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The amyloid-bprecursor protein (APP), a type I transmembrane protein genetically associated with Alzheimer’s
disease, has a complex biology that includes proteolytic processing into potentially toxic fragments, extensive
trafficking and multiple, yet poorly-defined functions. We recently proposed that a significant fraction of APP is
proteolytically cleaved in the neuronal soma into N- and C-terminal fragments (NTFs and CTFs), which then
target independently of each other to separate destinations in the cell. Here, we prove this concept with live im-
aging and immunolocalization of two dual, N- and C-termini-tagged APP constructs: CFP-APP-YFP [containing
the fluorescent tags, cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP)] and FLAG-APP-Myc.
When expressed at low levels in neuronal cells, these constructs are processed into differently tagged NTFs and
CTFs that reveal distinct distributions and characteristics of transport. Like the endogenous N- and C-terminal
epitopes of APP, the FLAG-tagged NTFs are present in trains of vesicles and tubules that localize to short fila-
ments, which often immunostain for acetylated tubulin, whereas the Myc-tagged CTFs are detected on randomly
distributedvesicle-likestructures.Theexperimental treatments thatselectivelydestabilize theacetylatedmicro-
tubules abrogate the distribution of NTFs along filaments, without altering the random distribution of CTFs.
These results indicate that the NTFs and CTFs are recruited to distinct transport pathways and reach separate
destinations in neurons, where they likely accomplish functions independent of the parental, full-length APP.
Theyalsopoint toacompartmentassociatedwithacetylatedmicrotubules in theneuronalsoma—not theneurite
terminals—as a major site of APP cleavage, and segregation of NTFs from CTFs.

INTRODUCTION

Theamyloid-bprecursor protein(APP),a ubiquitouslyexpressed,
type I transmembrane protein, is considered to be at the core of
Alzheimer’s disease (AD) pathology (1). In neurons, APP is
transported along cytoskeletal tracks—microtubules, and, occa-
sionally, actin filaments—to the sites of its presumed functions
within the cell soma and the neuronal processes (2,3). The mo-
lecular mechanisms underlying this transport are not understood
(4). This is explained by the complex biology of APP, which
includes proteolytic processing into fragments (Fig. 1A) that
could have separate fates (2,3,5). The proteolytic processing
affects only a fraction of total APP and can occur in multiple
intracellular compartments (6–11). We recently proposed that,

in neurons, the cleavage of APP largely occurs in the cell soma
and that each type of APP fragment is transported independently
to specific but different destinations within the neurites (2,12).
This idea emerged from immunolocalization studies with anti-
bodies recognizing epitopes from different domains of APP,
which showed that the N- and C-terminal domains are detected
in separate transport entities and accumulate at distinct sites in
neurites. While this result is consistent with separate transport
of APP N- and C-terminal fragments (NTFs and CTFs) rather
than transport of full-length APP (2), one could argue that
steric hindrance and epitope masking by interacting proteins
could prevent the detection of certain epitopes in certain cellular
contexts. To unambiguously track and evaluate the relative lo-
calization of NTFs and CTFs, we expressed dual, N- and
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C-termini-tagged APP (CFP-APP-YFP and FLAG-APP-Myc)
in neuronal cells and studied the distribution of the tags. While
the N- and C-termini of APP often co-localize, they also
clearly show non-overlapping localization to particulate struc-
tures with distinct distributions along cytoskeletal tracks, when
expressed at low levels in neuronal cells with flat neurites.
These results are in accord with the idea of extensive APP pro-
cessing in the neuronal soma and segregated transport of APP-
derived fragments within neuronal processes.

RESULTS

N- and C-terminal epitopes of endogenous APP
are segregated in the soma and the neurites

In a previous study done with antibodies recognizing different
domains of APP, we found striking, non-overlapping distribu-
tion of N- and C-terminal epitopes within neuronal cells—
CAD cells and cortical neurons—in culture and in situ (2).
These results were extended here with additional antibodies

Figure 1. C-terminal (APPC) and N-terminal (APPN) epitopes of APP show distinct distributions in the soma and associate with different transport carriers within the
neurites. (A) Schematic diagram of APP695 showing the positions of epitopes recognized by antibodies raised to APP polypeptides (black and gray lines) used in this
study. Different colors mark the positions of the polypeptides generated from cleavage of APP by b-secretase (sAPPb and CTFb) and g-secretase (the amyloid-b
peptide, Ab and the APP intracellular domain, AICD). The segment between dotted lines indicates the position of the transmembrane domain. (B and C) CAD
cells were immunolabeled with antibodies to the cytoplasmic domain (AB5352, C9 or Y188) and the ectodomain (22C11 or J4H9) of APP. Red arrows in (C)
show accumulation of N-terminal epitopes at the neurite terminals; arrowheads show accumulation of C-terminal epitopes at a compact region in the soma; white
arrows show localization of N-terminal epitopes to a compartment tightly associated with, and surrounding, the nucleus. Quantitatively, only 22+5% (mean+
SD) of the detected C-terminal epitopes were localized to neurites, compared with 59+9% of the N-terminal epitopes (P , 0.005). (D and E) Silencing BACE
with siRNA in CAD cells reduces BACE levels with .75% (D) and diminishes accumulation of N-terminal epitopes in the distal neurites by �50% (28+4% loca-
lized to neurites; P , 0.01), detected with antibody 22C11 (E). Scale bars, 50 mm (B and E) and 20 mm (C).
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recognizing epitopes from the cytoplasmic region, or the ectodo-
main, of APP (Fig. 1B and C, and Supplementary Material,
Fig. S1). In the cell soma, in addition to some co-localization,
the N- and C-terminal epitopes also appear segregated, a situ-
ation that suggests the presence of cleaved and separately
sorted fragments. While the C-terminal epitopes mostly localize
to a compact region in the vicinity of the nucleus, the N-terminal
epitopes are primarily detected in an extended compartment
tightly associated with, and surrounding, the nucleus (Fig. 1C,
and Supplementary Material, Fig. S1B; see specificity controls
in Supplementary Material, Fig. S1). These results support the
notion that the cell soma is a major site of APP processing, and
generation of NTFs and CTFs. Of note is the preferential accu-
mulation of NTFs at neurite terminals, compared with CTFs
(Fig. 1B and C). This accumulation is significantly abolished
upon silencing the expression of beta-site APP-cleaving
enzyme 1 (BACE1; the major b-secretase), the protease respon-
sible for the generation of a large fraction of NTFs and CTFs
(Fig. 1D and E). Concomitantly, the co-localization of the immu-
nodetected N- and C-terminal epitopes of APP along the pro-
cesses increases with .20% (P , 0.02), confirming the
previously reported, increased transport of full-length APP
into neurites upon blocking the activity of b-secretase (5).
Taken together, these results indicate that, while full-length
APP is transported into neurites along with the fragments, the ac-
cumulation at neurite terminals is a characteristic of NTFs, rather
than intact APP. Proximity ligation assays (PLA), described
later, also support this notion (see Supplementary Material,
Fig. S7). With CAD cell extracts, we found that the blot region
usually attributed to immature and mature full-length APP also
contains co-migrating, bona fide NTFs, primarily the product
of b-secretase cleavage, soluble APP-b (sAPPb) (Fig. 2A–C).
Many studies erroneously assumed that this region in blots
only contains full-length APP species. Yet, as our study now
reveals, NTFs are present at detectable levels within neurons
under normal conditions.

