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Amyloid precursor protein (APP) traffics from the cell
surface via endosomes for amyloid β (Aβ) production in
the trans-Golgi network
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Amyloid precursor protein (APP) is processed sequentially by the
β-site APP cleaving enzyme and γ-secretase to generate amyloid β
(Aβ) peptides, one of the hallmarks of Alzheimer’s disease. The
intracellular location of Aβ production—endosomes or the trans-
Golgi network (TGN)—remains uncertain. We investigated the role
of different postendocytic trafficking events in Aβ40 production
using an RNAi approach. Depletion of Hrs and Tsg101, acting early
in the multivesicular body pathway, retained APP in early endo-
somes and reduced Aβ40 production. Conversely, depletion of
CHMP6 and VPS4, acting late in the pathway, rerouted endosomal
APP to the TGN for enhanced APP processing. We found that
VPS35 (retromer)-mediated APP recycling to the TGN was required
for efficient Aβ40 production. An interruption of the bidirectional
trafficking of APP between the TGN and endosomes, particularly
retromer-mediated retrieval of APP from early endosomes to the
TGN, resulted in the accumulation of endocytosed APP in early
endosomes with reduced APP processing. These data suggest that
Aβ40 is generated predominantly in the TGN, relying on an endo-
cytosed pool of APP recycled from early endosomes to the TGN.

endocytosis | endosomal sorting complexes required for transport
pathway | vesicular traffic | protein sorting | proteolytic processing

Alzheimer’s disease is a common neurodegenerative disorder
that is characterized by the presence of amyloid β (Aβ)

peptide-containing plaques in the brain. In the amyloidogenic
pathway, amyloid precursor protein (APP) undergoes sequential
steps of proteolytic processing, first by the β-site APP cleaving
enzyme (BACE), and then by γ-secretase to generate Aβ pep-
tides. All these players in the amyloidogenic pathway are trans-
membrane proteins that traffic through the secretory pathway as
well as the endocytic pathway. The subcellular compartment in
which APP is processed to generate Aβ has remained contro-
versial. It is possible that APP could be cleaved into Aβ in any of
the organelles along these pathways, including the endoplasmic
reticulum (ER); the Golgi apparatus; the plasma membrane;
early, late, or recycling endosomes; and the lysosome (1, 2).
Although γ-secretase localizes predominantly in the ER (3, 4),
we previously showed by using a cell-free COPII vesicle budding
assay that its catalytic subunit presenilin-1 exited the ER without
undergoing the endoproteolysis required to maximize γ-secretase
activity, suggesting that Aβ production is likely to occur in a post-
ER compartment (5). Along the secretory pathway, several
groups suggested the Golgi apparatus or the trans-Golgi network
(TGN) as the major Aβ-producing organelle (6–8); whereas the
plasma membrane has been demonstrated as the predominant
site for nonamyloidogenic processing of APP by α-secretase (9).
The endocytic pathway has also been shown to play significant

roles in the proper processing of APP into Aβ. Inhibition of
endocytosis by expression of a dominant-negative mutant of
dynamin or by mutation of the endocytic sorting signal of APP
reduces Aβ production (10, 11). In addition, it is generally be-
lieved that the first enzymatic cleavage of APP by BACE to form
the membrane-bound APP C-terminal fragment (β-CTF), an
intermediate substrate for γ-secretase to produce Aβ, occurs

predominantly in early endosomes (12, 13). Hence, converging
evidence confirmed the importance of the endocytic pathway in
the regulation of Aβ production. To date, there has been limited
detailed analysis dissecting the different downstream steps fol-
lowing endocytosis to reveal the actual location in which Aβ is
produced. Potential sites include early or late endosomes or the
multivesicular body (MVB) involved in sorting transmembrane
proteins for degradation in the lysosome, as well as along the
retrograde pathway that mediates the recycling of endosomal
proteins to the TGN.
We investigated the importance of different postendocytic

trafficking steps in the production of Aβ40 by using an RNAi
approach and observed distinct effects in the early and late
stages of the MVB pathway on Aβ40 production as well as on
APP localization. Furthermore, we demonstrated that the ma-
jority of APP is processed in the TGN to produce Aβ40, with
a requirement for the retromer to sustain protein recycling from
endosomes to the TGN.

