5-fold higher
than in LRP+/- cells (Figure 1A), consistent with the
recently reported results (Ulery et al., 2000).

We next assayed for APP C-terminal fragment (CTF)
in LRP-deficient cells because APPs secretion and the
generation of CTFs frequently are correlated with each
other. Although the expression of APP in LRP—/— and
control LRP+/- cells was comparable (Figure 1B, top), the
levels of CTF, specifically «-secretase-cleaved CTF
(0CTF), were significantly decreased in LRP—/— cells
(between 4- and 6-fold; average 5.2 = 1.8-fold, n = 4), as
compared with controls (Figure 1B, bottom).

The marked reduction in the amount of APP-CTF in
LRP-deficient cells was unexpected. Accordingly, we next
examined the turnover of full-length APP by pulse—chase
analysis in LRP+/~ and LRP-/- fibroblasts stably
transfected with APP751 to determine whether instability
of APP can account for loss of CTFs. Unexpectedly, the
turnover rate of APP in LRP—/- fibroblasts was dramatic-
ally slowed rather than increased, as compared with
control fibroblasts, indicating that LRP normally facili-
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Fig. 1. APPs and APP-CTF levels in LRP—/- cells. Mouse embryonic
fibroblasts lacking the LRP gene (LRP—/-) and corresponding LRP-
expressing control fibroblasts (LRP+/—) were stably transfected with
APP751. APPs was immunoprecipitated using the monoclonal antibody
1G7-5A3 and the samples immunoblotted with an APP polyclonal anti-
body (863) as described in Materials and methods. (A) LRP-deficient
cells secrete ~2.5-fold more APPs than LRP-expressing cells. Results
are expressed as the average of two experiments in triplicate = SEM.
(B) APP expression in LRP+/— and LRP—/- fibroblasts was determined
by immunoblotting with a polyclonal antibody (CT15) raised against
the C-terminus of APP. Single clones of similar APP expression were
selected (top panel). In LRP—/— cells, there is a dramatic reduction in
the level of APP-0.CTF (bottom panel).

tates the rapid degradation of APP. Even after a 4 h chase
period, APP can still be detected in LRP—/— fibroblasts at a
time when APP in control cells was virtually all degraded
(Figure 2A). The normal short half-life of APP (~70 min)
was almost doubled (~120 min) in LRP-deficient cells
(Figure 2B).

The reduced turnover of full-length APP in LRP-
deficient cells is surprising because increased stability of
APP intuitively should have resulted in more, not less,
APP-CTF. Therefore, the turnover of APP-CTF itself was
next analyzed by the pulse—chase paradigm. The cells
were labeled for 1 h, a duration that was found to result in
comparable levels of CTFs in both LRP—/— and LRP+/—
cells (Figure 2C), indicating that generation of CTFs was
not impaired. After the initial 3 h chase period, APP-CTF
levels in LRP+/— and LRP—/- cells remained similar. At
later time points, however, APP-CTFs in LRP—/- cells
were considerably more unstable. After an 18 h chase
period when APP-CTFs were still present in LRP+/—
fibroblasts, APP-CTFs in LRP—/- fibroblasts were almost
completely degraded (Figure 2C). The turnover rate of
APP-CTFs in LRP—-/- cells was approximately doubled
(Figure 2D). These results therefore indicate that the low
levels of APP-CTF in LRP-/- cells are due in part to
reduced stability of the fragments in the absence of LRP.
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Fig. 2. Turnover of full-length APP and APP-aCTF in LRP-/-
cells. LRP+/~ and LRP-/- fibroblasts were pulse labeled with
[**S]methionine/cysteine for 15 min and chased for 0, 1, 2 and 4 h (A).
At time 0, APP consists predominantly of immature N-glycosylated
species. Both the N-glycosylated and mature N- and O-glycosylated
species are abundant at 1 h for both cell types. After a 2 h chase period,
the APP level is dramatically reduced in LRP+/- cells and hardly
detectable at 4 h. In contrast, APP can still be detected in LRP—/— cells
even after a 4 h chase period. (B) The half-life was determined by
quantitating the results from (A) as shown. (C) APP-oCTF turnover
was determined by metabolically labeling LRP+/— and LRP—/- fibro-
blasts with [**S]methionine/cysteine for 1 h and chasing for 3, 6 and
18 h. Similar amounts of APP-o.CTFs are present after the labeling and
after the 3 h chase period in LRP+/— and LRP—/- cells. Even after an
18 h chase period, APP-o.CTFs can still be detected in LRP+/— fibro-
blasts. However, APP-oCTFs in LRP—/— fibroblasts were almost com-
pletely degraded. (D) The half-life of APP-oCTF was determined by
quantitating the results from (C) as shown. The experiment in (A) was
performed in triplicate and that in (C) in duplicate, and representative
experiments are shown.