APP-derived NTFs, but not CTFs, show a peculiar,
filamentous distribution, rather than a discrete,
vesicular distribution, along cytoskeletal filaments

We examined the distribution of N- and C-terminal epitopes of
APP within the neurites in more detail. As previously reported
(2), these are largely segregated to distinct transport carriers.
Interestingly, the C-terminal epitopes appear associated with
randomly distributed, vesicle-like structures (Fig. 3A and B),
whereas the N-terminal epitopes are often detected as elongated
structures—possibly trains of closely spaced vesicles or tubular
transport entities—which distribute strictly along defined fila-
mentous tracks (Fig. 3C). The filament-like labeling pattern is
particularly evident in the soma and proximal neurites of
enlarged, flattened CAD cells (Fig. 3C), and in the growth
cones of extending neurites (Fig. 3B). The N-terminal epitopes
of APP strictly delineate filamentous tracks throughout the neur-
ites, including the very thin ones; this is clearly seen in the var-
icosities (Supplementary Material, Fig. S2A). Occasionally,
the distribution of the N-terminal epitopes appears limited to
one or two filaments, usually in the central region of the
process (Fig. 3C). The filament-like distribution is detected
with several antibodies recognizing different epitopes within

the ectodomain of APP (Fig. 3C; see Fig. 1A for the location
of the recognized epitopes), as well as with antibodies detecting
the free C-terminus of sAPPb (Fig. 3D). Hence, it is unlikely that
the antibodies cross-react with cytoskeleton-associated proteins,
unrelated to APP. No filamentous distribution is seen with anti-
bodies to the amyloid precursor-like protein 2 (APLP2), a
protein related to APP that also undergoes cleavage by secretases
(13,14), or in APP2/2 neuronal cells, which express both APLP1
and APLP2 (Supplementary Material, Fig. S3). Importantly, the
filament-like distribution of the N-terminal epitopes of APP is
significantly diminished in CAD cells transfected with BACE1
siRNA (Supplementary Material, Fig. S2B), a condition that
largely prevents the proteolytic cleavage of APP. Topologically,
the cleaved NTFs should reside inside membrane-bounded com-
partments. This is confirmed by the lack of immunolabeling with
antibodies to the APP ectodomain in CAD cells treated with
saponin, prior to formaldehyde fixation, and omission of the
Triton X-100 extraction step, usually done after fixation (Sup-
plementary Material, Fig. S4). These results show that the
observed tight association with cytoskeletal tracks is typical
for NTFs, not full-length APP. They also indicate that the trans-
port of NTFs and CTFs implicates not only their segregation with
different carriers, but also distinct transport routes and, most
likely, distinct regulatory mechanisms. This point is further sup-
ported by the dependence of intracellular distribution of APP
C-terminal, but not N-terminal epitopes, on the level of expres-
sion of Fe65, a scaffolding protein with potential role in the trans-
port of APP (4). As exemplified in Supplementary Material,

Figure 2. APP-derived NTFs reside within neurons. (A) Immunoblot analysis of
CAD cell extracts with antibodies raised against polypeptides from the ectodo-
main of APP (see Fig. 1A for location of the recognized epitopes). Full-length
APP species migrate to positions indicated by (∗). All antibodies also detect poly-
peptides of lower molecular size; as many of these additional bands are detected
by all antibodies, they likely are bona fide cleavage products of APP or sAPP. The
position of molecular size markers (in kDa) is shown at left. (B) Immunoblots of
CAD cell extracts with antibodies to polypeptides from the C-terminal (APPC)
and N-terminal (APPN; 22C11) regions of APP, and with antibodies detecting
the free C-termini of sAPPb or sAPPa, which do not cross-react with full-length
APP. Note that CAD cell extracts contain genuine sAPPb, which co-migrates
with full-length APP species. Notably, under our SDS–PAGE conditions,
sAPPb has a lower electrophoretic mobility compared with the immature APP
species, but higher than the mature, full-length APP. (C) Histogram, derived
from western blots, showing the ratios of the staining intensities with the anti-
bodies to APPC and APPN (APPC/APPN) for the lower (∗) and upper (∗∗) bands
in the APP region (see B). Note that the ratios differ significantly and indicate
that the upper band includes APP species that contain the N-terminal epitope,
but lack the C-terminal epitope. The histogram indicates that approximately
half of the staining with antibody 22C11 in the upper band may represent high
molecular size NTFs, such as sAPPb. Bars represent SD.
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Figure S5A–C, the exogenous expression of Fe65 in CAD cells
increases the accumulation of CTFs but not NTFs within neur-
ites; when compared with controls, .55% of cells transfected
with Fe65-Myc show increased levels of APP (immunolabeled
with antibodies to its C-terminus) at terminals. Moderate expres-
sion of FLAG-tagged c-Jun NH2-terminal kinase interacting
protein-1 (JIP-1)—a manipulation that selectively perturbs the
transport of phosphorylated APP and phosphorylated CTFs

(15)—does not affect the neuritic levels, and the filamentous dis-
tribution, of N-terminal APP epitopes (Supplementary Material,
Fig. 5D), consistent with the idea of distinct regulation of trans-
port of NTFs and phosphorylated CTFs.