Results
Depletion of Endosomal Sorting Complexes Required for Transport
Pathway Alters Aβ40 Production and Redistributes APP. Membrane
proteins at the plasma membrane are sorted into the MVB and
lysosomal degradation pathways by the endosomal sorting com-
plexes required for transport (ESCRT) pathway (14, 15). The
ESCRT-0 complex mediates sorting and concentration of car-
goes to this pathway, the ESCRT-I and ESCRT-II complexes are
important for endosomal membrane budding, the ESCRT-III
complex is involved in membrane scission to form internal
vesicles within MVBs, and the AAA+ ATPase VPS4 disas-
sembles and recycles ESCRT-III components to sustain sub-
sequent rounds of the pathway (14, 15). To ascertain the
involvement of the endosomal MVB pathway happening down-
stream of the endocytic event in APP processing, we investigated
the effects of depleting different ESCRT complex subunits on
Aβ40 production and APP localization.
We performed shRNA-based knockdown of Hrs (ESCRT-0),

Tsg101 (ESCRT-I), CHMP6 (ESCRT-III), and VPS4A/B in
HEK293 cells stably expressing APP695 (Fig. 1 A and B), and
analyzed the changes in secreted Aβ40 levels in the culture media
by ELISA. We did not measure secreted Aβ42 because of the low
abundance of this cleaved form in our cell line. Depletion of the
indicated individual components of each ESCRT complex
resulted in degradation of the respective ESCRT complex (16–
20). Depletion of Hrs or Tsg101 led to 23 ± 3% and 40 ± 5%
decreases in Aβ40, respectively, whereas an increase in Aβ40 to
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varying degrees was observed upon depletion of CHMP6 or
VPS4A/B, with more than a threefold increase in the Aβ40 level
in double knockdown of VPS4A and VPS4B (Fig. 1C). The
ESCRT complexes act at different stages in the formation of an
MVB (14, 15); thus, depleting subunits may differentially affect
the intracellular trafficking and steady-state distribution of APP
and the processing proteases, leading to differences in the effi-
ciency of Aβ40 production.
To correlate the changes in the Aβ40 levels with the steady-

state distribution of APP upon depletion of ESCRT subunits, we
used immunofluorescence microscopy to visualize APP colocal-
ization with different organelle markers. We used an antibody
that recognizes the C terminal of human APP695 to immunostain
for intracellular APP. This antibody is able to detect the full-length
form (Fig. S1) as well as the β-CTF fragment of APP (Fig. S2).
We did not have a robust staining of β-CTF using a β-CTF–
specific neoepitope antibody (21) as a result of the low abun-
dance of the rapidly processed and/or degraded β-CTF frag-
ments (Fig. S2). However, we expect β-CTF would traffic in
a similar manner as full-length APP because both species have
the same intact cytosolic domain that contains sorting signals for

ESCRTs as well as other sorting factors such as retromer and
adaptor protein complex-4 (AP-4) (8). Therefore, we reason that
changes in the localization of full-length APP upon different
knockdowns could also reflect the changes in trafficking of the
β-CTF fragments.
In control cells, APP predominantly localized to the TGN as

visualized by the TGN marker Golgin 97 (55 ± 7%; Fig. 2 A–D),
with only a subset of APP (9 ± 2%) colocalized with the early
endosome marker EEA1 (Fig. 2 E–H) and the remaining signals
of APP distributed throughout the cytosol, the ER, and the plasma
membrane. Interestingly, in Hrs- or Tsg101-depleted cells, APP
was redistributed from the TGN to enlarged ring-like structures of
varying sizes that were labeled by EEA1 (Hrs, 21 ± 5%; Tsg101,
26 ± 6%; Fig. 2 I–P). With the deficiency of these early ESCRT
subunits, APP appeared to be retained in enlarged endosomal
compartments that were defective in progression further along the
MVB pathway, thus delaying APP transport to late endosomes,
MVBs, and lysosomes, as well as its retrograde transport to the
TGN. The decrease in the Aβ40 levels accompanied by the accu-
mulation of APP in these compartments suggested that Aβ40
production may be less efficient in early endosomes, and that APP
traffic beyond early endosomes was required to gain access to an
organelle favorable for the generation of Aβ40.
In CHMP6-, or VPS4A/B-depleted cells, APP localized pre-

dominantly to the TGN (CHMP6, 56 ± 6%; VPS4A, 54 ± 6%;
VPS4B, 51 ± 6%; Fig. 2 Q–AB), which was comparable to the

Fig. 1. ESCRT depletion affects Aβ40 production. (A) HEK293 cells stably
expressing APP695 were transfected with empty vector pSUPER (control) or
two shRNA constructs directed toward distinct regions of mRNA sequences
of Hrs, Tsg101, CHMP6, VPS4A, or VPS4B (KD). Cells were lysed at 120 h
posttransfection, and proteins were analyzed by immunoblot. Actin or
SEC23A were used as loading controls. (B) Relative protein levels in shRNA
knockdown cells, as a percentage of the control (set as 100%), were quan-
tified by the LI-COR Odyssey Infrared Imaging System (mean ± SEM; n ≥ 3).
(C) Culture media conditioned from 96 h to 120 h posttransfection were
subjected to Aβ40 ELISA analysis. Relative normalized Aβ40 levels as a per-
centage of the control (set as 100%) were plotted as mean ± SEM (n ≥ 3;
*P < 0.05, **P < 0.01, and ***P < 0.001).