The above studies were performed in mouse fibroblasts
overexpressing human APP. To exclude false-positive
results caused by overexpression, we next analyzed
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Fig. 3. APP processing in CHO cell lines. (A) Endogenous full-length
APP (upper panel) and APP-CTF (lower panel) were immunoblotted
with APP C-terminal antibody (CT15) from the CHO cell line 13-5-1
deficient in LRP, the CHO cell line 14-2-1 expressing a mutant LRP
defective in trafficking to the plasma membrane, and the control CHO
K1 cell line. Note that cells lacking LRP (13-5-1) show a significant
reduction in the level of APP-oCTF (bottom panel), while the cells
expressing the LRP trafficking mutant (14-2-1) show higher endo-
genous APP-0.CTF levels. (B) LRP is detected by immunoblotting with
the polyclonal antibody 1704 raised against the C-terminus of LRP. As
expected, no LRP can be seen in the CHO cell line 13-5-1 (middle
lanes), while the amount of B-subunit in CHO 14-2-1 cells is signifi-
cantly less than in control cells, with the ratio indicating lack of furin
cleavage due to retention in the early secretory compartments.
Uncleaved full-length LRP (0. + B) can be visualized and the levels are
comparable between CHO 14-2-1 and CHO KI1 control cells.
(C) Secretion of endogenous APPs into medium was increased in both
CHO 13-5-1 and CHO 14-2-1 cells as compared with control CHO
K1 cells.

untransfected CHO cells deficient in LRP (13-5-1)
(FitzGerald et al., 1995). Confirming the results in
mouse fibroblasts overexpressing APP, the levels of
CTFs derived from endogenous APP, predominantly
APP751, were consistently decreased in LRP-deficient
CHO 13-5-1 cells as compared with controls (Figure 3A).
In addition, since generation of APP-CTFs can occur both
in the secretory and in the late endosomal-lysosomal
compartments, a CHO cell line expressing a mutant form
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of LRP (14-2-1) was analyzed to determine where the
turnover of APP-CTF was perturbed. Specifically, we
asked whether retention of LRP in the endoplasmic
reticulum (ER) and Golgi complex might restore the
increased instability of APP-CTF seen in LRP-deficient
cells. The CHO cell line 14-2-1 expresses a mutant LRP
molecule that is defective in Golgi to plasma membrane
trafficking, resulting in retention of LRP in the ER and
Golgi compartments (FitzGerald er al., 1995). In these
cells, the abnormal trafficking of LRP is reflected in the
increased ratio of full-length (o0 + B subunit) LRP to light
chain (B-subunit) LRP because the mutant LRP is retained
in the early compartment, thus reducing the level of furin-
cleaved B-subunit (Figure 3B, top). Interestingly, in CHO
14-2-1 cells, not only was the endogenous APP-CTF
level not reduced as in CHO 13-5-1 LRP-deficient cells,
but the level even exceeded that seen in control CHO K1
cells, while the full-length APP remained unchanged
(Figure 3A). These results indicate that LRP in the early
compartments specifically influences the stability of APP-
CTFs. However, secretion of APPs (Figure 3C) in 14-2-1
cells remains elevated to a level similar to that of cells
lacking LRP expression, indicating that post-Golgi APP
trafficking steps are also highly dependent on LRP (see
below). Importantly, these results show that the effects of
LRP on APP-CTF and APPs are distinct properties that
may be spatially segregated.

