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Abstract

The mechanisms driving pathological beta-amyloid (Ab) generation
in late-onset Alzheimer’s disease (AD) are unclear. Two late-onset
AD risk factors, Bin1 and CD2AP, are regulators of endocytic traf-
ficking, but it is unclear how their endocytic function regulates Ab
generation in neurons. We identify a novel neuron-specific polari-
sation of Ab generation controlled by Bin1 and CD2AP. We discover
that Bin1 and CD2AP control Ab generation in axonal and dendritic
early endosomes, respectively. Both Bin1 loss of function and
CD2AP loss of function raise Ab generation by increasing APP and
BACE1 convergence in early endosomes, however via distinct sort-
ing events. When Bin1 levels are reduced, BACE1 is trapped in
tubules of early endosomes and fails to recycle in axons. When
CD2AP levels are reduced, APP is trapped at the limiting membrane
of early endosomes and fails to be sorted for degradation in
dendrites. Hence, Bin1 and CD2AP keep APP and BACE1 apart in
early endosomes by distinct mechanisms in axon and dendrites.
Individuals carrying variants of either factor would slowly accumu-
late Ab in neurons increasing the risk for late-onset AD.
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Introduction

Beta-amyloid (Ab), the Alzheimer’s disease’s (AD) established

primary trigger [1], is produced normally by neurons. The amyloid

precursor protein (APP) undergoes sequential cleavages by the rate

limiting b-secretase (BACE1) and c-secretase originating mainly

Ab40 and Ab42 [2,3]. Ab42 is more hydrophobic, aggregates faster

and the most synaptotoxic [4]. In familial forms of AD, Ab excessive

generation and/or higher ratio of Ab42 are sufficient for neuro-

degeneration. However, in the most frequent late-onset forms of

AD, the transition to pathological generation of Ab remains poorly

understood at a cellular and molecular level. Once generated, Ab is

secreted to the extracellular space or accumulates within endosomes

[3,5,6]. Endocytosis of APP and BACE1 to early endosomes, also

named sorting endosomes, is required for the processing of APP

generating Ab [7–11]. The neuronal trafficking of APP and BACE1 is

largely segregated keeping to a minimum normal Ab generation

[10,12–14]. During early endosome maturation, APP is sorted for

degradation in the lysosome [15,16], while BACE1 recycles back to

the plasma membrane [12,16,17]. Consequently, the deregulation of

APP and BACE1 segregation at early endosomes may boost Ab
generation [3]. Yet the mechanisms underlying APP and BACE1

segregation at endosomes are unknown.

Genetic studies of late-onset AD found variants in sortilin-related

receptor 1 (SORL1), phosphatidylinositol binding clathrin assembly

protein (PICALM), bridging integrator 1 (BIN1), and CD2-associated

protein (CD2AP), known as endocytic regulators [18–25], associated

with increased risk for AD [26–30]. Sorl1 and PICALM have been

shown to be reduced in the AD brain [31–33]. Loss of function of

Sorl1 and PICALM potentiates Ab production and decreases Ab
clearance, respectively [32,34]. Bin1 and CD2AP expression in AD

patients has begun to be analysed [35–40]. Bin1 has mainly two

isoforms in the brain, a longer and neuronal specific and a shorter

and ubiquitous. The expression of the neuronal isoform has been

found decreased in AD [36,41]. However, Bin1 and CD2AP expres-

sion in patients carrying BIN1 and CD2AP variants is unknown.

Importantly, Bin1 variants were associated with poorer memory

performance [42]. Bin1 lower expression correlates with earlier AD

onset [38]. Bin1 knockdown impact on Ab accumulation is not clear

since increased Ab secretion was observed in HeLa cells overex-

pressing APP with a familial AD mutation [43] but not in wild-type

neuronal-like cells [36]. CD2AP susceptibility loci were described to

correlate with neuritic plaque burden in AD patients [44]. Reduced

CD2AP levels increased Ab intracellularly but not extracellularly in

neuronal-like cells overexpressing APP without detectable changes

on amyloid load in a familial AD mouse model [45]. Yet how Bin1

and CD2AP modulate Ab generation is unknown.

To investigate how Bin1 and CD2AP impact Ab generation in

late-onset AD, we used a knockdown approach in otherwise normal
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neurons. By analysing endogenous intracellular Ab accumulation

with a sensitive assay, by following the kinetics of APP and BACE1

endocytic trafficking, and by directly visualising early endosomal

sorting events important for Ab generation using fast live imaging

or super-resolution techniques, we made the following mechanistic

discoveries relevant for the AD field and more broadly to cell bio-

logy: Bin1 and CD2AP polarise the normal endogenous Ab genera-

tion by specifically controlling BACE1 sorting for recycling in axons,

and by specifically controlling APP sorting for degradation in

dendrites, respectively. Mechanistically, we found Bin1 to be

required for BACE1 exit from early endosomes by cutting off BACE1

tubules; and CD2AP to be required for an efficient sorting of APP

away from processing at the early endosomal membrane by translo-

cating APP to the lumen during multivesicular body biogenesis.