Fig. 2. ESCRT depletion affects steady-state APP localization. HEK293 cells
stably expressing APP695 were transfected with empty vector pSUPER+GFP
(control) or shRNA directed to Hrs, Tsg101, CHMP6, VPS4A, or VPS4B (KD).
Cells were fixed at 120 h posttransfection and stained for APP and sub-
cellular markers Golgin 97 or EEA1. Because pSUPER+GFP vector coexpressed
both the shRNA and GFP, GFP signals were used to indicate which cells
sustained knockdown. Representative cells with GFP signals are shown.
Merged images were generated from the Alexa 568 channel (APP signals
indicated by red) and the Alexa 647 channel (Golgin 97 or EEA signals in-
dicated by green), or 2D deconvolved images from each channel; colocali-
zation is indicated by yellow. (Scale bars: 10 μm.)
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control cells (55 ± 7%; Fig. 2 A–D). We also observed some
dispersal of the Golgi structures in VPS4A/B-depleted cells,
which could be a general effect of VPS4A/B knockdown (Fig. 2 V
and Z). We speculate that the enhancement in Aβ40 levels upon
late ESCRT depletion (Fig. 1C) might be attributed to a re-
direction of endocytosed APP to the TGN, which we believe to
represent a favorable subcellular site for Aβ40 production (6–8).

Endocytosed APP Is Redirected to TGN upon VPS4 Depletion. In-
creased Aβ40 production in VPS4 or other late ESCRT-depleted
cells with APP predominantly localized to the TGN could be
a result of defective TGN export of APP caused by perturbation
of the Golgi integrity (Fig. 2 V and Z), or the enhanced routing
of APP from the endocytic pathway into the retrograde pathway
directed toward the TGN. To distinguish between these possi-
bilities, we performed a double knockdown of Hrs and VPS4A
(Fig. 3 A and B), and assessed changes in APP localization and
the Aβ40 level. The steady-state localization of APP was redis-
tributed to enlarged ring-like structures of varying sizes that were
labeled by EEA1 (26 ± 10%; Fig. 3 D, a–d), similar to the ob-
servation in single Hrs-depleted cells (Fig. 2 I–L), accompanied
by a decrease in TGN localization (12 ± 3%; Fig. 3 D, e–h). A
13 ± 2% decrease in Aβ40 levels (Fig. 3C) was consistent with the
notion that Aβ40 was produced less efficiently in cells that display
these enlarged early endosomal compartments. These results
demonstrated that depletion of Hrs and VPS4A produced
a phenotype similar to the depletion of Hrs alone, which sug-
gested that the action of VPS4 in APP processing is exerted
downstream of Hrs. Therefore, APP accumulation in the TGN in
single VPS4A-depleted cells appears to have derived from an
endosomal pool that was retrieved back to the TGN.

Retromer Depletion Reduces Aβ40 Production. Two routes of retro-
grade traffic from endosomes to the TGN have been character-
ized: one from early and recycling endosomes and dependent on
retromer but Rab9-independent, and another from late endo-
somes and dependent on Rab9 (22–24). Recent evidence sug-
gests that endosome-to-TGN recycling of APP is retromer-

dependent (25, 26). To confirm that retrieval of APP from
endosomes to the TGN was important in the production of Aβ40,
we examined the early and late recycling routes by knockdown of
VPS35 and Rab9A, respectively (Fig. 4 A and B). Depletion of
a retromer core subunit VPS35 redistributed APP from the TGN
to puncta that partially colocalized with EEA1 (28 ± 9%;
Fig. 4D, e–g), but to a lesser extent with Golgin 97 (20 ± 3%;
Fig. 4D, a–d) compared with the control (55 ± 7%; Fig. 2 A–D),
suggesting that recycling of APP from the early endosomes to the
TGN was defective. A 26 ± 3% decrease in the Aβ40 level was
measured in VPS35-depleted cells (Fig. 4C), which correlated
well with the reduced localization of APP to the TGN. In con-
trast, in Rab9A-depleted cells, APP largely colocalized with
Golgin 97 (57 ± 3%; Fig. 4D, i–l), with a subset of APP colo-
calized with EEA1 (12 ± 2%; Fig. 4D, m–p). This pattern was
comparable to the APP distribution in control cells (Fig. 2 A–H),
suggesting the retrograde transport of APP to the TGN was not
impaired in Rab9A knockdown cells. Consistent with this, no
significant change in the Aβ40 level was observed (Fig. 4C).
However, we cannot definitely exclude an effect of Rab9 on APP
processing because the knockdown was not complete and be-
cause of the existence of a Rab9B isoform. We conclude that
retromer-dependent retrieval of APP from early endosomes to
the TGN facilitates enhanced production of Aβ40 peptides de-
rived from the endocytic pool of APP.