Given the requirement for kinesin-1 for the transport into
neurites of APP and its fragments (7,15–18), it appeared likely
that the filamentous distribution of NTFs was owing to an
intimate association of the cargo with the microtubules; such

Figure 3. APP-derived NTFs strictly localize to cytoskeletal filaments in CAD cells. (A–C) The labeling obtained with monoclonal (22C11, J4H9) and polyclonal
(R8) antibodies, recognizing epitopes in the N-terminal region of APP (see Fig. 1A for location of epitopes), reveals a typical, filamentary distribution pattern, clearly
detectable in flattened regions of the cell (C), including the growth cone (B). In contrast, antibodies recognizing C-terminal epitopes (AB5352, C9) show a discrete,
randomdistribution (right images in A and B). The grayscale images in (B) reproduce the growth cone shown in the upper image, at right. (D) Antibodies specific for the
free C-terminal end of sAPPb, but not sAPPa, show filamentary distribution. Occasionally, the labeling pattern with the anti-sAPPb antibody strikingly resembles the
distribution of mitochondria. Scale bars, 20 mm.
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association is usually less evident for other kinesin-1 cargoes
described in the literature but is reminiscent of the tight associ-
ation of ATPase-deficient kinesin-1 mutants, stably attached to
microtubules (19). The limited number of the NTF-positive
tracks (Fig. 3) suggested that only a subfraction of microtubules
is used for the transport of the NTFs. Microtubule heterogeneity
within cells could arise from the various posttranslational mod-
ifications of the incorporated tubulin. Of the major classes of
posttranslationally modified microtubules, those targeted by
lysine acetylation of a-tubulin show the highest degree of
co-localization with the N-terminal epitopes of APP (Fig. 4A
and C), a result confirmed with a second anti-acetylated tubulin
antibody that strictly recognizes K40-acetylated tubulin (20)
(Fig. 4B). Interestingly, this antibody shows extensive co-
localization with the N-terminal APP epitopes in the soma, as

well as at the neurite terminals (Fig. 4B). We previously
showed that acetylated microtubules are preferentially disrupted
by cold methanol (21). Consistent with a possible association of
the NTFs with acetylated microtubules, the treatment of CAD
cells with cold methanol reduces both the localization at the
perinuclear compartment, and the filament-like distribution, of
APP N-terminal epitopes (Supplementary Material, Fig. S6).
Notably, the distribution of C-terminal epitopes—and their dis-
tinct localization compared with N-terminal epitopes—is not
affected by this treatment (Supplementary Material, Fig. S6B;
compare with Fig. 1B and C). While treatment with cold metha-
nol may have additional effects on the preservation of intracellu-
lar structures, taken together these results are consistent with
the notion that the NTFs, but not the CTFs, are preferentially
associated with acetylated microtubules in neurons.

Figure 4. The NTFs of APP primarily associate with acetylated microtubules in CAD cells. (A) Significant co-localization of APP N-terminal epitopes (APPN;
detected with antibody 22C11) with acetylated microtubules (AcTub; detected with monoclonal antibody 611B1), but not with detyrosinated (GluTub) or delta
2-tubulin (D2Tub) microtubules. (B) Extensive co-localization of APPN with acetylated microtubules (detected with polyclonal anti-acetyl-K40 antibody) in the
soma, as well as at the neurite terminals. Note that the perinuclear accumulation of NTFs is largely diminished in the cell lacking a perinuclear network of acetylated
microtubules (arrow). Scale bars, 20 mm. (C) Quantitative analysis of co-localization of APPN with microtubules showing different posttranslational modification.
In spite of a high cell-to-cell variability, the coincidence of the 22C11 immunolabeled filaments with AcTub is significantly higher than that with GluTub (∗ indicates
P , 0.01) or D2Tub (∗∗ indicates P , 0.001). Bars represent SEM.

Human Molecular Genetics, 2014, Vol. 23, No. 6 1635

http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddt555/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddt555/-/DC1


Figure 5. N- and C-terminal tags of exogenously expressed APP show both co-localization and segregated distribution within neurites. (A) Drawing of the CFP-APP-YFP
and FLAG-APP-Myc constructs, showing position of tags, and sites of cleavage of APP via theb/g-secretase pathway, which produces sAPPb, CTFb, Ab and AICD. (B)
Expression of CFP-APP-YFP (C-APP-Y) in CAD cells. A GFP blot of extracts of CAD cells, transfected or not with dual-tagged APP, is shown. The N-terminally,
CFP-taggedsAPPband, detectedbelow the CFP-APP-YFPband, is indicatedby (∗). (C) CFP-sAPPis secreted into themedium. Ablot,donewithantibody22C11(detecting
an APP N-terminal epitope, APPN), of culture media from CAD cells transfected or not with CFP-APP-YFP is shown. (D) CFP-APP-YFP, or untagged APP, expressed in
HEK293cells arecleavedandgenerateYFP-taggedCTFs(upper lanes)oruntaggedCTFs(bottomlanes), as revealedwithantibodiesagainstGFPor theC-terminal regionof
APP (a-APPC). The two YFP-CTFs (a andb), not resolved in lanes 2 and 4, are clearly seen in lane 5 (arrows). (E) Similar decay of CFP-APP-YFP and APP, after blocking
protein synthesis with cycloheximide (CHX). APP levels at the beginning of CHX treatment were set to 1.0. Bars represent SEM. At each time point, the difference between
the decay of CFP-APP-YFP and APP was not significant (P , 0.5). (F and G) Partial segregation of CFP (N-terminus of APP, shown in red color) from YFP (C-terminus,
shown in green color) in the neurites of CAD cells expressing CFP-APP-YFP at low level. Images were obtained from live, unfixed cultures. Note that the N-terminal tag
often—butnotalways—accumulates more distally than the C-terminal tag (G, and right images inF). (H) Increasedco-localizationofCFP withYFPinneuritesof CAD cells
transfected with CFP-APP-YFP and BACE siRNA (compare with F and G). Quantitatively, the down-regulation of BACE1 with siRNA in CAD cells to ,25% leads to
�25% increase (P , 0.005) in the number of vesicles that carry both the CFP and YFP tag (likely containing full-length APP), compared with controls. Specifically, 63+
2% (mean+SEM) of the CFP-containing vesicles detected in neurites also contained YFP in cells transfected with BACE siRNA, compared with 45+3% in controls.
Quantitative analysis was done in CAD cells that expressed CFP-APP-YFP at low levels. Scale bars, 10 mm.
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The distributions of N- and C-terminal tags of exogenously
expressed APP highlight distinct transport pathways for
APP, NTFs and CTFs within the neurites