Their loss of function potentiates Ab accumulation and may thus

contribute to the development of late-onset AD. We identify the

mechanisms implicated in a novel neuron-specific polarisation of

the amyloidogenic pathway regulated by two AD risk factors.

Results

Downregulation of Bin1 and CD2AP increases polarised
endogenous Ab generation

To determine whether Bin1 and CD2AP impact endogenous Ab, we

first established a semi-quantitative assay for intracellular endo-

genous Ab based on Ab42 immunofluorescence [46,47] (Fig EV1).

Next, we efficiently downregulated Bin1 and CD2AP in wild-type

primary cortical neurons (neurons) using established siRNAs

(Fig EV2A) [20,48–50]. Bin1 and CD2AP depletion increased intracel-

lular endogenous Ab42 in neuronal cell bodies (Fig 1A and D).

However, when we analysed the levels of Ab42 in neuronal dendrites

and axons, morphologically identified based on soluble GFP expres-

sion or AnkG (axon marker), we unexpectedly found that downregu-

lation of Bin1 resulted in a more pronounced increase in Ab42 in

axons than in dendrites and cell bodies (Fig 1A, C and D). In contrast,

downregulation of CD2AP led to an increase in Ab42 in dendrites, but

not in axons (Fig 1A–D). We rescued the increase in Ab42 by

re-expressing CD2AP and neuronal Bin1 but not ubiquitous Bin1

confirming the specificity of the siRNA (Fig EV2B and C).

Analysis of extracellular endogenous Ab evidenced a small

increase in the ratio of Ab42/Ab40 both in Bin1- and CD2AP-

depleted neurons likely due to the significant decrease in Ab40
secretion (Fig 1E). This decrease in extracellular Ab40 was paral-

leled by a significant increase in intracellular Ab40 when Bin1 but

not CD2AP was depleted (Fig EV2D).

Could the rise in Ab42 by downregulation of Bin1 and CD2AP be

due to increased Ab generation by APP processing? To answer this

question, we analysed APP processing into its C-terminal fragments

(APP-CTFs). APP-CTFs increased when Bin1 was depleted and

decreased when CD2AP was depleted without major change in APP

(Fig 1F and G), indicating altered APP processing. Bin1 depletion

likely raises APP-CTFs by increasing BACE1 processing of APP, the

rate limiting step to generate Ab. CD2AP depletion likely decreases

APP-CTFs by increasing APP processing since inhibiting c-secretase
with DAPT treatment of CD2AP-depleted neurons restored the levels

of APP-CTFs to that of control neurons (Fig EV2E). We ruled out

that these results could be explained by an increase in c-secretase
levels, since levels of nicastrin, a subunit of c-secretase, were unal-

tered (Fig EV2F). Together, our results indicate that loss of function

of Bin1 and CD2AP increases polarised Ab generation in axons and

dendrites, respectively.

Downregulation of Bin1 and CD2AP impacts on APP and BACE1
endocytic trafficking

Bin1 and CD2AP can associate with the endocytic machinery [51]

and localise to early endosomes in non-neuronal cells [20,23]. Bin1

has been described to control endocytosis, recycling and more

recently the degradative pathway [21–23,52]. CD2AP functions in

the degradative pathway [20]. Thus, we investigated if the endocytic

trafficking of APP was altered upon Bin1 and CD2AP knockdown by

pulse/chase assays using an antibody against N-terminal APP

(22C11) [53,54] (Fig 2A) in N2a cells transiently expressing human

wild-type APP C-terminally tagged with RFP. 22C11 surface labelling

(Fig EV3A) and endocytosis (10-min pulse; Fig 2B and C) in Bin1-

and CD2AP-depleted cells were similar to control cells. This indi-

cates that neither Bin1 nor CD2AP knockdown significantly alter cell

surface APP or its endocytosis. After a 60-min chase, however, we

observed a 40% loss in 22C11 labelling in control and Bin1-depleted

cells, consistent with APP degradation in the lysosome (Figs 2D and

E, and EV3C and D) [55,56]. In contrast, in CD2AP-depleted cells,

we did not observe a similar loss in 22C11 after the same chase

period (Fig 2D and E), indicating that CD2AP knockdown delays

APP degradation. Importantly, we rescued the defect in APP degra-

dation by re-expressing siRNA-resistant CD2AP in CD2AP-depleted

cells (Fig EV3E). These results indicate that CD2AP is specifically

required for efficient APP degradation. Overall, these results suggest

that CD2AP, but not Bin1, controls APP endocytic trafficking.

We next tested if Bin1 could instead impact BACE1 endocytic

trafficking. To analyse BACE1 endocytosis, we introduced a FLAG

tag at the N-terminus of BACE1-GFP that has a localisation similar

to endogenous BACE1 [57]. Upon transient expression of FLAG-

BACE1-GFP in N2a cells, we performed pulse/chase assays using an

antibody against FLAG (M1) (Fig 2F). M1 surface labelling

(Fig EV4A) and endocytosis (5-min pulse; Fig 2G and H) were unal-

tered in cells depleted for Bin1 or CD2AP, indicating that neither

Bin1 nor CD2AP knockdown alters cell surface BACE1 or its endo-

cytosis. To measure BACE1 recycling back to the plasma membrane,

we acid-stripped non-endocytosed M1 (Fig EV4B) and further

chased endocytosed M1 for 20 min. Recycled M1 was then detected

at the surface of non-permeabilised cells (Fig 2I). We observed a

reduction in the amount of recycled M1 at the surface of Bin1-

depleted cells as compared to CD2AP-depleted and control cells

(Fig 2I and J). These results indicate that Bin1 knockdown affects

recycling of BACE1 but importantly not of APP (Fig EV3B).