Retrograde Transport of Endocytosed APP to TGN Is Required for Aβ40
Production. Although our results were consistent with an endo-
cytic origin of Aβ40, a plausible alternative was that retromer-

Fig. 3. Double knockdown of Hrs and VPS4A resembled single Hrs knock-
down phenotypes. For A–C, experiments were performed as in Fig. 1, cells
were transfected with empty vector (control) or pooled shRNA constructs
(Hrs-1 and VPS4A-1) directed to Hrs and VPS4A (KD). (A) Immunoblot and (B)
quantification of relative protein levels (mean ± SEM; n = 3), and (C) Aβ40
ELISA analysis (mean ± SEM; n = 3; *P < 0.05). (D) Experiments were per-
formed as in Fig. 2, and cells were transfected with pooled pSUPER+GFP
shRNA constructs (Hrs-1 and VPS4A-1) directed to Hrs and VPS4A (KD).
Representative cells with GFP signals are shown. (Scale bars: 10 μm.)

Fig. 4. VPS35 depletion delayed retrieval of APP to the TGN and Aβ pro-
duction. For A–C, experiments were performed as in Fig. 1, and cells were
transfected with empty vector (control) or two shRNA constructs directed to
VPS35 or Rab9A (KD). (A) Immunoblot and (B) quantification of relative
protein levels (mean ± SEM; n = 3), and (C) Aβ40 ELISA analysis (mean ± SEM;
n ≥ 3; **P < 0.01 and ***P < 0.001, only P values < 0.05 shown). (D)
Experiments were performed as in Fig. 2, and cells were transfected with
pSUPER+GFP shRNA directed to VPS35 or Rab9A (KD). Representative cells
with GFP signals are shown. (Scale bars: 10 μm.)
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dependent recycling from an early endosome was necessary to
sustain Aβ40 production from newly synthesized APP in transit
through the TGN. Indeed, Burgos et al. proposed a direct TGN-
to-endosome route for APP mediated by the direct interaction of
APP with AP-4 (8). Disruption of the interaction between the
μ-subunit of AP-4 complex (AP-4 μ) and APP or depletion of
AP-4 μ shifted the steady-state distribution of APP to the TGN
with an increase in the Aβ level, consistent with a role for the
TGN in APP processing (8). We repeated the AP-4 μ knockdown
experiment in HEK293 cells expressing APP695 (Fig. 5 A and B),
and we observed increased production of Aβ40 (Fig. 5 C) and
steady-state localization of APP to the TGN (55 ± 4%) (Fig. 5D,
a–d). These results are consistent with those of Burgos et al. but do
not necessarily demonstrate that APP cleaved in the TGN is de-
rived from biosynthetic precursors en route to the cell surface (8).
To examine whether the recycled APP came from the cell

surface-derived endocytic pool or from the biosynthetic pool, we
performed a double knockdown of AP-4 μ and the retromer
subunit VPS35 to block forward and retrograde trafficking be-
tween the TGN and the endosomes. If the majority of APP
molecules cleaved in the TGN were of direct biosynthetic origin,
we would expect the double knockdown and single AP-4 μ de-
pletion to result in an increase in Aβ40 production. In contrast,
we observed a 32 ± 1% reduction in Aβ40 production upon
double depletion of AP-4 μ and VPS35. As expected, APP
redistributed to enlarged ring-like EEA1-positive structures with
varying sizes in the double knockdown (35 ± 14%; Fig. 5D, i–l),
similar to the localization of APP in Hrs- or Tsg101-depleted
cells, and with a corresponding decrease in APP localization in

the TGN (10 ± 1%; Fig. 5D, e–h). This distribution was not
observed in single knockdowns of AP-4 μ or VPS35. We suggest
that disruption of bidirectional traffic of APP between the TGN
and endosomes leads to efficient export of APP to the cell sur-
face and subsequent accumulation of the precursor in an early
endosome.
Our results support the conclusion of Burgos et al. that APP

processing occurs in the TGN (8), but we suggest that the ma-
jority of APP substrate is retrieved from the cell surface.