Todirectly testwhether theNTFsandCTFsof APP segregatewith
distinct transport vesicles, we employed CAD cells expressing the
APP construct, CFP-APP-YFP, containing different fluorescent
tags at its termini: the cyan fluorescent protein (CFP) inserted
close to the N-terminus, and the yellow fluorescent protein
(YFP) fused in frame to the C-terminus of APP (Fig. 5A). The
CFP-APP-YFP protein, when expressed at low levels, lacks tox-
icity and reiterates the biology of endogenous APP in terms of
posttranslational processing, decay, intracellular localization
and compatibility with neuronal differentiation. Indeed, at low
levels of expression, the dual-tagged APP—clearly identifiable
in immunoblotting and cytochemistry—is proteolytically
cleaved to generate similar proportions of sAPPs (which are
NTFs) and CTFs (Fig. 5B–D); the rate of decay upon cyclohexy-
mide treatment—which blocks protein synthesis—is similar to
that of endogenous APP (Fig. 5E). Thus, the dual-tagged APP—
at low levelsof expression—is a reliable reporter for APP process-
ing and targeting. CAD cells transfected with CFP-APP-YFP
were examined by fluorescence imaging of CFP and YFP in live
cells. As previously reported for exogenously expressed,
untagged or C-terminally tagged APP (APP-YFP), we find exten-
sive co-localization of CFP and YFP in CAD cells expressing
CFP-APP-YFP at high levels, when the dual-tagged APP unchar-
acteristically penetrates the filopodia-like processes that emanate
laterally from the main neuronal process (Supplementary Mater-
ial, Fig. S7A). In these cases, the C-terminal tag, YFP, massively
accumulates at neurite terminals, which is atypical for the
C-terminal epitopes of endogenous APP (see Fig. 1). However,
in cells expressing low levels of CFP-APP-YFP, the two tags seg-
regate in part to different vesicles within neurites (Fig. 5F and G).
In such cases, the distribution of the N-terminal tag, CFP, mostly
mimics the distribution of immunoreactivity detected with anti-
bodies raised to N-terminal APP epitopes (Supplementary Mater-
ial, Fig. S7B), and the C-terminal tag seldom accumulates at the
neurite terminal (Supplementary Material, Fig. S7C), as is charac-
teristic for the endogenous C-terminal epitopes (see Fig. 1). This
segregation is largely dependent on the activity of b-secretase,
because—as in the caseof N-and C-terminal epitopes ofendogen-
ous APP—it is significantly abolished upon silencing BACE1 ex-
pression with siRNA (Fig. 5H). We note that the co-localization of
the two fluorescent tags—when detected—could also, at least in
part, represent co-localization of CTFs with NTFs, rather than
the presence of uncleaved full-length APP. It is also conceivable
that mixtures of full-length APP, NTFs and CTFs are present in
the same location, a possibility that is supported by the different
CFP/YFP ratios detected in different parts of the transfected
cells (Supplementary Material, Fig. S7C).

Imaging studies of APP tagged with fluorescent proteins were
complemented by experiments with dual-tagged APP, carrying

Figure 6. N-terminal, but not C-terminal tags of exogenously expressed APP
show intimate association with cytoskeletal tracks. (A) Exogenously expressed
FLAG-APP-Myc (F-APP-M) is processed into known N- and C-terminal APP
fragments. Cleavage of F-APP-M by b-secretase generates the NTF, sAPP,
which contains only the FLAG tag (F-sAPP), and the CTF, which contains
only the Myc tag (CTF-M). Immature APP contains both tags (F-imAPP-M).
Similar to the endogenous APP, the mature, extensively glycosylated
F-APP-M has a lower electrophoretic mobility than F-imAPP-M, which is less
glycosylated. Also similar to endogenous sAPP, the F-sAPP migrates in SDS–
PAGE at a position situated between F-imAPP-M and F-APP-M. We note that
the small FLAG and Myc tags do not detectably alter the molecular size of the
dual-tagged APP and the cleaved fragments. The band at �40 kDa, detected
only with the anti-FLAG antibody, likely represents a previously described
N-terminal fragment of APP (55). An additional band at �80 kDa is also
detected. As antibodies to the N-terminal region of APP also detect a band of
this size in non-transfected cells (see Fig. 2), it likely represents a bona fide
NTF. The wavy appearance of the band corresponding to F-APP-M (a-FLAG
blot, at left) is likely due to a gel irregularity. The short, horizontal bars at the
left side of the blots point to corresponding bands. (B and C) The FLAG tag,
but not Myc tag, distributes along clearly identifiable filamentous tracks in
CAD cells transfected with FLAG-APP-Myc. Note that the Myc tag shows a dis-
crete, vesicle-like distribution, whereas the FLAG tag reveals a quasi-continuous
filamentary distribution, likely attributable to trains of vesicles and membrane
tubules (C). Red arrows in (B) point to the perinuclear region where FLAG-
tagged NTFs reside in the soma. Also note the accumulation of FLAG-tagged
NTFs at the process terminal, similar to the accumulation of N-terminal epitopes
of endogenous APP. The bottom image in (B) reproduces at higher magnification
an area of the upper image, showing part of the soma and the proximal neurite; the
image is rotated left 908. The extensive, filamentous distribution of the FLAG tag
is clearly visible. Yellow arrows point to corresponding sites in the two images.
Insets in (C) reproduce the process shown in the left images at increased contrast,
to allow clear evaluation of the distinct distribution of the two tags. Similar dis-
tribution patterns were detected in three separate experiments. The filamentous