Abnormalities in APP processing are
isoform independent
The above results are consistent with the notion that LRP
influences many aspects of APP processing, indeed much
more than the changes in APPs and A that were reported
recently (Ulery et al., 2000). We next wanted to determine
whether the KPI domain in APP is solely responsible for
these changes in APP processing. For this analysis, single
clones of LRP-/~ and LRP+/- fibroblasts expressing
comparable levels of APP695 were isolated. Surprisingly,
the levels of the APP-CTFs derived from APP695 were
also significantly reduced in LRP—/- cells as compared
with controls (Figure 4A). To confirm this finding of LRP
on the processing of the APP695 isoform, CHO K1 and
CHO 13-5-1 cells were transfected with APP695, and
APPs secretion and APP-CTF levels were assessed.
Consistent with our previous findings in LRP-deficient
fibroblasts and LRP-deficient CHO cells expressing
APP751, APP695 expressed in CHO cells also demon-
strated both the reduction in APP-CTF level (Figure 4B)
and an increase in APPs secretion (Figure 4C). The
magnitude of the changes in these two parameters is
virtually identical to that seen with the APP751 isoform.
The above observations suggested that although the
interaction between LRP and APP is greater with the KPI-
containing APP isoform (Rebeck et al., 2001), the
processing of APP is not regulated exclusively through
interaction of its KPI domain with LRP, since the APP695
isoform lacking this domain also demonstrate LRP-
dependent regulation of CTF and APPs levels. Rather,
the results suggest that the respective C-termini of APP
and LRP play functionally important roles in APP
trafficking, a concept first proposed by Trommsdorff
et al. (1998). To test this hypothesis, a truncated LRP
construct consisting of the C-terminal 370 amino acids of
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Fig. 4. Alterations of APP processing in LRP—/— cells are isoform inde-
pendent. (A) LRP+/— and LRP—/- cells stably transfected with APP695
were analyzed for levels of APP-aCTFs. Single clones of similar APP
expression were analyzed (top panel). Note the dramatic reduction in
APP-CTF expression in LRP —/— cells (bottom panel). Quantitation of
APP-0CTF (B) and APPs (C) levels in LRP-deficient CHO 13-5-1 and
control CHO cells transfected with APP695. Note that APP-olCTF and
APPs derived from APP695 were altered similarly in LRP-deficient
cells as those from APP751. Introduction of LRP-CT in the LRP-
deficient cells restored the abnormalities in APP-oCTF (B) and
APPs (C) back to control levels. Results are the average = SEM
(n=2).

LRP (LRP-CT) was engineered, and stably introduced
into LRP—/- cells expressing APP751. This follows the
approach taken by several laboratories that used mini-LRP
receptors to delineate a number of functional ligand-
binding domains of LRP (Willnow et al., 1994; Li et al.,
2000). However, the LRP-CT construct used in this study
is an N-terminal-deleted B-subunit, thus lacking all four
functional ligand-binding domains, but this truncated
construct nevertheless does reach the cell surface (data
not shown). Interestingly, when the LRP-CT construct was
introduced into LRP-deficient cells expressing APP751,
the diminished levels of APP-CTFs were restored to levels
similar to LRP+/— cells (Figure 5A). To confirm this
hypothesis further, we re-examined the LRP-dependent
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Fig. 5. Processing of APP751 in LRP—/— cells can be restored by
expression of an LRP-CT construct. (A) LRP—/— fibroblasts transfected
with APP751 were infected with a retrovirus expressing the LRP-CT
construct and immunoblotted with the LRP C-terminal antibody 1704.
No signal is seen in the LRP—/- cells (middle lanes, top panel). The
LRP-CT protein is a truncated -subunit (right lanes, LRP—/— LRP-CT)
and migrates faster than the authentic B-subunit (left lanes, LRP+/-)
and, as expected, the full-length LRP species (o + P) is absent in the
LRP-/— LRP-CT cells (right lanes, top panel). In the bottom panel, im-
munoblotting of APP-oCTF was carried out with the APP C-terminal
antibody CT15. Note that following expression of the LRP-CT con-
struct in LRP—/- cells, the normally low levels of APP-CTF in LRP—/—
cells (middle lanes, bottom panel) are now restored to the level seen in
LRP+/- cells (compare right with left lanes, bottom panel). (B) Levels
of APPs in medium of LRP+/-, LRP-/— and LRP-/- LRP-CT cells
were determined by immunoprecipitation/western blotting as before. As
with APP-CTF levels, expression of LRP-CT in LRP—/— cells restores
the abnormal levels of APPs. Similarly to APP695, APPs release
derived from APP751 is decreased after introduction of LRP-CT in
LRP—/- cells.

changes in APPs secretion first noted in this study
(Figure 1A). Consistent with the APP-CTF result, intro-
duction of the LRP-CT construct into LRP—/— cells also
restored the levels of APPs back to the levels seen in
APP751-overexpressing cells (Figure 5B). Finally, the
restoration of the abnormalities in APPs secretion and
APP-CTF levels by LRP-CT were also seen in APP695-
transfected cells (Figure 4B and C), confirming that the
KPI domain is not essential for LRP-dependent aspects of
APP processing. Taken together, these experiments indi-
cate that the B-subunit, possibly only the cytoplasmic
domain of LRP, play an important role in regulating APP
processing.