Discussion
The location of APP processing to produce Aβ peptide has been
ascribed to many organelles, including the ER, TGN, early and
late endosomes, recycling endosomes, and the lysosome (1, 2).
Recent evidence has focused on the TGN or endosomes (more
specifically, early endosomes) as the locus of Aβ production.
Both the TGN and early endosomes serve as sorting stations for
proteins that traffic through the secretory and endocytic path-
ways, and they communicate with one another through a bi-
directional flow of transport vesicles (22–24, 27, 28). The exact
location of APP processing will depend on the balance of traffic
of the precursor and the secretase enzymes. Thus, at least some
of the disparate results may derive from variations in cell type
and conditions of cell growth.
In our experimental system, by using HEK293 cells expressing

APP695, we demonstrated that the processing of APP into Aβ40
occurs predominantly in the TGN. We observed a correlation
between the increase in Aβ40 and the accumulation of APP in the
TGN, as shown by depleting the late ESCRT components
CHMP6 or VPS4A/B, which rerouted APP from the endocytic
pathway to the TGN (Fig. 1), or by depleting AP-4 μ to impede
direct TGN-to-endosome trafficking of APP (Fig. 5). In contrast,
reduced Aβ40 levels were observed when there was a shift in
steady-state localization of APP from the TGN to early endo-
somes, as shown by knockdown of the early ESCRT components
Hrs or Tsg101 (Fig. 1) or by double knockdown of VPS35 and
AP-4 μ (Fig. 5). Furthermore, we noted distinct effects on APP
processing and trafficking upon depletion of subunits of different
ESCRT complexes (Fig. 1). Depletion of early ESCRT subunits,
such as Hrs and Tsg101, delayed APP exit from early endosomes.
However, depletion of later ESCRT components, such as CHMP6
and VPS4A/B, promoted APP recycling from an endosome to the
TGN. These results suggest that a block in an early ESCRT event
impedes APP recycling from the early endosome, whereas a late
event, such as in the VPS4-mediated recycling of ESCRT sub-
units, can be blocked without disabling recycling of APP.
Our findings based on the double knockdown of Hrs and VPS4

suggest that recycling from an endosome plays an important role
in Aβ40 production (Fig. 3). Endosomal proteins that recycled to
the TGN could take two major routes, either via the retromer-
dependent pathway from early endosomes or the Rab9-de-
pendent pathway from late endosomes (22, 23). Recent evidence
(25, 26) and our data on VPS35 depletion (Fig. 4) support a role
for the retromer in the traffic of APP from early endosomes to
the TGN. By using similar yet independent stable cell lines of
HEK293 overexpressing APP695, both Sullivan et al. (26) and our
group showed consistent results of a decrease in Aβ40 production
upon VPS35 knockdown. On the contrary, Small et al. (29) has
reported an increase in endogenous Aβ40 level in HeLa cells
after depletion of VPS35. The discrepancy could be a result of
different origins of the cell types as well as the expression levels
of APP. Rab9A depletion to block the alternative recycling path
had no effect on APP processing (Fig. 4).
Our results suggest an endocytic origin of APP processed in

the TGN. However, Burgos et al. suggested that biosynthetic
APP directed to the endosome by the AP-4 complex might be the
preferred substrate for Aβ production (8). We found that double
knockdown of AP-4 μ and VPS35 resulted in reduced Aβ40

Fig. 5. Double knockdown of AP-4 μ and VPS35 retained APP in the early
endosomes and reduced Aβ40 production. For A–C, experiments were per-
formed as in Fig. 1, and cells were transfected with empty vector (control) or
shRNA directed to AP-4 μ or pooled shRNA constructs (AP-4 μ and VPS35-1)
directed to AP-4 μ and VPS35-1 (KD) for double knockdown. (A) Immunoblot.
Antibody against the β-subunit of AP-4 was used because β- and μ-subunits
of AP-4 reside in the same hemicomplex; depletion of AP-4 μ should mirror
the loss of AP-4 β. (B) Quantification of relative protein levels (mean ± SEM;
n = 3) (C) Aβ40 ELISA analysis (mean ± SEM; n = 3; *P < 0.05 and **P < 0.01).
(D) Experiments were performed as in Fig. 2, and cells were transfected with
pSUPER+GFP shRNA directed to AP-4 μ or pooled shRNA constructs (AP-4 μ
and VPS35-1) directed to AP-4 μ and VPS35-1 (KD). Representative cells with
GFP signals are shown. (Scale bars: 10 μm.)
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production with APP redistributed to enlarged early endosomes
(Fig. 5). This result argues that the majority of APP substrate for
γ-secretase arrives via the cell surface, although it is likely that
some biosynthetic APP cycling directly between endosomes and
the TGN is processed without sampling the cell surface. Al-
though we showed how the APP trafficking and localization were
affected upon depletion of ESCRTs, retromer, and AP-4, it is
possible that, at the same time these knockdowns could also
affect the trafficking of BACE and γ-secretase, resulting in the
changes in Aβ40 level we observed.
Why does APP traffic to the plasma membrane before being