The defective recycling of BACE1 observed in Bin1-depleted cells

could be explained by intracellular retention and/or increased

degradation of BACE1. However, we did not find increased BACE1

degradation after a 60-min chase (Fig EV4C), suggesting that BACE1

degradation is not altered. In contrast, we detected an increase in

the amount of intracellular non-recycled M1 in acid stripped and

permeabilised Bin1-depleted cells (Fig 2K and L). We concluded

that defective BACE1 recycling upon Bin1 depletion was primarily

due to its intracellular retention. Importantly, we rescued BACE1

ª 2016 The Authors EMBO reports Vol 18 | No 1 | 2017

Florent Ubelmann et al Bin1 and CD2AP control Ab production at endosomes EMBO reports

103



0

2

4

0

2

4
siControl
siBin1
siCD2AP

 D
d 

Fl
uo

re
sc

en
ce

(A
.U

)

siControl
siBin1
siCD2AP

In
tra

ce
llu

la
r A

β4
2

(%
 o

f s
iC

on
tro

l) 

%
of

s i
C

on
tro

l

C

siC
D2A

P

siB
in1

siC
on

tro
l

***

siCD2APsiBin1A

APP

APP-CTFs

B

D

F G

***********
**** ****

Dd

Ax

Aβ42 (12F4)

GFP 
AnkG

Dd

Ax

Ax

Dd

Aβ42 (12F4)

siControl

*
* *

siC
ontro

l
siB

in1

siC
D2AP

siC
ontro

l
siB

in1

siC
D2AP

siC
ontro

l
siB

in1

siC
D2AP

0

50

100

150

200

Aβ42 Aβ40 Aβ42/40

E
xt

ra
ce

llu
la

r A
β )l ort no

Ci sf o
%(

 A
x 

Fl
uo

re
sc

en
ce

(A
.U

)

CB Dd Ax

siC
ontro

l
siB

in1

siC
D2AP

siC
ontro

l
siB

in1

siC
D2AP

siC
ontro

l
siB

in1

siC
D2AP

0

100

200

300

400

APP-CTFs/APPAPP

*

****

siC
on

tro
l

E

Dd

Ax

siC
ontro

l
siB

in1

siC
D2AP

siC
ontro

l
siB

in1

siC
D2AP

0

50

100

150

200

15

100

kDa

Figure 1. Downregulation of Bin1 and CD2AP increases polarised endogenous Ab generation.

A Intracellular endogenous Ab42 (green), Ankyrin-G (AnkG; magenta) and GFP (blue) in siBin1-, siCD2AP- and siControl-treated primary cortical neurons (neurons)
expressing GFP immunolabelled at 9 DIV with anti-Ab42 (clone 12F4) and anti-AnkG, analysed by spinning-disc confocal microscopy. The white rectangles indicate the
dendrites (Dd) and axons (Ax) magnified below showing Ab42 in axons and dendrites outlined based on AnkG (magenta) and GFP (blue), respectively. Scale bars, 10 lm.

B, C Ab42 line profiles in dendrites (Dd; B) and axons (Ax; C) of siControl (grey line), siBin1 (blue line) and siCD2AP (red line) neurons shown in (A).
D Quantification of Ab42 (12F4) intensity in cell body (CB), dendrite (Dd) and axon (Ax) (n = 5, NCB = 44–53, NDd = 90–120, NAx = 60–74; ****PCB < 0.0001 siBin1 vs.

siControl, ***PCB < 0.001 siCD2AP vs. siControl, ****PDd < 0.0001 siBin1 vs. siControl, ****PDd < 0.0001 siCD2AP vs. siControl, ****PAx < 0.0001 siBin1 vs. siControl,
t-test, mean � SEM).

E Quantification of extracellular endogenous Ab40, Ab42 and of Ab42/Ab40 ratio by ELISA analysis of conditioned media of 9 DIV siBin1, siCD2AP or siControl neurons
(n = 6; *PAb40 = 0.0270 siBin1 vs. siControl, *PAb42/40 = 0.0378 siBin1 vs. siControl, *PAb42/40 = 0.0463 siCD2AP vs. siControl, t-test, mean � SEM).

F Endogenous APP and APP-CTFs levels by Western blot with anti-APP antibody (Y188) of siBin1-, siCD2AP- or siControl-treated neurons at 9 DIV.
G Quantification of APP and APP-CTFs levels normalised to APP (n = 4; *PAPP = 0.0355 siBin1 vs. siControl, ***PAPP-CTFs/APP < 0.001 siBin1 vs. siControl,

****PAPP-CTFs/APP < 0.0001 siCD2AP vs. siControl, t-test, mean � SEM).

Source data are available online for this figure.
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recycling to control levels in Bin1-depleted N2a cells by expressing

siRNA-resistant neuronal Bin1 (Fig EV4D), directly supporting a role

for neuronal Bin1 in BACE1 recycling.