Internalization of APP in LRP+/-, LRP-/- and
LRP-/- LRP-CT fibroblasts

The internalization of cell surface APP is believed to
represent a major pathway for generation and subsequent
release of AP into the extracellular space. In LRP—/— and
LRP+/— cells stably transfected with APP695 or APP751
constructs, APP endocytosis was measured using iodin-
ated APP antibody. With this established assay, the
internalization of APP was reduced by 50% in LRP—/-
cells as compared with LRP+/- control cells. Significantly,
this reduction in APP internalization was seen in both
APP695- and APP751-expressing cells (Figure 6A). We
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Fig. 6. APP internalization and AP secretion in LRP—/- cells.
(A) Steady-state internalization of APP from the cell surface was
measured with iodinated 1G7 antibody at 37°C (see Materials and
methods). In LRP+/— control cells expressing either APP695 or
APP751, ~55% of APP is internalized. In this experiment, the ratios of
internalized to cell surface APP are normalized to the LRP+/- control
cells. LRP—/— cells stably transfected with APP751 or APP695 show a
50% reduction in APP endocytosis as compared with control (LRP+/-)
cells. The reduction in APP internalization in LRP—/- cells is restored
similarly after expression of the LRP-CT construct. (B) Reduction in
AP release in LRP-/— cells is rescued by expression of the LRP-CT
construct. AB was measured by ELISA from LRP-/-, LRP-/~LRP-CT
and LRP+/- cells after 72 h collection. The AP level is reduced 5-fold
in LRP—/- cells transfected with APP751 as compared with control
LRP+/- cells transfected with APP751, normalized for the level of APP
expression. The reduction in AB in LRP—/~ cells is restored to control
level after expression of the LRP-CT construct. All panels show the
results (average = SEM) of representative experiments performed in
triplicate. Statistical analysis was performed using Student’s z-test
(*P < 0.05).

then focused on APP751-expressing LRP—/— cells and
asked whether this defect in APP internalization is related
similarly to the absence of the LRP C-terminus. Indeed,
consistent with all the changes noted above, the impair-
ment in APP internalization was largely restored to control
levels following introduction of the LRP-CT construct in
LRP-/- cells (Figure 6A).

To exclude the possibility that the reduced internaliza-
tion of APP in LRP—/- cells is due to a more general defect
in receptor-mediated endocytosis, internalization of trans-
ferrin receptor was assessed by transferrin (Tfn) uptake
experiment. CHO-deficient LRP (13-5-1) and control
CHO K1 cells were incubated with ['ZI]Tfn (3 pg/ml)
for 30 min under steady-state conditions. In contrast to the
reduced internalization of APP in LRP-deficient cells, the
percentage of internalized Tfn remained the same regard-
less of whether LRP was present (average of 74.61 =*
1.17% and 74.45 * 0.69% in CHO 13-5-1 and control
cells, respectively), indicating that there was no defect in
the endocytosis of the transferrin receptor.
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Ap levels in LRP+/-, LRP-/- and LRP-CT fibroblasts
As described above, it was reported recently that loss of
LRP is associated with a marked reduction in AP levels,
which was attributed to loss of the normal interaction
between LRP and the KPI domain of APP (Ulery et al.,
2000). In view of the changes in APP internalization that
are independent of the KPI isoform, we measured the
levels of AP in LRP-deficient fibroblasts. In LRP—/~ cells
transfected with APP751, the level of AP in the medium
was reduced to ~20% of that of control LRP+/- cells
transfected with APP751 after 72 h collection. However,
expression of the LRP-CT construct in LRP—/— cells
resulted in a dramatic increase in the amount of AP in the
medium (Figure 6B). Indeed, similarly to APPs, AP from
LRP—/- cells expressing LRP-CT was restored to the level
present in LRP+/— control cells. This finding is therefore
consistent with the restoration by the truncated LRP-CT
construct of essentially all the defects in APP processing
seen in the absence of LRP.