distribution of the FLAG tag was consistently detected only within flattened
soma and neurites of cells expressing the dual-tagged APP at low levels, which
represented �10% of the transfected cells. No filamentous distribution of the
Myc tag was detected in these experiments. Scale bars, 20 mm (upper image in
B); 10 mm (C, and lower image in B).
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smaller tags: FLAG, at its N-terminal end, and Myc, at its
C-terminus (Fig. 5A). Upon expression in CAD cells,
FLAG-APP-Myc is subjected to cleavage by secretases, as con-
firmed with immunoblot detection of the tagged NTFs and CTFs
(Fig. 6A). Immunocytochemistry with antibodies recognizing
the tags was used to localize the termini of the dual-tagged
FLAG-APP-Myc, or single-tagged FLAG-NTF and CTF-Myc
polypeptides. As with the fluorescently tagged APP constructs,
at high level of expression of FLAG-APP-Myc in CAD cells,
the FLAG and Myc tags co-localize extensively. However, at
low expression levels (a condition that is achieved in �10% of
the transfected cells), significant segregation of the two tags is
detected within the neurites. Remarkably, within flattened neur-
ites, the FLAG tag (marking the N-terminus of APP), but not the
Myc tag (C-terminus), distributes along filamentous tracks in a
pattern similar to that of the N-terminal epitopes of endogenous
APP (Fig. 6B and C). Also similar to the endogenous N-terminal
epitopes, in the soma, the FLAG tag concentrates in a perinuclear
region (Fig. 6B, upper image). The filamentous distribution of
the FLAG tag is detected in �10% of the transfected cells
with flattened neurites. This frequency is similar to the frequency
of cells that express FLAG-APP-Myc at low levels, which
confirms again that, at high level of expression, transport of
APP proceeds differently than at normal endogenous levels.
We also note that the filamentous distribution is easily missed
in cells with small rounded soma. This situation is similar to
the detectability of the filamentous, microtubule network in
cultured neurons, which can only be observed in cells with flat-
tened soma and neurites. The filamentous distribution of the
N-terminal tag is not apparent with the CFP-APP-YFP construct,
possibly because of the large size of the fluorescent tag, CFP. In
conclusion, the live imaging and immunocytochemistry data of
dual-tagged APP in neurons, like the immunocytochemistry data
of endogenous APP epitopes, reveal transport pathways of
the NTFs and CTFs that are distinct of each other, and of the
full-length APP (Fig. 7).

DISCUSSION

The elucidation of the molecular mechanisms of transport of
APP in neurons has been a constant preoccupation of researchers
since the discovery that the metabolism of APP, including its
processing by secretases, is intimately related to its intracellular
trafficking. Here we identify the neuronal soma as a major site of
generation—and segregation—of NTFs and CTFs. The nature of
the compartments in the soma where the NTFs and CTFs segre-
gate and accumulate was not addressed in this study and remains
to be established. In the case of the NTFs, this compartment has a
perinuclear distribution and co-localizes with neurofilaments
(12) and acetylated microtubules, and its integrity depends on
the integrity of both the neurofilaments (12) and the acetylated
microtubules (this study). The CTFs accumulate at a compact,
pericentrosomal compartment that co-localizes extensively
with markers for the ER–Golgi intermediate compartment
(ERGIC), the trans-Golgi-network (TGN) and the endosomal re-
cycling compartment (ERC) (unpublished results), which
roughly localize to the same region of the cell (22). While all
three compartments are sites where APP cleavage could occur
(9,23–27), a probable scenario is that CTFs accumulate at the
ERC, after being generated in early endocytic compartments
from cell surface-retrieved APP. Indeed, results of PLA, done
with neurons expressing FLAG-APP-Myc, are consistent with
the presence of full-length APP in subplasmalemmal compart-
ments—a typical location for early endosomes—present in the
soma and proximal–medial neurites (Supplementary Material,
Fig. S7E). We also find that a significantly larger fraction of
the CTFs is retained in the cell body, compared with the NTFs;
unlike the CTFs (5), the NTFs appear to be massively exported
from the soma into the neurites. Using immunocytochemistry
with multiple antibodies that detect epitopes in the ecto- and
the endo-domain of APP, we have confirmed and extended our
previous findings that suggest separate transport and segregated
localization of NTFs and CTFs within the neurites.

Because of the complex biology of APP, which includes intri-
cate posttranslational modification and interaction with numer-
ous proteins, tracing transport and localization of APP and of
its derived fragments is a difficult, almost insurmountable task,
with the current methodology. As the exogenous expression of
APP could affect its proper folding, and alter the regulation
and rate of its posttranslational modifications (including its phos-
phorylation and cleavage by secretases), and could perturb its
interactions with the proteins that regulate its transport and me-
tabolism, we initially opted to extract information on APP trans-
port from the localization of the endogenous APP along its
transport routes (2,15); this is a powerful strategy also adopted
by other groups studying APP transport (28). This approach
overwhelmingly suggested that APP is—to a significant
extent—transported into neurites as cleaved fragments resulted
from proteolytic processing in the neuronal soma. However, im-
munocytochemistry, even when performed with a large number
of validated antibodies specifically recognizing different regions
of APP, as we did, has limitations due, for example, to steric hin-
drance, epitope masking, cross-reactivity with other proteins and
sensitivity to fixation. We therefore complemented the inquiries
of endogenous APP with studies of exogenously expressed APP,
carrying different tags at its N- and C-termini. To allow for
direct comparison with data of immunocytochemistry of the