Overall, these results indicate that lack of CD2AP inhibits the

endocytic trafficking of APP for its degradation in lysosomes. On the

other hand, lack of Bin1 inhibits the endocytic recycling of BACE1

to the plasma membrane. Despite affecting different trafficking

steps, the downregulation of CD2AP and Bin1 results in intracellular

accumulation of APP and BACE1, respectively.

CD2AP-dependent APP degradation and Bin1-dependent BACE1
recycling are polarised in neurons

Mature neurons, differently from N2a cells, possess polarised traf-

ficking of proteins in axons and dendrites, which is essential for

proper neuronal function [58]. We found Bin1 and CD2AP to have a

specific distribution in neurons: Bin1 localised more to axons [59]

than CD2AP, which localised preferentially to dendrites (Fig EV5A–C).

Could CD2AP-dependent APP degradation and Bin1-dependent

BACE1 recycling be differentially regulated in axons and dendrites

to justify the polarisation of Ab generation?

First, we assayed APP endocytosis with anti-APP (22C11) in

axons and dendrites of neurons treated with siRNA and expressing

APP-RFP as in N2a cells. Following a 10-min pulse, we detected

internalised 22C11 as vesicular puncta throughout neurons in both

control and CD2AP-depleted neurons (Fig 3A and B), consistent

with CD2AP-independent APP endocytosis in axons and dendrites.

After a 60-min chase, 22C11 was virtually undetected in control

neurons (Fig 3C), consistent with APP degradation. In contrast,

upon CD2AP depletion, 22C11 puncta were detected in dendrites

but not in axons (Fig 3C). Quantification showed a threefold

increase in 22C11 in CD2AP-depleted dendrites as compared to

Figure 2. Downregulation of Bin1 and CD2AP impacts on APP and BACE1 endocytic trafficking.
N2a cells treated with siBin1, siCD2AP or siControl.

A Scheme illustrating APP endocytosis trafficking assayed in N2a cells transiently expressing APP-RFP using a pulse/chase assay with anti-N-terminal APP (22C11). A
10-min pulse to assay APP endocytosis (B) followed by a 60-min chase to assay the degradation of endocytosed APP (D).

B Endocytosed APP detected after a 10-min pulse with 22C11 and APP-RFP (insets), analysed by epifluorescence microscopy. Scale bars, 10 lm.
C The amount of endocytosed APP fluorescence at 10 min was quantified and normalised to APP-RFP fluorescence (n = 3, NsiControl = 56, NsiBin1 = 70, NsiCD2AP = 42;

mean � SEM).
D Non-degraded APP detected after 10-min pulse and 60-min chase with 22C11 and APP-RFP (insets), analysed by epifluorescence microscopy. Cells are outlined in

white. Scale bars, 10 lm.
E APP degradation was assessed by the decrease in the amount of endocytosed APP fluorescence at 60 min relative to time 0 (10 min pulse) in siControl cells

normalised to APP-RFP fluorescence (n60 min = 3, NsiControl = 68, NsiBin1 = 43, NsiCD2AP = 64; ****PAPP60 min < 0.0001, t-test, mean � SEM).
F Scheme illustrating BACE1 endocytic trafficking assayed in N2a cells transiently expressing BACE1-GFP N-terminally tagged with FLAG using a pulse–chase assay with

anti-FLAG antibody (M1). A 5-min pulse to assay BACE1 endocytosis (G), a 10-min pulse and 20-min chase to assay BACE1 recycling to the plasma membrane (I) and
the pool of endocytosed BACE1 that did not recycle (K).

G Endocytosed BACE1 detected upon 5-min pulse with M1 and BACE1-GFP (insets), analysed by epifluorescence microscopy. Scale bars, 10 lm.
H The amount of endocytosed BACE1 per cell was quantified as percentage of siControl normalised to BACE1-GFP (n = 3, NsiControl = 86, NsiBin1 = 72, NsiCD2AP = 113;

mean � SEM).
I Recycled BACE1 detected at the plasma membrane of non-permeabilised cells with M1, upon a 10-min pulse, acid stripping and 20-min chase, and BACE1-GFP

(insets), analysed by epifluorescence microscopy. Scale bars, 10 lm.
J The amount of recycled BACE1 was quantified as in (H) (n = 3, NsiControl = 94, NsiBin1 = 58, NsiCD2AP = 109; ****P < 0.0001 siBin1 vs. siControl, t-test, mean � SEM).
K Non-recycled BACE1 detected in acid-stripped permeabilised cells pulse-chased as in (I) with M1 and BACE1-GFP (insets), analysed by epifluorescence microscopy.

Scale bars, 10 lm.
L The amount of non-recycled BACE1 was quantified as in (H) (n = 3, NsiControl = 61, NsiBin1 = 51; ****P < 0.0001 siBin1 vs. siControl, t-test; n = 2, NsiCD2AP = 37;

mean � SEM).