The C-terminus of LRP modulates APP processing
In this study, each LRP-dependent step in APP processing
perturbed in the absence of LRP can be restored by the
expression of the LRP-CT and, where tested, both APP695
and APP751 isoforms showed the same defects when LRP
is absent. These results provided strong evidence that the
LRP-CT, and potentially only the cytoplasmic domain, is
important in the regulation of multiple steps in APP
processing. A number of important physiological roles
have been attributed to the cytoplasmic tail of LRP, among
which are two NPXY motifs that have been shown to
interact with a family of cytoplasmic adaptor proteins.
However, the N-terminal truncated LRP-CT construct still
contains ~230 amino acids in the extracellular region
where interaction with APP theoretically can take place,
even though it does not contain any known ligand-binding
domain. Therefore, to clarify which region in the LRP-CT
is involved in the modulation of APP processing, two
LRP-CT mutants, each with a deletion of the respective
NPXY motif, were engineered. The two constructs,
LRP-CTAIl and LRP-CTA2, with deletions of ~20 amino
acids each, were stably transfected into LRP—/— cells
expressing APP751. Single clones of comparable expres-
sion were isolated for analysis (Figure 7B). As before,
loss of LRP was associated with a large decrease in the
levels of APP-CTFs. Interestingly, LRP-CTA1, but
not LRP-CTA2, restored APP-CTFs to control levels
(Figure 7B, bottom). Similarly, introduction of LRP-
CTALI, but not the LRP-CTA2, construct into LRP—/— cells
also restored the levels of APPs to those seen in LRP+/—
control cells (Figure 7C). These results indicate that the
responsible regulatory sequences are contained within
LRP-CTA2, or between amino acids 4486 and 4507. This
region contains the tetrapeptide NPVY motif, or the
second of the two NPXY motifs in the cytoplasmic tail
(Figure 7A). Thus, this experiment established that it is
specifically the cytoplasmic domain of LRP that is critical
for modulating these parameters in APP processing.

To narrow down the sequence within the LRP-CT
responsible for these effects, we engineered two additional
deletion constructs lacking either the tetrapeptide
NPVY domain (LRP-CTANPVY) or the adjacent tetra-
peptide YATL domain (LRP-CTAYATL). Transfection of
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APP695 and the respective LRP-CT constructs into LRP-
deficient CHO 13-5-1 cells revealed that, unlike LRP-CT,
neither LRP-CTANPVY nor LRP-CTAYATL was able to
restore the levels of APP-CTF or APPs to those seen in
wild-type LRP+/- control cells (Figure 7D). Because both
deletion constructs overlap the tyrosine residue at position
4507, this suggested that this tyrosine is a critical residue.
Consequently, an alanine-substituted mutant of LRP-CT at
position 4507 (LRP-CT YA) was engineered and trans-
fected together with APP69S5 into LRP-deficient cells. As
predicted, LRP-CT YA behaved like the two LRP-CT
deletion mutants (LRP-CTANPVY and AYATL) with
respect to APPs and APP-CTF levels (Figure 7D), indi-
cating that Tyr4507 is indispensable in the regulation of
APP processing.

Discussion

The view that lipoprotein receptors function predomin-
antly, if not exclusively, in lipid transport has been
challenged by recent findings that several members of the
family which are receptors for ApoE function in develop-
ment and signaling processes (reviewed by Herz and
Beffert, 2000; Boucher et al., 2002; Loukinova et al.,
2002; May et al., 2002). In addition, a number of
cytoplasmic adaptor and scaffold proteins bind to the
cytoplasmic domain of LRP, although specific functions
related to these interactions remain unclear. Therefore, the
current study was designed to test the hypothesis that the
regulation of APP processing by LRP occurs via the KPI
domain and, if not, to test the hypothesis that this effect is
mediated by the cytoplasmic domain of LRP. Our studies
showed 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 gener-
ation and release of AP peptide. Significantly, because the
processing of both APP695 and APP751 was altered in the
absence of LRP, these changes must be independent of the
KPI isoform of APP. This then led us to demonstrate that
the cytoplasmic domain of LRP, specifically the amino
acid residues around the second NPXY motif, encom-
passing a seven amino acid region (NPVYATL), is critical
for the regulation of APP processing. Taken together, we
propose a model for LRP regulation of APP processing in
which interaction between the cytoplasmic rather then the
extracellular domains of LRP and APP are responsible for
changes in APP processing and A} generation.

