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ABSTRACT

Background: Amyloid $-protein (AB), the major con-
stituent of amyloid deposits found in Alzheimer’s dis-
ease, is derived from the B-amyloid precursor protein
(BPP). Constitutive proteolysis by a-secretase and secre-
tion of soluble BPP (BPP,) are stimulated by protein
kinase C (PKC) activation, whereas AB production and
release are inhibited. The cellular mechanism that un-
derlies the PKC-mediated down-regulation of AB gener-
ation is unclear. Because endocytic processing of PP
from the cell surface is a major pathway of AB produc-
tion, the effect of PKC activation by phorbol 12,13-dibu-
tyrate (PDBu) on endocytic trafficking of BPP was exam-
ined.

Materials and Methods: In this study, trafficking of
BPP was assayed in Chinese hamster ovary cells (CHO)
cells stably transfected with full-length BPP751.

Results: Treatment with PDBu resulted in a rapid and
striking reduction of up to 80% in the amount of BPP at
the cell surface. This loss of cell-surface molecules could
not be accounted for by changes in the trafficking of
cell-surface BPP molecules, as determined by a radiola-
beled antibody assay. Rather, the decrease in BPP was
due primarily to a reduction in the sorting of BPP to
the cell surface. This alteration was correlated with
accelerated intracellular a-secretase-mediated BPP
cleavage and accelerated BPP trafficking in the exo-
cytic pathway.

Conclusions: The data suggest that the displacement of
BPP away from the cell surface after phorbol ester treat-
ment reduces the substrate available for endocytic pro-
cessing and, in turn, results in the inhibition of AB pro-
duction.

INTRODUCTION

Alzheimer’s disease is characterized by the dep-
osition of amyloid B-protein (AB) in parenchyma
and blood vessel walls and the intracellular ac-
cumulation of neurofibrillary tangles. AB is de-
rived by proteolysis of the larger B-amyloid pre-
cursor protein (BPP), a 100-140 kDa integral
membrane protein. Processing of BPP in the con-
stitutive pathway results in the secretion of a
large N-terminal soluble product (BPP,) and a
membrane-retained C-terminal fragment of ap-
proximately 10 kDa (1). Release of the N-termi-
nal ectodomain of BPP results from cleavage by
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“a-secretase,” an as yet unidentified protease
that cleaves BPP within the AB sequence (2).
Thus, formation of a full-length, 40-43 residue
Ap peptide is precluded by a-secretase proteoly-
sis. Both intracellular and cell-surface PP mol-
ecules are substrates for a-secretase; indeed, ac-
cumulating evidence suggests proteolysis of BPP
occurs in both cellular compartments (3).
Generation and release of AB from BPP oc-
curs constitutively after two proteolytic events,
designated “B- and <y-secretase” cleavages at the
AB N- and C-termini, respectively. In addition to
BPP, AB and a 3-kDa fragment (p3) are nor-
mally produced and released from a variety of
cells both in vivo and in vitro (4). The precise
cellular compartments in which AB is generated
are unclear, although processing in an acidic
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compartment appears to be required. Both secre-
tory (5) and endocytic (6) pathways have been
shown to contribute to AB production; however,
the major source of AB derived from wild-type
BPP in cultured cells appears to be the endocytic
pathway (6,7).

Activation of protein kinase C (PKC) by a
variety of agents stimulates a-secretase-medi-
ated BPP, secretion (8). This alteration, how-
ever, does not require direct phosphorylation
of BPP, which suggests an indirect mode of
action of PKC on regulating BPP cleavage
(9,10). Acceleration of BPP metabolism
through the a-secretory pathway by PKC acti-
vation results in a corresponding decrease in
B-secretory processing and AB production
(11,12). The cellular and molecular basis of the
PKC-mediated reduction of AB production re-
mains to be clearly defined. In view of our
results indicating a major role of the endocytic
pathway in AB production, this study was de-
signed to determine how processing of SPP in
this pathway is affected by PKC activation. To
date, cell-surface receptors have shown heter-
ogeneous and unpredictable responses to phor-
bol esters with respect to trafficking in the
receptor-mediated pathway (13). The results
showed that PKC activation by phorbol esters
leads to a rapid and major reduction in BPP
sorting to the cell surface. In turn, this loss in
cell-surface BPP results in a corresponding re-
duction in available substrate for endocytic
processing and Af production.

1282.