Figure 7. Schematic diagram showing three possible trafficking pathways of
APP: (1) transport of full-length APP; (2,3) independent transport of cleaved
NTFs and CTFs of APP, segregated into distinct membrane-bounded carriers.
The transport carriers originate from either the early secretory compartments, in-
cluding the ER/ERGIC and the TGN (2), or endosomes in the soma (3). NTFs are
depicted inside elongated structures, as they appear in immunocytochemistry.
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endogenous APP, we monitored the localization of the tags
rather than their transport. We note that the combined, comple-
mentary use of immunocytochemistry of endogenous proteins
with the localization of the tags of expressed, tagged proteins
is currently considered the best approach for studying protein lo-
calization (29). Using imaging of CFP-APP-YFP in live cells,
and immunocytochemistry with anti-tag antibodies (in
FLAG-APP-Myc expressing cells), we confirmed the partially
segregated distribution of APP’s N- and C-termini within the
neurites, in neurons that express the dual-tagged APP al low
levels, a result consistent with segregated transport of the
NTFs and CTFs. We also confirmed reports from our and other
laboratories (2,30) showing that, at moderate-to-high levels of
expression (a frequent situation in transfected cells), the two
tags largely co-localize, both in the cell soma and in the neurites.
While the co-localization of the tags could indicate the presence
of full-length APP, it does not rule out the possibility that some
NTFs and CTFs, generated in the soma, are transported together,
with the same vesicles. Discerning between these two possibil-
ities will not be easy; both the FRET (for CFP-APP-YFP) and
PLA (for FLAG-APP-Myc) analysis are insufficiently tested
for transmembrane proteins, where the two epitopes reside on
opposite sites of the membrane, and their separation could
easily exceed the distance over which FRET can occur. In the
case of PLA, detection relies on the physical interaction of
the two DNA strands of the PLA probes (each attached via the
primary antibodies to the tested epitopes), which could be
blocked by the interposing membrane proteins. Our attempts
to test for proximity of the FLAG and Myc tags in CAD cells
transfected with FLAG-APP-Myc occasionally produced PLA
signals, possibly revealing the location at steady state of full-
length APP. As stated earlier, the distribution of the signal was
present at intracellular sites consistent with organelles of the
early secretory pathway—ER, ERGIC, Golgi—and, in particu-
lar, early endosomes, adjacent to the plasma membrane (Supple-
mentary Material, Fig. S7E). While these are expected locations
for full-length APP, one cannot exclude the possibility that
cleaved fragments do co-exist with APP. Taken together, these
results confirm the segregated transport into neurites of NTFs
and CTFs, but also indicate that, at high levels of expression,
the machineries of APP processing and/or segregation of the
cleaved fragments could be overwhelmed and dysregulated.
This is a general matter of concern in all cases where a protein,
extensively involved in interactions with other proteins, is
expressed at levels that exceed the binding capacity of the en-
dogenous interacting proteins (31).

In our study, the presence of the tags did not grossly alter the
processing of APP by secretases, as shown by the immunoblot
detection of APP-derived fragments at the expected electrophor-
etic mobility, according to the known cleavage pattern of APP by
secretases. In addition to the bona fide sAPPs and CTFs, we also
detected two prominent, FLAG-tagged NTFs. As their molecu-
lar size is smaller than that of sAPP, it is likely that they are
further cleavage products of sAPP. We note that polypeptides
smaller than sAPP were also detected with the antibodies to
the APP ectodomain in non-transfected cells, suggesting that
APP and sAPP may undergo additional proteolytic processing
inside neurons.

An important result of this study is the identification of a
tight association of the NTF-containing compartments with

cytoskeletal tracks along the neurites. Interestingly, a tight asso-
ciation of APP (detected with antibodies to its ectodomain) with
cytoskeletal filaments was reported in early, pioneering studies
of APP localization (32,33), but those findings have not been fol-
lowed up. While association with the microtubules is anticipated
for any cargo transported by kinesins, the peculiar, filamentous
distribution of the NTFs is striking—not normally seen with
other kinesin cargoes—and suggests that the transport of
NTFs, unlike that of CTFs, could occur either as trains of vesicles
or tubular structures, such as tubular transport vesicles, tubular
endosomes, ER extensions or mitochondria-associated mem-
brane compartments. Considering that proteins localizing to
the cytoskeleton show unusually low correlation between local-
ization observed with immunocytochemistry and protein
tagging (29), the fact that the filamentous distribution of the
N-terminal region of APP was detected for both endogenous
APP and exogenously expressed, tagged APP (FLAG-APP-
Myc) is remarkable. This reliably indicates that the mechanism
of transport of the NTFs is fundamentally different than that of
the CTFs. This conclusion is also supported by the dependence
on the APP-binding protein, Fe65, of the transport into neurites
of CTFs, but not of NTFs, as well as the association of NTFs, but
not CTFs, with acetylated microtubules.

The idea that the APP-derived polypeptides have themselves
functional significance for the homeostasis of the neuron is not
new (3). However, it was mostly assumed that their function is
tightly linked to the full-length APP and that the cleavage of
APP and the generation of the fragments occur at the sites
where they function. Our results showing that the site of the gen-
eration of the fragments is different from the site(s) where they
accumulate, combined with the separate transport of the differ-
ent fragments to different destinations within the neuron, are
consistent with the idea that APP exerts its functions, at least
in part, through its cleavage products. Thus, the functions of
the fragments could be independent of each other, and distinct
from that of full-length APP. In this scenario, APP is just the pre-
cursor of a set of polypeptides that have functions unrelated to
each other or to the parental protein. This idea remains to be
explored in future studies.