retrieved via the retromer complex for proteolytic processing in
the TGN? One possibility is that the BACE, which must process
APP to β-CTF before γ-secretase acts to generate Aβ peptide, is
localized primarily to early endosomes (12, 13). When APP has
been processed by BACE in early endosomes, APP β-CTF could
then be transported to the TGN for Aβ production.
Interestingly, the sortilin-related receptor SorLA was identi-

fied as a genetic risk factor for late-onset Alzheimer’s disease
(30). SorLA was shown to localize to the TGN and endosomes
and to mediate APP traffic between these organelles (31, 32).
However, the role of SorLA in anterograde or retrograde traffic
between the TGN and endosomes has not been resolved (31–33).
Importantly, depletion of SorLA increases Aβ production (30).
Our results and those of Burgos et al. are most consistent with
a role for SorLA in the traffic of APP from the TGN, rather than
from an endosome (8).
In summary, we demonstrated that the retromer-dependent

recycling pathway is important in the process of Aβ40 production,
possibly by maintaining the balance of APP traffic between the
TGN and endosomes (Fig. 6). We suggest that a necessary pass
of internalized APP through the BACE compartment en route to
γ-secretase in the TGN organizes the secretory and endocytic
pathways in this processing event.

Materials and Methods
Antibodies. Mouse monoclonal antibodies used were anti-Hrs (A-5; Enzo Life
Sciences), anti-Tsg101 (4A10; Genetex), anti-Rab9 (mab9; EMD Chemicals),
anti-Golgin 97 (CDF4; Life Technologies), anti-EEA1 (no. 14; BD Transduction
Laboratories), anti-Actin (C4; MP Biomedicals), anti-APP β-CTF neoepitope
(3D6; gift from S. S. Sisodia, University of Chicago, Chicago, IL), and anti-APP
N-terminal (P2-1; gift from S. S. Sisodia, University of Chicago). Rabbit
polyclonal antibodies used were anti-CHMP6 (gift from W. I. Sundquist,
University of Utah, Salt Lake City, UT), anti-VPS4A (gift from W. I. Sundquist,
University of Utah), anti-VPS4B (gift from W. I. Sundquist, University of

Utah), anti-β subunit of AP-4 (gift from M. S. Robinson; University of Cam-
bridge, Cambridge, United Kingdom), anti-SEC23A (gift from J. P. Paccaud,
Drugs of Neglected Diseases Initiative, Geneva, Switzerland), and anti-APP C-
terminal (Sigma-Aldrich). Goat polyclonal anti-VPS35 antibody was obtained
from Imgenex. IRDye 680 and 800 secondary antibodies (LI-COR) were used
for immunoblotting analysis. Alexa Fluor 568- and 647-conjugated second-
ary antibodies (Life Technologies) were used for immunofluorescence
microscopy.

Cell Line. Full-length cDNA of human APP695 was cloned into pCI-neo
mammalian expression vector (Promega) and transfected in HEK293 cells
(American Type Culture Collection). Cells were selected on Geneticin/G418
(Life Technologies) and subcloned. Stable HEK293 cells expressing APP695
were cultured in DMEM/high glucose/GlutaMAX (Life Technologies) with the
addition of 10% FBS (HyClone), 0.1 mM NEAA (Life Technologies), and
650 μg/mL Geneticin/G418 (Life Technologies), and maintained in a humidi-
fied incubator with 5% CO2 at 37 °C.

RNAi Constructs. The mRNA sequences of human Hrs, Tsg101, CHMP6, VPS4A,
VPS4B, VPS35, and Rab9A were used to design shRNA for specific gene si-
lencing by using the siDirect 2.0Web server and siRNA Target Finder software
from Ambion.

Custom-made 62-nt DNA oligonucleotides were designed to contain a 19-
nt sense strand target sequence that was linked to the 19-nt reverse com-
plement antisense sequence by a short spacer region (5′-TTCAAGAGA-3′),
followed by the RNA polymerase III termination sequence (5′-TTTTTT-3′),
with the addition of BglII and BamHI restriction enzyme sites flanking the 5′
and 3′ ends, respectively.