Figure 3. CD2AP depletion impairs APP degradation in dendrites.

A–D APP endocytic trafficking followed in neurons expressing APP-RFP treated with siCD2AP or siControl using a pulse–chase assay with 22C11, analysed by
epifluorescence microscopy. (A) Endocytosed APP detected with 22C11 (10-min pulse; top panels) and APP-RFP (bottom panels). Arrowheads identify axons (Ax) and
dendrites (Dd) magnified on the right. Scale bars, 10 lm. (B) The amount of endocytosed APP (10 min) in cell body, dendrites and axons normalised to APP-RFP
expression in the cell body quantified as percentage of siControl (n = 3, NsiControl = 19, NsiCD2AP = 20; mean � SEM). (C) Endocytosed APP detected with 22C11 (10-
min pulse, 60-min chase; top panels) and APP-RFP (bottom panels). Arrowheads identify axons (Ax) and dendrites (Dd) magnified on the right. Scale bars, 10 lm.
(D) The amount of endocytosed APP (60-min chase) was quantified as in (B) (n = 3, NsiControl = 23, NsiCD2AP = 19; **PCB = 0.001 siCD2AP vs. siControl,
***PDd = 0.0004 siCD2AP vs. siControl, t-test; #P = 0.0347 dendrite vs. cell body, ###P = 0.0008 dendrite vs. axon, one-way ANOVA with Tukey’s multiple
comparisons test; mean � SEM).

E Degradation of surface biotinylated APP (biotin APP) (time 0) chased for 20 and 60 min in neurons treated with siCD2AP, siBin1 or siControl. Biotin APP and total
APP were detected with anti-APP (Y188) by Western blot.

F Quantification of biotinylated APP normalised to levels at time 0 (n = 3–4, *P60 min = 0.0198, t-test; replicates and mean).
G, H CD2AP (green) and APP (magenta) localisation in dendrites (G) and axons (H) of neurons expressing APP-RFP immunolabelled at 11 DIV with anti-CD2AP, analysed

by spinning-disc confocal microscopy. Scale bars, 10 lm. The white squares are magnified on the right. Scale bars, 1 lm.
I Quantification of colocalisation between CD2AP and APP in axons and dendrites (n = 3–4, NDd = 19, NAx = 17; ****P < 0.0001, t-test, mean � SEM).
J, K CD2AP (green) and Rab5 (magenta) localisation in dendrites (J) and axons (K) of neurons expressing Rab5-GFP analysed as in (G, H). Scale bars, 10 lm. The white

squares are magnified on the right. Scale bars, 1 lm.
L Quantification of colocalisation between CD2AP- and Rab5-positive endosomes in dendrites (Dd) and axons (Ax) (n = 3, NDd = 17, NAx = 23, ****P < 0.0001, t-test,

mean � SEM).

Source data are available online for this figure.
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control dendrites (Fig 3D). The cell body of CD2AP-depleted

neurons showed less 22C11 than dendrites (Fig 3D). These results

indicate that CD2AP depletion mainly affects APP levels in dendrites

suggestive of impaired APP degradation locally or due to reduced

delivery to lysosomes in the cell body.

Membrane APP degradation was further assayed by chasing

biotinylated surface proteins for 20 and 60 min, detecting and

measuring biotinylated APP at each time point. The levels of

biotinylated APP at 60 min relative to time 0 were higher in

CD2AP-depleted neurons than in control neurons, and unaffected

in Bin1-depleted neurons (Fig 3E and F). These results suggest

that CD2AP depletion without significantly affecting total APP

levels at steady state (Fig 1F) delays specifically the degradation

of membrane APP at dendrites.

Next, we asked whether CD2AP associates with early endosomes

and with APP in neurons. Strikingly, CD2AP showed a twofold

greater overlap with APP vesicles and with Rab5, a marker of early

endosomes, in dendrites than in axons (Fig 3G–L). These results

indicate that CD2AP could be associated with APP in dendritic early

endosomes.

Second, BACE1 endocytosis was assayed using anti-FLAG (M1)

in axons and dendrites of neurons treated with siRNA and

expressing FLAG-BACE1-GFP as in N2a cells. We detected endocy-

tosed M1 (5-min pulse) as vesicular puncta throughout neurons in

both control and Bin1-depleted neurons (Fig EV5D and E) consis-

tent with Bin1-independent BACE1 endocytosis. M1 was then

pulsed for 15 min, without significant differences between Bin1-

depleted and control neurons (Fig 4A and B), and chased (20 min)

to allow for BACE1 recycling to the plasma membrane. M1 was

detected at the plasma membrane of axons and dendrites of

control neurons (Fig 4C), indicating BACE1 recycling. In contrast,

upon Bin1 depletion, we could detect less M1 at the plasma

membrane of axons but not of dendrites (Fig 4C). Quantitative

measurements evidenced a major reduction in recycled M1 levels

at the axonal surface compared to a minor reduction in dendrites

and cell bodies of Bin1-depleted neurons as compared to control

neurons (Fig 4D). We ruled out that these results could be

explained by a decrease in BACE1 total levels (Fig EV4E).