MATERIALS AND METHODS

Antibodies

Antibodies recognizing domains in sAPP (N-terminal epitopes):
mouse anti-APP, MAB348 (clone 22C11; epitope, residues 66–
81; Millipore–Chemicon, Billerica, MA, USA); mouse anti-
APP, MBS200099 (clone J4H9; immunogen, residues 18–289;
MyBiosource, San Diego, CA, USA); rabbit anti-APP, R8
(immunogen, residues 628–652; gift of Dr Nikos Robakis,
Mount Sinai School of Medicine, New York, NY, USA);
mouse anti-Alz 90 (MAB349; raised against a synthetic
peptide corresponding to amino acids 511–608 of APP
pre-A4695; Millipore–Chemicon); mouse anti-sAPPa, 11088
(clone 2B3; does not cross-react with full-length APP or
sAPPb; IBL, Gunma, Japan); rabbit anti-sAPPb, 18857 (does
not cross-react with full-length APP or sAPPa; IBL). Antibodies
recognizing C-terminal epitopes of APP: rabbit monoclonal
anti-APP, 1565-1 (clone Y188; immunogen, peptide from the
NPTY region; Epitomics, Burlingame, CA, USA); rabbit
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anti-APP, AB5352 (immunogen, nine amino acid peptides from
the C-terminus; Millipore–Chemicon); rabbit anti-APP, C9
(immunogen, residues 676–695; gift of Dr Dennis Selkoe,
Brigham and Women’s Hospital, Boston, MA, USA); rabbit
anti-APP, 2452 (immunogen, peptide corresponding to residues
surrounding Thr668; Cell Signaling Technology, Danvers, MA,
USA). Other antibodies: rabbit anti-APLP2 [anti-D2-II, raised
against full-length mouse APLP2; does not cross-react with
APP and APLP1 (13); Millipore–EMD–Calbiochem, La
Jolla, CA, USA]; rabbit anti-BACE, M-83 (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA); mouse anti-acetylated tubulin
(6-11B-1) [Sigma Chemical Co., St. Louis, MO, USA; this anti-
body recognizes both acetylated and recently de-acetylated, but
not non-acetylated microtubules (20)]; rabbit anti-acetyl-K40,
raised against an acetylated peptide corresponding to the
primary sequence of mouse a-tubulin [gift of Dr Kristen
Verhey, University of Michigan, Ann Arbor, MI, USA; this anti-
body strictly recognizes acetylated microtubules in cells (20)];
rabbit anti-detyrosinated tubulin (Glu-tubulin) and rabbit anti-
delta 2 tubulin (Millipore); mouse anti-green fluorescent
protein (GFP) (IL-8, BD Living ColorsTM; cross-reacts with
YFP; used in immunoblotting); mouse anti-c-Myc, Ab-1
(clone 9E10; Oncogene Research Products, San Diego, CA,
USA); fluorescein-labeled chicken anti-c-Myc antibody (affin-
ity purified; Aves Labs, Inc., Tigard, OR, USA); mouse
anti-DDK (4C5; detects the FLAG epitope; Origene Technolo-
gies, Rockville, MD, USA); rabbit anti-FLAG (F7425, affinity
purified; Sigma).

Plasmids

The CFP-APP-YFP expression plasmid was obtained starting
from APP-YFP (gift of Dr Carlos Dotti and Dr Christoph
Kaether, European Molecular Biology Laboratory, Heidelberg,
Germany) inserted into pcDNA3, with YFP ligated in front of the
stop codon of human APP695 (17). CFP was introduced in frame,
immediately after the nucleotide sequence encoding the
17-amino acid signal peptide of APP that targets the N-terminus
of the fusion protein into the ER membrane (Fig. 5A). The
FLAG-APP-Myc construct was obtained by mutagenesis start-
ing from the expression plasmid encoding untagged human
APP695 in pcDNA3 (gift of Dr Li-Huei Tsai, The Picower Insti-
tute for Learning and Memory, MIT, Howard Hughes Medical
Institute, Cambridge, MA, USA); it also contains a tetracysteine
motif (Cys4) (34) in tandem with the N-terminal FLAG tag (not
shown in Fig. 5A), a feature that was not used in this study.
JIP-1-FLAG (35) was a gift of Dr Roger Davis (University of
Massachusetts Medical School, Howard Hughes Medical Insti-
tute, Boston, MA, USA). Fe65-Myc (36) was a gift of Dr Ben
Margolis (University of Michigan, Howard Hughes Medical
Institute, Ann Arbor, MI, USA).

Cell cultures and transfections

Mouse CNS-derived CAD cells (37) were grown in 1:1 F12/
DME medium, containing 8% fetal bovine serum and penicil-
lin/streptomycin. Differentiation was induced by culturing
cells in the absence of serum (37). CAD cells, originating from
the locus coeruleus, have been successfully employed by us
and by others in many studies related to AD or other neurological

disorders (38–45). We note that recent studies point to neurons
of the locus coeruleus as a site where both oligomerization of Ab
and aggregation of tau could be initiated in AD (42,46–48). In
addition, a proposed revision of the stages of AD, known as
Braak stages (49), now includes the brainstem as the site
where the AD brain pathology begins (46,47). Thus, CAD
cells are highly relevant to AD. APP2/2 neuronal cells (gift of
Dr Man-Sun Sy and Dr Shin-Cheng Kang, Case Western
Reserve University, Cleveland, OH, USA) were grown under
standard conditions (50,51). HEK293 cells were grown in
RPMI 1640 containing 8% serum. Transfection of cells with
CFP-APP-YFP, FLAG-APP-Myc or JIP-1-FLAG was per-
formed using Nucleofector technology (Lonza—Amaxa, Walk-
ersville, MD, USA) (15). The low level of expression of the
dual-tagged APP constructs—judged by the absence of the
tags from the filopodia-like processes that emanate laterally
from the soma and neurites—was critical for observing segrega-
tion of the tags, especially in the case of CFP-APP-YFP. For ex-
ogenous expression of Fe65, CAD cells were transfected with
Fe65-myc together with GFP. For RNAi treatment, CAD cells
were transfected with siRNA duplexes specific for mouse
BACE1 (Santa Cruz Biotechnology). Transfected cells were
allowed to attach to the coverslip in the presence of serum and
then cultured for 24–48 h in the absence of serum, to induce dif-
ferentiation. To analyze the decay of APP and CFP-APP-YFP,
parallel cultures of HEK293 cells, non-transfected (expressing
endogenous APP) or transfected with either wild-type APP or
CFP-APP-YFP, were treated with 100 mg/ml cycloheximide
(to block protein synthesis) for 1, 2 or 3 h. Cells were collected
and analyzed for APP or CFP-APP-YFP by quantitation of
immunoblots. No difference between the decay of endogenous
APP, transfected wild-type APP, or transfected CFP-APP-YFP
was detected.