In addition to the changes in the levels of APPs and AB
noted previously (Ulery et al., 2000), our study showed
that the absence of LRP produced two unanticipated
effects on the turnover of APP. Specifically, the half-life of
full-length of APP was increased whereas the half-life
of APP-CTFs was reduced. However, the slower turnover
of full-length APP and its reduced internalization in the
absence of LRP does not account for the decreased
stability in APP-CTFs. We hypothesize that this change in
APP-CTF stability is related to LRP’s effects in the ER
and intermediate compartments. This is because the level
of APP-CTF was markedly increased in the CHO 14-2-1
cell line expressing a LRP trafficking mutant. LRP is not
absent in this cell line but rather does not traffic to the cell
surface as it is retained intracellularly. Thus, the elevation
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Fig. 7. The region around the second NPXY domain in LRP regulates APP processing. (A) Schematic illustration of two LRP-CT deletion constructs,
LRP-CTAIl (lacking amino acids 4469-4484) or LRP-CTA2 (lacking amino acids 4486-4507). (B) Expression of LRP-CTAl and LRP-CTA2 in
LRP—/- cells is comparable to the endogenous level of LRP as seen by immunoblotting with LRP antibody 1704 (upper panel). The reduction in the
levels of APP-CTFs in LRP—/— cells is restored by expression of the LRP-CTAl but not the LRP-CTA2 construct. (C) Consistent with the results
shown in (B), APPs secretion was restored to control LRP+/- levels only in the LRP-CTAIl-transfected cell line but not in the LRP-CTA2 cell line.
(D) LRP-CTANPVY (lacking amino acids 4504-4507), LRP-CTAYATL (lacking amino acids 4507—4510) and LRP-CT (Y4507A) were expressed in
LRP-deficient CHO 13-5-1 cells together with APP695 [see (A) for schematic]. Similarly to LRP-CTA2, expression of neither LRP-CTANPVY (top
panel), LRP-CTAYATL (top panel) nor LRP-CT (Y4507A) (bottom panel) was able to restore the reduction in APP-CTF levels or the increase in
APPs to that seen in control K1 cells. In contrast, the expression of LRP-CT restored the deficiencies in APP processing in LRP—/— CHO 13-5-1 cells

to control levels.

of APP-CTFs in CHO 14-2-1 cells indicates an important
interaction that influences the stability of APP-CTFs in
these early compartments and prevents the CTFs from
rapid degradation. This interpretation not only is con-
sistent with the evidence that the ER and intermediate
compartments are major sources of APP-CTFs (Annaert
et al., 1999; Yan et al., 2001), but it is also in agreement
with the finding that APP associates with endogenous full-
length (o0 + B subunits) LRP (data not shown), thereby
placing the interaction in the same intracellular compart-
ments. Taken together, we hypothesize that the interaction
between LRP and APP influences the turnover of APP-
CTFs after their formation in the early secretory compart-
ments.

In this study, we provided evidence that LRP’s effects
on APP processing are mediated through the LRP
cytoplasmic domain and that this interaction occurs early
in the secretory compartments. By introducing various

truncated LRP constructs into LRP-deficient cells, our
studies showed that the distal C-terminus in the LRP
cytoplasmic region is the major determinant of these
effects. In particular, the LRP-CT deletion constructs (Al
and A2) implicated the second of the two NPXY motifs as
important in this interaction. This notion was confirmed
when two smaller deletion constructs, LRP-CTANPVY
(lacking residues 4504-4507) and LRP-CTAYATL (lack-
ing residues 4507-4510), were both unable to rescue the
defects in APP processing in LRP-deficient cells. Because
an alanine substitution mutant of LRP-CT at Tyr4507 was
also unable to rescue the abnormalities in APP processing
in LRP-deficient cells, we postulate that this tyrosine
residue in the C-terminus is critical for LRP’s effects on
APP processing. However, as detailed alanine scanning
mutagenesis has not been performed, we cannot exclude
the possibility that other positions within this seven amino
acid region are also required. Nevertheless, because LRP
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has been shown to complex with APP (Rebeck et al.,
2001), although probably not by direct binding, we
propose that this interaction is required to modulate APP
processing. As LRP affects not only trafficking but also the
stability of full-length APP and the CTFs, we conclude
that these effects must be mediated in multiple intra-
cellular compartments.