Together, these results indicate a specific defect in BACE1 recy-

cling in axons when Bin1 is depleted.

Next, we asked whether Bin1 associates with early endosomes

and with BACE1 in neurons. Strikingly, Bin1 showed a twofold

greater overlap with BACE1 vesicles and with Rab5-positive early

endosomes in axons than in dendrites (Fig 4E–J). These results

indicate that Bin1 could be associated with BACE1 in axonal early

endosomes.

Together, our results show that loss of function of Bin1 and

CD2AP contributes to the build-up of Ab by controlling different

steps of the endocytic trafficking of BACE1 and APP, respectively. In

neurons, this occurs in distinct compartments likely due to the

polarised association between Bin1 and early endosomes in axons,

and between CD2AP and early endosomes in dendrites.

The encounter of APP and BACE1 increases in early endosomes
when CD2AP and Bin1 are depleted

Next, we investigated if the intracellular accumulation of APP and

BACE1 observed upon depletion of CD2AP and Bin1, respectively,

occurred in early endosomes, the site of Ab generation.

The endocytosed APP that accumulated in CD2AP-depleted

dendrites (60 min; Fig 3C) was found to overlap 2.8-fold more with

EEA1, a marker of dendritic early endosomes, compared to control

dendrites (Fig 5A and B). Similarly, endocytosed APP (60 min)

accumulated in non-polarised EEA1-positive early endosomes in

CD2AP-depleted N2a cells (Fig EV5F and G). We confirmed that

APP endocytosis (10 min) and APP initial delivery to EEA1-positive

early endosomes were not impaired in CD2AP-depleted dendrites

(Appendix Fig S1A). These results indicate that depletion of CD2AP

inhibits APP sorting for degradation leading to APP accumulation in

dendritic early endosomes consistent with an inhibition of delivery

of APP to lysosomes.

The endocytosed BACE1 that did not recycle in Bin1-depleted

axons (Fig 4C) and accumulated intracellularly (Fig 2K) was found

to overlap 1.5-fold more in Rab5-positive early endosomes

compared to control axons (Fig 5C and D). In N2a cells, non-

recycled BACE1 (20 min; Fig 2K) also accumulated in non-polarised

EEA1-positive early endosomes without Bin1 (Fig EV5H and I).

These results indicate that depletion of Bin1 inhibits BACE1 recy-

cling to the plasma membrane leading to BACE1 accumulation in

axonal early endosomes.

Interestingly, we observed that early endosomes were larger

when CD2AP or Bin1 were depleted (Fig EV5J and K), consistent

with cargo accumulation due to impaired trafficking through the

endocytic pathway.

Figure 4. Bin1 depletion reduces BACE1 recycling in axons.

A–D BACE1 endocytic trafficking followed in siBin1- and siControl-treated neurons expressing BACE1-GFP N-terminally tagged with FLAG using a pulse/chase assay with
M1, an anti-FLAG antibody, analysed by epifluorescence microscopy. (A) Endocytosed BACE1 detected with M1 (15-min pulse; top panels) and BACE1-GFP (bottom
panels). Arrowheads identify axons (Ax) and dendrites (Dd) magnified on the right. Scale bars, 10 lm. (B) The amount of endocytosed BACE1 per cell body, dendrite
and axons was normalised to BACE1-GFP expression in the cell body and quantified as percentage of siControl (n = 3, NsiControl = 17, NsiBin1 = 19, mean � SEM).
(C) Recycled BACE1 detected with M1 (15-min pulse, acid stripping and 20-min chase; top panels) at the plasma membrane of non-permeabilised neurons and
BACE1-GFP (bottom panels). Arrowheads identify axons (Ax) and dendrites (Dd) magnified on the right. Scale bars, 10 lm. (D) The amount of recycled BACE1
analysed as in (B) (n = 4, NsiControl = 31, NsiBin1 = 38, ***PCB = 0.0002 and ****PAx < 0.0001 siBin1 vs. siControl, t-test; ##P = 0.0014 axon vs. dendrite, one-way
ANOVA with Tukey’s multiple comparisons test; mean � SEM).

E, F Bin1 (green) and BACE1 (magenta) localisation in axons (E) and dendrites (F) of neurons expressing BACE1-GFP immunolabelled at 11 DIV with anti-Bin1, and
analysed by spinning-disc confocal microscopy. Scale bars, 10 lm. The white squares are magnified on the right. Scale bars, 1 lm.