Immunoblotting and immunocytochemistry

Differentiated CAD cells were rinsed twice with phosphate-
buffered saline (PBS) and extracted in SDS sample buffer,
5 min at 958C. Extracts were analyzed for the presence of APP
and APP-derived polypeptides (NTFs and CTFs), BACE1,
FLAG, Myc or GFP by western blotting of transfers to polyviny-
lidene difluoride membrane (52). Protein loads in sample and
control lanes were compared by Ponceau S staining prior to im-
munoblotting. Band intensities in blots were quantified using the
NIH ImageJ64 software.

For immunocytochemistry, CAD cells were fixed (PBS, con-
taining 4% formaldehyde, 4% sucrose), permeabilized (0.3%
Triton X-100) and processed for single or dual antigen labeling
as described elsewhere (2). Occasionally, cells were fixed by im-
mersion of coverslips in dry ice-chilled methanol for 5 min and
stored in PBS until immunostaining. Among others, this proced-
ure efficiently disrupts acetylated microtubules (21). To perme-
abilize cells without affecting intracellular membranes, we
treated cultures with 0.02% saponin prior to formaldehyde fix-
ation (53), omitting the postfixation, lipid extraction step with
Triton X-100. Secondary antibodies coupled to Alexa dyes
(488 and 594) were from Invitrogen-Molecular Probes. Non-
specific binding of secondary antibodies was assessed in experi-
ments that omitted the primary antibodies. Specificity of
antibodies, raised against C-terminal epitopes of APP, for their
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cognate epitopes was verified in control experiments that used
incubation of the specimens in the presence of competing poly-
peptide used at 100:1 molar excess over IgG (2). We used a poly-
peptide that encompassed a 12-amino acid region centered on
Thr668 in the APP cytoplasmic domain (termed here ‘short
APPC polypeptide’) and a biotinylated polypeptide encompass-
ing the entire APP cytoplasmic domain (termed here ‘long APPC

polypeptide’) (2). Antibodies to the ectodomain of APP (e.g.
antibody 22C11) were pre-adsorbed on a membrane that con-
tained the APP region of an overloaded transfer of rat brain
extract (to remove the anti-APP immunoreactive species from
the IgG fraction), or pre-adsorbed on a membrane that contained
transferred BSA (2).

Fluorescently tagged proteins (CFP-APP-YFP and GFP) were
detected via the intrinsic fluorescence of the tags, using CFP-,
YFP- and GFP-specific filters. For co-localization studies of
the YFP and CFP tags, checking for alignment in the two fluor-
escence channels was essential. This was confirmed by the
perfect superposition of the images obtained through the two
channels in CAD cells expressing pmaxGFP (Lonza—
Amaxa), the fluorescence of which is detectable through both
the YFP and the CFP channel (Supplementary Material,
Fig. S7D).

In situ proximity ligation assay (PLA) to test for proximity of
the tagged N- and C-termini of APP, in CAD cells transfected
with FLAG-APP-Myc, was done with the Duolink kit (Olink
Bioscience, Uppsala, Sweden), according to the manufacturer’s
instructions, using mouse anti-Myc (PLA probe MINUS) and
rabbit anti-FLAG (PLA probe PLUS) as primary antibodies.
Controls for specificity included absence of primary antibodies,
or the use of only one primary antibody.

Image acquisition and processing

Images were acquired with an Olympus IX81 microscope
(Tokyo, Japan) equipped with Semrock, Inc. filters (Rochester,
NY, USA), cooled CCD camera (Hamamatsu Photonics, Hama-
matsu City, Japan) and Image-Pro Plus software (Media Cyber-
netics, Rockville, MD, USA). The images were processed for
contrast and brightness with Adobe Photoshop (Adobe
Systems, Inc.). Occasionally, the distribution of fluorescent par-
ticles along neurites was analyzed in thresholded, inverted, gray-
scale images, using the NIH ImageJ64 software (43).

For co-localization studies, the extent of co-localization of
two epitopes was estimated by quantifying percent coincidence
of fluorescent particles between two channels, as described else-
where (43). This procedure provides a better quantitation of par-
ticle co-localization than the percentage of pixel overlap
between the two channels. Co-localization of NTFs with
defined types of microtubules was assessed by quantifying the
extent of coincidence of the 22C11 immunolabeled filaments
with the microtubules, detected with antibodies to the different
posttranslationally modified tubulins.

Statistical analysis

Statistical analysis to determine significance between experi-
mental groups was done using a two-sample t-test for the two-
tailed hypothesis (54). For each experimental condition, data
were derived from at least two separate experiments.

The fraction of Fe65-myc/GFP transfected cells that showed
increased immunostaining at neurite terminals with antibodies
to the N- or C-terminal regions of APP (detected in the red
channel) was determined as follows. First, an exposure time
was selected so that only �20% of non-transfected cells
showed detectable fluorescence labeling in the neurites (in the
red channel). Using this exposure time, images were acquired
throughout the coverslip, moving from one field to the next.
Only a fraction of cells showed immunolabeling. Duplicate
images were acquired in the green channel, with exposures
that allowed detection of all GFP expressing cells. The percent-
age of GFP expressing cells that also stained for the APP
C (or N)-terminus (above the selected threshold) was calculated.
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