MATERIALS AND METHODS
Cell Culture and Metabolic Labeling

Chinese hamster ovary (CHO) cells were grown
in Dulbecco’s modified Eagle’s medium contain-
ing 10% fetal calf serum. Stably transfected CHO
cell line expressing wild-type BPP751 has been
established previously (6). In pulse-chase exper-
iments, confluent BPP-transfected CHO cells
were labeled with *°S-methionine for 10 min
and chased for 20 min or 2 hr with or without
1 uM phorbol-12,13-dibutyrate (PDBu). This la-
beling paradigm examines only the effect of
PDBu on post-translational events. Immunopre-
cipitations of AB (media) and full-length BPP
(cell lysates) were carried out with 1282, an an-
tibody recognizing AP, and a C-terminal anti-
body, CT15, respectively (14,15) (Fig. 1). BPP,
from media and saponin buffer (see below) were
immunoprecipitated by antibodies B5 (16) and
1736 (12), which recognize the extracellular do-
main of BPP or a-secretase cleaved BPP,, respec-
tively (Fig. 1).

To detect intracellularly cleaved BPP,, CHO
cells pulse-labeled for 10 min were quickly
chilled with ice-cold Dulbecco’s phosphate buff-
ered saline (DPBS) after a 10- or 20-min chase
period. The cells were then incubated at 4°C for
40 min with 0.1% saponin in DPBS supple-
mented with protease inhibitors as described
(17). Saponin was used because this mild deter-
gent permeabilizes cells without solubilizing cell
membranes, thereby allowing soluble intracellu-
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lar molecules to diffuse out of the cells. Immu-
noprecipitations using antibodies B5 and 1736
were then carried out from the saponin buffer
supplemented with 10% calf serum, to recover
BPP released from the permeabilized cells. In
surface iodination experiments, transfected CHO
cells were radioiodinated with Na'?’I as de-
scribed previously (18). After labeling, the cells
were chased with normal CHO medium, with or
without PDBU, for 2 hr. AB was then immuno-
precipitated from the chase media with antibody
1282. The immunoprecipitated material was sep-
arated by SDS-PAGE (6% tris-glycine or 16.5%
tris-tricine gels for BPP, or AB, respectively).
Dried gels were either quantitated by densitom-
etry after fluorographic enhancement or exposed
directly to phosphorimager screen. All labeling
experiments were repeated two to four times.

Kinetics of Surface BPP Trafficking

To determine the kinetics of BPP secretion and
internalization from the cell surface, a method
that quantitatively assesses both the release of
BPP, into media and the internalization of SPP
from the cell surface using radiolabeled 1G7
monoclonal antibody was performed as de-
scribed (19). 1G7 is a monoclonal antibody that
recognizes the extracellular domain of PBPP
within the midregion and was added at a con-
centration of =7 nM to confluent CHO cells in
12-well tissue culture plates. In brief, after incu-
bation at 4°C, the cells were either lysed imme-
diately (time 0) or placed in prewarmed (37°C)
medium with or without PDBu. After 5, 10, 30,
and 60 min, the media were collected and cells
rapidly chilled with ice-cold DPBS at pH 2.8.
After an additional 5-min wash with acidic buffer
to detach residual surface-bound antibody, the
cells were lysed in 0.2M NaOH. Radioactivity was
then determined from the resultant three frac-
tions: medium, acid wash, and acid resistant ly-
sate, which represent secreted, cell-surface, and
intracellular BPP pools, respectively. TCA precip-
itable counts were used from media and lysate
samples. Specific binding from all the antibody-
binding experiments was calculated by subtract-
ing the radioactivity from untransfected CHO
cells performed in parallel. The results were then
expressed in the three fractions at each time
point as a percentage of the total radioactivity
obtained at time 0. All experiments were per-
formed in triplicate and the results are expressed
as average (* SEM) of three repetitions.