G Quantification of colocalisation between Bin1 and BACE1 in axons and dendrites (n = 3, NDd = 17, NAx = 21; ***P = 0.0006 axon vs. dendrite, t-test; mean � SEM).
H, I Bin1 (green) and Rab5 (magenta) localisation in axons (H) and dendrites (I) of neurons expressing Rab5-GFP analysed as in (E, F). Scale bars, 10 lm. The white

squares are magnified on the right. Scale bars, 1 lm.
J Quantification of colocalisation between Bin1- and Rab5-positive endosomes in axons (Ax) and dendrites (Dd) (n = 3, NAx = 39, NDd = 16, ****P < 0.0001, t-test,

mean � SEM).
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Our results suggest that the increased Ab generation observed

could result from APP accumulation at dendritic endosomes when

CD2AP is depleted or from BACE1 accumulation at axonal early

endosomes when Bin1 is depleted. Therefore, we next investigated

BACE1 and APP colocalisation by live imaging of BACE1-GFP and

APP-RFP that allows for the detection of APP and APP-CTFs when
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neurons are treated with DAPT to inhibit cleavage and loss of the

C-terminal RFP. We found little APP and BACE1 colocalisation in

dendrites and axons of DAPT-treated control neurons (Movies EV1

and EV2; Fig 5E–H) [13]. Importantly, we observed an increase in

APP and BACE1 colocalisation in CD2AP-depleted dendrites (Movie

EV1 and Fig 5E and F) and in Bin1-depleted axons (Movie EV2 and

Fig 5G and H).

Together, these results support that the downregulation of

CD2AP traps APP at dendritic early endosomes that contain BACE1

while downregulation of Bin1 traps BACE1 at axonal early endo-

somes that contain APP.

The retention of APP or BACE1 at early endosomes caused by

downregulation of CD2AP or Bin1, respectively, is thus sufficient to

increase the encounter of BACE1 with APP augmenting Ab generation.

Lack of Bin1 inhibits tubule scission for BACE1 exit from
early endosomes

How is BACE1 recycling controlled by Bin1? When Bin1 is

depleted, BACE1 accumulates in early endosomes (Fig 5C) suggest-

ing that the exit of BACE1 from early endosomes for recycling is

impaired. Exit from early endosomes for recycling implicates the

formation of tubular carriers that upon scission bring cargo to the

plasma membrane [60]. Bin1 contains a Bin–Amphiphysin–Rvs

(BAR) domain able to tubulate membranes [21]. We thus asked if

Bin1 controls the formation of tubular carriers required for BACE1

exit from early endosomes. We analysed the presence of extended

and enlarged BACE1 carriers in control and Bin1-depleted neurons

(Fig 6A). Unexpectedly, we found that Bin1 depletion increased

by threefold the fraction of neurons displaying BACE1 extended

carriers when compared to control neurons (Fig 6B). To better

characterise the shape of BACE1 carriers, we analysed the circular-

ity and length of each carrier individually in axons and in

dendrites. The number and length of BACE1 tubular carriers (cir-

cularity < 0.5) increased predominantly in Bin1-depleted axons

(Fig 6C and D).

To confirm this finding, we directly visualised the formation of

BACE1 tubular carriers and their exit from early endosomes using

fast spinning-disc confocal live imaging (4 fps). In control axons,

we could observe BACE1-GFP tubule formation and exit upon scis-

sion from Rab5-positive early endosomes (Fig 6E and Movie EV3).

In axons depleted for Bin1, we could observe the formation of

BACE1-GFP tubules from Rab5-positive early endosomes, in

contrast to scission events that were not clearly observed (Fig 6F

and Movie EV3). Instead, when Bin1 is depleted, BACE1 tubules

remained stably associated with early endosomes (Fig 6F). Thus,

Bin1 likely controls the scission but not the formation of BACE1

tubules in axons.

These results show that BACE1 tubule exit from axonal early

endosomes is inhibited by depletion of Bin1 explaining the defect in

BACE1 recycling to the axonal plasma membrane, its accumulation

in axonal early endosomes and the increase in Ab generation.

Figure 5. CD2AP and Bin1 depletion increase the encounter of APP and BACE1 in neuronal early endosomes.

A Endocytosed APP (green) detected with 22C11 (10-min pulse and 60-min chase) in EEA1-positive early endosomes (magenta) in dendrites of siCD2AP- and siControl-
treated neurons expressing APP-RFP, analysed by spinning-disc confocal microscopy. Scale bar, 10 lm. The white squares indicate an EEA1-positive endosome
magnified on the right. Scale bar, 1 lm.

B Quantification of colocalisation between endocytosed APP and EEA1 in dendrites (n = 3, NsiControl = 26 NsiCD2AP = 18; ****P < 0.0001, t-test; mean � SEM).
C Non-recycled BACE1 (green) detected with M1 (15-min pulse, acid stripping and 20-min chase) in Rab5-positive early endosomes (magenta) in axons of siControl-

and siBin1-treated neurons expressing Rab5-mCherry and BACE1-GFP, analysed by spinning-disc confocal microscopy. Scale bar, 10 lm. White squares indicate a
Rab5-positive endosome magnified on the right. Scale bar, 1 lm.

D Quantification of colocalisation between non-recycled BACE1 and Rab5 in axons (n = 3, NsiControl = 19, NsiBin1 = 24; ****P < 0.0001, t-test; mean � SEM).
E APP (magenta) and BACE1 (green) colocalisation in dendrites of siCD2AP- and siControl-treated neurons expressing APP-RFP and BACE1-GFP upon DAPT treatment,

recorded by time-lapse spinning-disc confocal microscopy for 120 s (1 fps) (see Movie EV1). APP and BACE1 in dendrites at 0 s are shown and during 120 s in
kymographs (bottom panels). Dotted white lines in kymographs highlight APP vesicles positive for BACE1. Scale bar, 10 lm.