In the absence of LRP, the level of AP is markedly
diminished, confirming an earlier report (Ulery et al.,
2000). This decrease in AP is also correlated with a
specific reduction in APP internalization from the cell
surface. The impairment in APP internalization is in
agreement with the hypothesis that endocytic processing is
a major contributor to AP release. Similarly, the increase
in APPs secretion is consistent with previous reports
showing that loss of the APP endocytic signal elevates the
levels of APPs in the medium (Koo et al., 1996). In this
regard, it is interesting that the NPVYATL motif in LRP
implicated in our studies overlaps with the internalization
signal in LRP. Although LRP contains two NPXY and two
dileucine motifs that are consensus signals for endo-
cytosis, Li and colleagues recently reported that the
-YATL-tetrapeptide domain overlapping with the second
NPXY motif in the cytoplasmic tail of LRP is a major
determinant in LRP internalization (Li et al., 2000). Since
the region deleted in the LRP-CTA2, LRP-CTANPVY and
LRP-CTAYATL constructs includes the tyrosine in the
second NPXY motif (4486—4507), internalization of the
truncated LRP molecule is probably impaired. It has been
proposed that the LRP-dependent changes are mediated
via a cytoplasmic adaptor protein, which is capable of
interacting with both APP and LRP via its multiple
binding domains (Trommsdorff er al., 1998). Whether
LRP and APP internalization is regulated coordinately
through direct interaction or indirectly through adaptor
proteins to regulate AP production is an intriguing
possibility that awaits further study.

In summary, our results differed significantly from the
proposed model in which LRP modulates APP processing
via interaction in the respective extracellular domains, in
particular the KPI domain of APP (Ulery et al., 2000).
Previous studies have demonstrated convincingly that the
interaction of the KPI isoform of APP with LRP is
significantly greater than that of the non-KPI-containing
APP695 isoform, especially in complexes containing
proteinases (Kounnas et al., 1995; Knauer et al., 1996;
Kinoshita et al., 2001; Rebeck et al., 2001). The results
reported in this study do not argue against this association.
Rather, our findings suggest that the functional conse-
quences of the interaction between LRP and the KPI
isoform of APP are distinct from the APP processing steps
examined in this study, namely, APP turnover, APPs
secretion, APP internalization and AP production. Lastly,
as members of the LDL receptor gene family, including
LRP, are implicated in neurodevelopment, it is possible
that the internalization of LRP and its binding partners
might be important for transducing these extracellular
signals (Trommsdorff et al., 1998; Hiesberger et al.,
1999). Coincidently, APP recently has been shown to play
a role in gene transcription similar to that of the Notch
receptor (Cao and Sudhof, 2001). In the latter situation, the
cytoplasmic domain of APP together with Fe65 and Tip60
are required for a multimeric complex to translocate into
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the nucleus to affect transcription by a heterologous
signaling system. Thus, LRP and APP, together with the
cytoplasmic proteins, may indeed function beyond traf-
ficking events and affect the transduction of cellular
signals. If so, LRP may play a greater and more varied role
in AD pathogenesis than has been suspected.

Materials and methods

Cell lines and cDNA constructs

Mouse fibroblasts deficient in LRP (LRP—/—; PEA 13) and corresponding
LRP-expressing control cells (LRP+/—; PEA 10) were obtained from the
American Type Culture Collection (Rockville, MD) and cultured as
described previously (Kang et al., 2000). An LRP-deficient CHO cell line
(13-5-1), a CHO cell line expressing an LRP trafficking mutant (14-2-1)
and corresponding CHO K1 control cells (a kind gift of Dr S.Leppla) were
grown in o-Dulbecco’s modified Eagle’s medium («DMEM) supple-
mented with 10% fetal bovine serum (FitzGerald et al., 1995). Human
APP695 and APP751 were inserted into the pBabepuro retroviral
expression vector (Morgenstern and Land, 1990) and transferred into
the GP + E86 packaging cell line. Stable transformants were selected with
puromycin (5 pg/ml). After infection with recombinant viruses, mouse
fibroblasts were selected with puromycin (2.5 pg/ml) and analyzed after
clonal selection for equal APP expression. The last 370 amino acids of the
601 amino acid LRP B-subunit, consisting of the transmembrane domain
and the entire cytoplasmic region, and its corresponding signal peptide
sequence (LRP-CT) were subcloned into the pBabehygro retroviral
expression vector (Morgenstern and Land, 1990) and transferred into the
GP + E86 packaging cell line. Stable transformants were selected with
hygromycin (2.5 pg/ml). After infection with recombinant viruses,
LRP-/-— mouse fibroblasts were selected with hygromycin (2.5 pg/ml)
and analyzed (LRP-/-CT). Deletion substitution constructs lacking
amino acids 4469-4484 (LRP-CTAl) and 4486-4507 (LRP-CTA2),
designed to exclude the two NPXY motifs (residues 44704473 and
4504-4507, respectively), and an alanine substitution mutant at Tyr4507
(LRP-