Cell-Surface PP

Three methods were used to determine the
amount of BPP on the cell surface of transfected
CHO cells. In the first approach, radioiodinated
1G7 antibody was added to confluent CHO cells
precooled to 4°C as described (19). In all exper-
iments, parallel sets of transfected and untrans-
fected CHO cells were pretreated with PDBu for
0, 5, 10, or 30 min prior to antibody binding. In
the second approach, full-length BPP was immu-
noprecipitated with CT15 antibody immediately
after surface radioiodination from control cells or
from cells treated with 1 uM PDBu for 15 min
before labeling. In the third approach, the arrival
of BPP to the cell surface from newly synthesized
molecules was assayed by pulse labeling trans-
fected CHO cells for 10 min, followed by chase
periods of 10 and 20 min with or without PDBu.
After rapid cooling in ice-cold DPBS, surface SPP
molecules were recoved by incubating the cells
with 5A3/1G7 monoclonal antibodies for 1 hr at
4°C. 5A3/1G7, which recognize nonoverlapping
epitopes in the extracellular domain of SPP (6),
were used together to obtain higher signal. The
cells were then lysed in the presence of 2-fold
excess cold unlabeled transfected CHO cells. An-
tibody-bound cell-surface BPP was then precipi-
tated by incubating the lysates with precleared
anti-mouse agarose beads (1). Immunoprecipi-
tated material was fractionated by SDS-PAGE
and visualized by autoradiography or phosphor-
imaging.

RESULTS
PPP Trafficking after PDBu Treatment

To examine whether PKC activation by PDBu
affects the release or internalization of BPP from
the cell surface, the trafficking of BPP molecules
was assayed by radioiodinated 1G7 antibody
binding. In CHO cells expressing wild-type BPP,
cell-surface BPP molecules are normally rapidly
secreted or internalized (19). Approximately
30% of cell surface molecules are eventually se-
creted into the medium (Fig. 2A). When PDBu is
added at the beginning of the chase period, BPP
secretion approximately doubled at each time
point of the assay (Fig. 2A). This increase in SPP
release correlated with a decrease in BPP inter-
nalization of ~30% (Fig. 2B). The characteristi-
cally short residence time of BPP on the cell
surface was not altered by PDBu treatment
(Fig. 2C).
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FIG. 2. Time-course study of cell-surface PP
trafficking after PDBu

Radioiodinated 1G7 IgG was used to determine the
rate of BPP release and internalization from the cell
surface in wild-type CHO cell line. The radioactivity
from media (A), acid resistant lysates (B), and acid
labile wash (C) was taken to represent secreted, in-
ternalized, and cell surface BPP, respectively. Within
each of the three fractions, the result obtained at
each time point is expressed as a percent of radioac-
tivity of cell lysates obtained at time 0. The value
from the three fractions is <100% because only
TCA-precipitable radioactivity was taken into ac-
count and because of the variation in radioactivity
obtained at each time point. The data are the aver-
ages = SEM of three independent experiments. The
differences in the media and internalized fractions
between control and PDBu treated cells were statisti-
cally significant at each of the four time points

(p < .05top < .003).
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FIG. 3. Reduction in AB production and
release after PDBu

(A) Representative autoradiograms after the two dif-
ferent labeling methods. In both approaches, PDBu
was added to wild-type CHO cells during the 2-hr
chase period after either a 10-min pulse labeling by
3>>S-methionine or '2°I surface iodination. The de-
crease in AP release in medium from >>S-methio-
nine-labeled cells is mirrored by an increase in p3
fragment. Recovery of p3 after surface iodination is
inconsistent, as was shown previously (6). (B) The
average percent reduction (= SEM) of AB release
after >>S-methionine (n = 4) and '2°I surface label-
ing (n = 3). The difference between the two labeling
methods was statistically significant (p < .005).

Release of AB after PDBu Treatment

Because A can be derived from cell-surface BPP
processed in the endocytic pathway, one would
predict that the changes in BPP internalization
demonstrated above should result in a reduction
in AB release from surface precursors. Indeed, by
using selective cell-surface iodination, addition
of PDBu at the beginning of the chase period
decreased recovery of labeled AB from medium
by ~30% (Fig. 3). The magnitude of this de-
crease is consistent with the reduction of BPP
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FIG. 4. Levels of cell-surface PP after PDBu
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(A) Immunoprecipitation of full-length BPP with CT15 antibody immediately after surface radioiodination. The
amount of radiolabeled BPP was reduced 15 min after PDBu pretreatment. Molecular weights determined from
prestained markers are shown on the right. (B) Levels of cell-surface BPP were measured by radioiodinated 1G7
monoclonal antibody binding. BPP-transfected CHO cells were pretreated with PDBu for 5, 10, or 30 min before
incubating with radiolabeled 1G7 antibody. The results are expressed as percent radioactivity of untreated control
cells measured at time O (average = SEM). (C) Levels of newly synthesized BPP arriving to the cell surface were
determined by selectively immunoprecipitating cell-surface BPP with 5A3/1G7 monoclonal antibodies added to in-
tact cells. Transfected wild-type CHO cells were pulse labeled with >*S-methionine for 10 min, followed by chase
periods of 10 or 20 min with or without PDBu. Treatment with PDBu (+) showed marked reductions in the
amount of newly synthesized cell surface BPP (bracket) as compared with untreated control cells (—). The back-
ground is higher in this assay because the labeled lysates cannot be thoroughly precleared.