Two pairs of complementary oligonucleotides directed toward distinct
regions of mRNA sequences of each knockdown target was synthesized
(Integrated DNA Technologies) as follows: 5′-GATCGAGACAAGTGGAGG-
TAAACTTCAAGAGAGTTTACCTCCACTTGTCTCTTTTTTGGAAA-3′ and 5′-AGC-
TTTTCCAAAAAAGAGACAAGTGGAGGTAAACTCTCTTGAAGTTTACCTCCAC-
TTGTCTC-3′ for Hrs-1; 5′-GATCCCTGTACTCTTCACCTGTGTTCAAGAGACACA-
GGTGAAGAGTACAGGTTTTTTGGAAA-3′ and 5′- AGCTTTTCCAAAAAACCTG-
TACTCTTCACCTGTGTCTCTTGAACACAGGTGAAGAGTACAGG-3′ for Hrs-2; 5′-
GATCCCTCCAGTCTTCTCTCGTCTTCAAGAGAGACGAGAGAAGACTGGAGGTT-
TTTTGGAAA-3′ and 5′- AGCTTTTCCAAAAAACCTCCAGTCTTCTCTCGTCTCT-
CTTGAAGACGAGAGAAGACTGGAGG-3′ for Tsg101-1; 5′- GATCGAAGTA-
GCCGAGGTTGATATTCAAGAGATATCAACCTCGGCTACTTCTTTTTTGGAAA-3′
and 5′- AGCTTTTCCAAAAAAGAAGTAGCCGAGGTTGATATCTCTTGAATATC-
AACCTCGGCTACTTC-3′ for Tsg101-2; 5′-GATCATGAGTGTCTGAACAAGAT-
TTCAAGAGAATCTTGTTCAGACACTCATTTTTTTGGAAA-3′ and 5′- AGCTTTTC-
CAAAAAAATGAGTGTCTGAACAAGATTCTCTTGAAATCTTGTTCAGACACTCA-
T-3′ for CHMP6-1; 5′-GATCGCGCAATCACTCAGGAACATTCAAGAGATGTTC-
CTGAGTGATTGCGCTTTTTTGGAAA-3′ and 5′- AGCTTTTCCAAAAAAGCGC-
AATCACTCAGGAACATCTCTTGAATGTTCCTGAGTGATTGCGC-3′ for CHMP6-
2; 5′- GATCGGATTATTTACGAAGCAAATTCAAGAGATTTGCTTCGTAAATAA-
TCCTTTTTTGGAAA-3′ and 5′- AGCTTTTCCAAAAAAGGATTATTTACGAAGCA-
AATCTCTTGAATTTGCTTCGTAAATAATCC-3′ for VPS4A-1; 5′-GATCGGCCAA-
GGAGAGCATTCGATTCAAGAGATCGAATGCTCTCCTTGGCCTTTTTTGGAAA-3′
and 5′- AGCTTTTCCAAAAAAGGCCAAGGAGAGCATTCGATCTCTTGAATCGA-
ATGCTCTCCTTGGCC-3′ for VPS4A-2; 5′- GATCGGCTGGGAACTACGAAG-
AATTCAAGAGATTCTTCGTAGTTCCCAGCCTTTTTTGGAAA-3′ and 5′- AGCTTT-
TCCAAAAAAGGCTGGGAACTACGAAGAATCTCTTGAATTCTTCGTAGTTCCCA-
GCC-3′ for VPS4B-1; 5′- GATCGCGGTCACTATCTAACACATTCAAGAGATGT-
GTTAGATAGTGACCGCTTTTTTGGAAA-3′ and 5′- AGCTTTTCCAAAAAAGC-
GGTCACTATCTAACACATCTCTTGAATGTGTTAGATAGTGACCGC-3′ for VPS4B-
2; 5′- GATCGACATGCCTTCAGAGGATGTTCAAGAGACATCCTCTGAAGGCAT-
GTCTTTTTTGGAAA-3′ and 5′- AGCTTTTCCAAAAAAGACATGCCTTCAGAGG-
ATGTCTCTTGAACATCCTCTGAAGGCATGTC-3′ for VPS35-1; 5′-GATCAGTGGC-
AGATCTCTACGAATTCAAGAGATTCGTAGAGATCTGCCACTTTTTTTGGAAA-3′
and 5′- AGCTTTTCCAAAAAAAGTGGCAGATCTCTACGAATCTCTTGAATTCG-
TAGAGATCTGCCACT-3′ for VPS35-2; 5′- GATCGTTTGATACCCAGCTCTTCT-
TCAAGAGAGAAGAGCTGGGTATCAAACTTTTTTGGAAA-3′ and 5′-AGCTTTTC-
CAAAAAAGTTTGATACCCAGCTCTTCTCTCTTGAAGAAGAGCTGGGTATCAAAC-
3′ for Rab9A-1; and 5′- GATCTCAACATGGGGATGGAGAATTCAAGAGATTC-
TCCATCCCCATGTTGATTTTTTGGAAA-3′ and 5′- AGCTTTTCCAAAAAATCAACA-
TGGGGATGGAGAATCTCTTGAATTCTCCATCCCCATGTTGA-3′ for Rab9A-2.

For human AP-4 μ knockdown, the siRNA target sequence reported by
Burgos et al. (8) was used to design complementary oligonucleotides as
follows: 5′- GATCGTCTCGTTTCACAGCTCTGTTCAAGAGACAGAGCTGTGAA-
ACGAGACTTTTTTGGAAA-3′ and 5′-AGCTTTTCCAAAAAAGTCTCGTTTCACA-
GCTCTGTCTCTTGAACAGAGCTGTGAAACGAGAC-3′ for AP-4 μ.