CT YA) were generated by PCR. Retroviruses expressing the two deletion
constructs were used to infect LRP—/— fibroblasts as before. After
hygromycin selection, individual clones were selected for analysis based
on comparable expression levels of LRP-CTA1 and LRP-CTA2. LRP
deletion constructs lacking amino acids 45054507 (LRP-CTANPVY)
or 4507-4510 (LRP-CTAYATL) were generated by PCR and were
transiently transfected into CHO 14-2-1 cells using Fugene6 (Roche).

Antibodies

The polyclonal antiserum (1704) was generated by immunizing rabbits
with a synthetic peptide corresponding to the last 15 amino acids of the
cytoplasmic domain of human LRP coupled to keyhole limpet
hemocyanin. Monoclonal antibodies 1G7, SA3 and 26D6, which react
with the ectodomain of APP, have been described previously (Koo et al.,
1996; Kang et al., 2000). Polyclonal antibody CT15, which reacts with
the cytoplasmic domain of APP, and the polyclonal antiserum 863, which
was raised against the mid-region of APP, have been described previously
(Sisodia et al., 1993; Marquez-Sterling et al., 1997).

Immunoprecipitation and immunoblotting

For detection of intracellular proteins, cell extracts were prepared using
an NP-40 lysis buffer. To detect APPs and secreted AP, media
conditioned by the respective cell lines for 24 or 72 h were collected
for analyses. For APPs detection, conditioned media were immunopre-
cipitated using the monoclonal APP ectodomain antibodies 1G7 and 5A3.
Extracts and immunoprecipitates 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 carried out with the
indicated antibodies and detected by enhanced chemiluminescence
(Pierce). Quantitation of the chemiluminescence signal was carried out
with a CCD camera imaging system (GeneGnome, Syngene, Frederick,
MD).

ApB ELISA measurements

Media from LRP-/—, LRP+/— and LRP-/-CT fibroblasts were collected
after an incubation period of 72 h in serum-free IS-CHO medium. Debris
was removed by centrifugation (13 000 r.p.m. for 20 min) and the



supernatants were subjected to AB40 quantification using a standard
sandwich enzyme-linked immunosorbent assay (ELISA) described
previously (Kang et al., 2000).

Metabolic labeling

Confluent cultures of APP751-transfected LRP+/— and LRP—/— fibroblasts
were incubated in methionine-free DMEM supplemented with 150 pnCi/
ml [3S]methionine/cysteine for 15 min. Cells were lysed immediately
(time 0) or chased for 1, 2 or 4 h to determine the turnover of APP. APP-
CTF turnover was determined by incubation with 150 uCi/ml
[**S]methionine/cysteine for 1 h. Cells were lysed immediately (time 0)
or chased for 3, 6 or 18 h. For these studies, APP was immunoprecipitated
with polyclonal antibody CT15. The immunoprecipitates were fractio-
nated by SDS-PAGE (6% Tris—glycine gels for full-length APP and
4-12% Tris—Tricine gels for APP-CTF) and exposed either to film or to
phosphoimaging for quantitation.

Internalization assay

To measure internalization of cell surface APP, iodinated 1G7 antibody
was added to confluent cultures of LRP+/-, LRP—/— or LRP-/-CT
fibroblasts stably transfected with APP695 or APP751 at 37°C for 30 min.
After incubation, cells were rapidly chilled on ice, and the reaction was
quenched by the addition of ice-cold binding medium. Chilled cells were
washed extensively, and the remaining surface antibody was detached by
two acid washes. The cells were then lysed and collected for analysis.
Acid-labile and acid-resistant radioactivity represents the surface and
internalized pools of APP, respectively. Specific binding was determined
after subtraction of the radioactive counts obtained from parallel cultures
of untransfected LRP+/-— and LRP—/- fibroblasts. The ratio of acid-
resistant to acid-labile counts therefore provided a measure of the
internalized versus cell surface pools of APP. All experiments in this
study were repeated 1-3 times. Results are presented as the averages
either of all experiments = SEM or of a representative experiment =
SEM. For Tfn uptake experiment, bovine holo-Tfn (Sigma) was iodinated
as above and added to CHO K1 and CHO 13-5-1 cells exactly as
described by Zuk and Elfrink (1999).
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