internalization after PKC activation (Fig. 2b).
However, by metabolic labeling with **S-methi-
onine, AB release was inhibited by ~80%
(Fig. 3), a result comparable to that reported by
others (3). Therefore, when the production of AB
is measured from total cellular BPP labeled by
>>S-methionine, PDBu inhibition of A release is
substantially greater than when only the cell-
surface BPP pool is examined by selective surface
radioiodination.

Cell Surface BPP after PDBu Treatment

The above results suggest that the effect of PDBu
on trafficking of cell-surface BPP molecules alone
is insufficient to account for the overall decrease
in AB production. Therefore, the amount of SPP
on the cell surface after PDBu treatment was
examined. As detected by surface radioiodina-
tion and immunoprecipitation, the level of cell-
surface BPP was markedly decreased 15 min after
the addition of PDBu (Fig. 4A). To more accu-
rately determine the time-dependent changes in
surface BPP expression, transfected CHO cells
were pretreated with PDBu from 5 to 30 min and
then assayed using radioiodinated monoclonal
antibody 1G7 binding. Surprisingly, an 80% de-
cline in cell-surface BPP was seen within 5 min of

adding PDBu and remained at approximately the
same level up to 30 min following treatment
(Fig. 4B). Since changes in endocytic trafficking
are minor (Fig. 2), in the range of 30%, this
reduction in cell-surface BPP must be due to
other factors, in particular, to diminished sorting
of molecules to the cell surface.

Further evidence for this mechanism was
provided by assaying for the arrival of BPP to the
cell surface from newly synthesized molecules.
Using this approach, the levels of cell-surface BPP
derived from newly synthesized molecules were
dramatically decreased after PDBu treatment
(Fig. 4C). Specifically, treatment with PDBu for
10 to 20 min after the initial pulse labeling period
resulted in ~80-90% reduction in the amount
of labeled cell-surface BPP. This experimental
paradigm was such that the labeled molecules
must have been newly synthesized and recently
transported to the cell surface, in contrast to
earlier experiments (Fig. 2, 4A and B) that ex-
amined the fate of the steady-state pool of BPP
already present at the cell surface when PDBu
treatment was instituted. Thus, the latter pool is
the summation of the decrease in nascent PP
arriving to the cell surface, as well as to the
increase in BPP; being released from the cell
surface.
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Intracellular Cleavage of PP

To confirm the above postulate that targeting of
BPP to the cell surface in the secretory/exocytic
pathway is altered, intracellular BPP; was immu-
noprecipitated from saponin-treated CHO cells
after treatment with PDBu using a pulse-chase
paradigm. Treatment with low concentrations of
saponin (0.1%) permeabilized but did not solu-
bilize cell membranes because in control experi-
ments, full-length BPP was virtually undetect-
able from the saponin buffer (Fig. 5A).
Therefore, predominantly soluble nonmem-
brane-bound BPP molecules, i.e., BPP,, were an-
alyzed in this assay. As expected, secretion of
BPP, into the medium was markedly increased
by PDBu (Fig. 5B). The levels of PP, immuno-
precipitated by both B5 and 1736 antibodies
were increased by 2- to 3-fold, which is consis-
tent with the generation of increased amounts of
a-secretase cleaved species. Concomitantly, as
determined by saponin permeabilization, the
amount of intracellular BPP, detected by both B5
and 1736 immunoprecipitations was markedly
decreased, by ~70%. This finding suggests that
there was a redistribution of the intracellular
pool of BPP, molecules into the medium, in other
words, an acceleration of both a-secretory cleav-
age and release of BPP,, bypassing the cell sur-
face.