Fig. 6. Model for APP trafficking in Aβ40 production. (A) For APP to be
cleaved efficiently into Aβ40 in the TGN, newly synthesized APP (red) at the
ER first traffics along the secretory pathway via the TGN to the plasma
membrane. (B) APP is then internalized via endocytosis to reach early
endosomes. (C) Next, the endocytic pool of APP (purple) is recycled to the
TGN in a retromer-dependent manner, where Aβ is produced. (D) The bio-
synthetic pool of APP (red) in the TGN can also traffic directly to endosomes
in a process mediated by the AP-4 complex (C) and be retrieved back to the
TGN in a retromer-dependent manner for Aβ production.
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The complementary pair of DNA oligonucleotides was annealed and li-
gated into the linearized pSUPER.retro.puro (pSUPER) shRNA or pSUPER.
retro.gfp+neo (pSUPER+GFP) expression vectors (OligoEngine) in between
the BglII and HindIII sites.

ELISA, Protein Determination, and Immunoblotting. Cells were transfected in
six-well plates with 3.5 μg pSUPER shRNA constructs using Lipofectamine
2000 (Life Technologies) in serum-free Opti-MEM (Life Technologies) for
24 h. For double knockdown experiments, we used 1.75 μg of each shRNA
construct. Transfection media were replaced by complete media containing
4 μg/mL puromycin (Sigma-Aldrich) at 24 h posttransfection. At 72 h post-
transfection, cells were trypsinized and cell numbers were measured with
a Coulter Counter (Beckman Coulter).

Th same numbers of cells (6.5 × 106) were replated onto 60-mm dishes in
selection media containing puromycin. At 96 h posttransfection, selection
media were replaced with fresh media without puromycin, and were con-
ditioned for 24 h. At 120 h posttransfection, conditioned media were col-
lected with the addition of protease inhibitor mixture mini tablets (Roche).
Media were diluted 10- to 20- fold (same dilution factor was used for control
and knockdown samples in the same set of experiment) and subjected to
Aβ40 ELISA analysis (Life Technologies) according to the manufacturer’s
instructions. For immunoblotting analysis, cells were scraped and lysed in ice-
cold RIPA buffer (50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 0.5% sodium
deoxycholate, 0.1% SDS, 1% Nonidet P-40, 5 mM EDTA, and protease in-
hibitor mixtures mini tablets). Lysates were centrifuged at 20,800 × g at 4 °C
for 30 min, and protein concentration was determined by BCA protein assay
(Thermo Fisher Scientific). Equal amounts of protein samples were separated
by SDS/PAGE and transferred to Immobilon-FL PVDF membranes (Millipore),
and were analyzed and quantified with an Odyssey Infrared Imaging System
(LI-COR). Actin or SEC23A were used as loading controls. All experiments
were performed at least three times independently. Data represented as
mean ± SEM were plotted and analyzed by Prism software (GraphPad) by
using a paired t test to compare the relative amounts of Aβ40 in control and
knockdown samples.

Immunofluorescence Microscopy and Quantification. Cells were transfected in
six-well plates with 3.5 μg pSUPER+GFP shRNA constructs using Lipofect-
amine 2000 (Life Technologies) in serum-free Opti-MEM (Life Technologies)
for 24 h. For double knockdown experiments, we used 1.75 μg of each
shRNA construct. Transfection medium was replaced by complete medium at
24 h posttransfection. At 96 h posttransfactions, cells were trypsinzed and
replated onto polylysine-coated coverslips. At 120 h posttransfection, cells
were fixed with 4% paraformaldehyde (Electron Microscopy Sciences) for 1 h
at room temperature, permeabilized with 0.1% Triton X-100, stained for
primary antibodies and Alexa Fluor-conjugated secondary antibodies, and
mounted on microscopic slides with ProLong Gold antifade reagent con-
taining DAPI (Life Technologies). Cells were imaged using a wide-field
fluorescence microscope (AxioObserver Z1; Carl Zeiss). Images were pro-
cessed and analyzed by MetaMorph image analysis software (Molecular
Devices). Cells sustained knockdown as indicated by expression of GFP were
selected for quantification. The extent of APP colocalization with subcellular
markers Golgin 97 or EEA1 was determined by quantification of overlapping
pixels in the Alexa 568 and the Alexa 647 channels. The percentage of APP
pixels that overlapped with Golgin 97 or EEA1 pixels was measured and
represented as mean ± SD from at least 20 cells per sample from at least two
representative experiments that were performed multiple times with
similar results.
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