DISCUSSION

The data presented above provide compelling
evidence that PKC activation by phorbol esters
results in major and rapid alterations in BPP traf-
ficking in the endocytic pathway. In particular,
an 80-90% decrease in the targeting of BPP mol-
ecules to the cell surface was seen within min-
utes of PDBu treatment. Surprisingly, the reduc-
tion in the amount of cell-surface BPP after PDBu
treatment was caused by a major decrement in
sorting of BPP to the cell surface and only sec-
ondarily from an increase in secretion of cell-
surface molecules. This loss of cell-surface BPP
molecules derived from the exocytic pathway
would lead to a corresponding decrease in sub-
strate available for subsequent endocytic pro-
cessing. Thus, the effect of phorbol esters on
trafficking of BPP molecules at the cell surface
appears to be relatively minor. Finally, the data
showed that the perturbations of BPP sorting to
the cell surface are caused principally by an in-
crease in intracellular a-secretase cleavage and
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FIG. 5. Immunoprecipitation of PP, after
saponin treatment

(A) Transfected wild-type CHO cells were pulse la-
beled with >*S-methionine for 10 min without a
chase period and treated either with 0.1% or 0.2%
saponin at 4°C for 40 min. Immunoprecipitation of
full-length BPP was carried out with CT15 antibody
from saponin buffer (saponin) or cell lysate (lysate),
the latter after solubilization with 1% NP40. Full-
length BPP (arrowhead) was readily precipitated
from cell lysate but was minimally detectable from
the buffer fraction treated with 0.2% saponin and
essentially undetectable in the 0.1% saponin buffer.
(B) Immunoprecipitations of intracellular and secreted
BPP; after PDBu treatment. Transfected CHO cells were
labeled by **S-methionine for 10 min and chased for
20 min with (+) or without (—) PDBu. BPP, was im-
munoprecipitated from medium (media) and from sa-
ponin buffer (saponin) with antibodies B5 and 1736.
Levels of immunoprecipitable BPP, were higher in me-
dia with both 1736 and B5 antibodies but lower intra-
cellularly when recovered from the saponin buffer,
after PDBu treatment. Antibody 1736 consistently pre-
cipitates less BPP, than antibody B5, accounting for the
lower signal in the 1736 lanes. In low-percentage gels,
BPP, from CHO cells migrates as a doublet.

an increase in the trafficking of BPP; out of the
cell, and to a much lesser degree, from increased
a-secretase activity at the cell surface.
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The results also showed that PKC activation
by PDBu alters a number of steps in AB genera-
tion. For wild-type BPP, where the endocytic
pathway is hypothesized to be the major contrib-
utor to AB production, the net decrease in traf-
ficking of BPP to cell surface is likely to underlie
the inhibition of AB production by markedly re-
ducing the substrate available for endocytic pro-
cessing. Therefore, reduced internalization of
cell-surface BPP only plays a minor role in this
decrement in AB release. Moreover, the results
are consistent with the hypothesis that process-
ing of BPP in the endocytic pathway is a major
route for AB production and release. In the
“Swedish” APP double missense mutation,
where A production appears to be shifted to the
secretory pathway, similar mechanisms occur-
ring within the secretory pathway may underlie
the reduction in AB production after treatment
by phorbol esters (20).

The data presented here are consistent with
the report that upon PKC activation, BPP is re-
distributed from the trans Golgi network (TGN)
to other cellular locations through increased for-
mation of secretory vesicles from the TGN (21).
The results reported here complement this recent
finding in demonstrating a large displacement of
BPP away from the cell surface and an increase in
the trafficking of BPP out of the cell. However,
the data also demonstrated that the acceleration
in a-secretase cleavage that accompanies this
perturbation in BPP sorting is only minimally
increased at the plasma membrane. Therefore,
a-secretase activity enhanced by PKC activation
must occur in an intracellular compartment that
remains to be defined (22). Two potential mech-
anisms mediating this PKC effect come to mind:
a direct PKC-mediated activation of intracellular
a-secretase activity, or a displacement of BPP to
the compartment where a-secretase is located.

Finally, in addition to phorbol esters, a num-
ber of other agents have been shown to both
increase BPP, secretion and decrease Af3 produc-
tion (8). These include treatment by cytokines,
muscarinic activation, and inhibition of protein
phosphatases. In view of the multiple effects of
PKC activation by PDBu on BPP trafficking and
processing, one would hypothesize that the
other agents will show a range of cellular alter-
ations affecting SPP and A production and re-
lease. Understanding the multitude of cellular
perturbations that alter BPP trafficking should
generate additional potential targets for inhibit-
ing AfB generation.
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