F Quantification of the colocalisation between APP and BACE1 in dendrites (n = 3, NsiControl = 18, NsiCD2AP = 21; ****P < 0.0001, t-test; mean � SEM).
G APP (magenta) and BACE1 (green) colocalisation in axons of siBin1- and siControl-treated neurons expressing APP-RFP and BACE1-GFP upon DAPT treatment,

recorded by time-lapse spinning-disc confocal microscopy for 120 s (1 fps) (see Movie EV2). APP and BACE1 in axons at 0 s are shown and during 120 s in
kymographs (bottom panels). Dotted white lines in kymographs highlight APP vesicles positive for BACE1. Scale bar, 10 lm.

H Quantification of the colocalisation between APP and BACE1 in axons (n = 4, NsiControl = 17, NsiBin1 = 27; ****P < 0.0001, t-test; mean � SEM).

Figure 6. Bin1 depletion inhibits tubule scission for BACE1 exit from early endosomes.

A BACE1 carriers in axons of siBin1- or siControl-treated neurons expressing BACE1-GFP, analysed by epifluorescence microscopy. Scale bar, 10 lm. White rectangles
indicate a BACE1-positive carrier magnified on the right. Scale bar, 1 lm.

B Quantification of the percentage of siBin1- or siControl-treated neurons displaying extended BACE1 carriers (as shown in A); (n = 3, NsiControl = 67 cells, NsiBin1 = 68
cells; *P = 0.0199, t-test, mean � SEM).

C Quantification of circularity of individual BACE1 carriers in axons and in dendrites of siBin1- or siControl-treated neurons. The percentage of BACE1 tubules (defined
by circularity < 0.5; n = 2, NAx = 116 and NDd = 134 of siControl carriers, NAx = 71 and NDd = 134 of siBin1 carriers; *P = 0.0105 siBin1-axons compared to
siControl-axons, t-test, mean � SEM).

D Quantification of average size (lm2) of individual BACE1 carriers in axons and in dendrites of siBin1- or siControl-treated neurons (n = 2, NAx = 116 and NDd = 134
siControl, NAx = 71 and NDd = 134 siBin1; **P = 0.0019, Mann–Whitney test, mean � SEM).

E, F BACE1 (green) exit in tubular carriers from Rab5-positive early endosomes (magenta) in axons of siBin1 (F)- and siControl (E)-treated neurons expressing BACE1-
GFP and Rab5-mCherry using time-lapse spinning-disc confocal microscopy (4 fps) (see Movie EV3). BACE1 and Rab5 are shown in axons at 0 s and 4.75 s. Scale
bars, 10 lm. White rectangles indicate the region used in kymographs shown on the right. Arrows and kymographs (covering 3 or 4.75 s) of merged BACE1 and
Rab5 or BACE1 alone indicate in (E) a BACE1 punctum that exits in a tubular carrier from a Rab5-positive early endosome (asterisk) and in (F) a BACE1 tubule that
emanates from a Rab5-positive early endosome. Scale bars, 1 lm.
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CD2AP depletion stalls APP at the limiting membrane of
early endosomes

Since we observed an accumulation of endocytosed APP at early

endosomes and increased Ab generation, we assessed the impact of

depletion of CD2AP on endogenous APP processing in early endo-

somes at steady state. APP presence at EEA1-positive early endo-

somes was reduced in CD2AP-depleted dendrites compared to

control dendrites (Fig 7A and B). Importantly, DAPT treatment led

to a fourfold increase in APP in early endosomes of CD2AP-depleted

dendrites compared to DMSO treatment (Fig 7A and B). DAPT treat-

ment of control dendrites had no significant effect (Fig 7A and B).

This reduction in APP from early endosomes when CD2AP is

depleted and its rescue by DAPT treatment is consistent with CD2AP

controlling the processing of endogenous APP at early endosomes.

How is APP processing controlled by CD2AP at early endosomes?

APP retention at early endosomes limiting membrane favours APP

processing [8,10,16,61]. CD2AP is a scaffolding molecule implicated

in multivesicular body (MVB) biogenesis. CD2AP could function in

MVB biogenesis by sorting cargo to the inner luminal vesicles (ILVs)

that start forming at early endosomes to originate MVBs. Thus,

CD2AP depletion could increase APP processing by inhibiting APP

sorting away from the endosomal limiting membrane.

To test this, we evaluated upon DAPT treatment the distribution

of APP within Rab5QL-enlarged endosomes, which allow for the

distinction between the limiting membrane and the lumen, contain-

ing ILVs [62]. As reported, APP localised to the lumen of enlarged

control-Rab5QL endosomes treated with DAPT (Fig 7C) [16]. In

contrast, following CD2AP depletion, APP localised to the limiting

membrane in a higher fraction of Rab5QL endosomes of dendrites

(Fig 7C,D and G). This was more easily visualised in line intensity

profiles of larger Rab5QL endosomes (Fig 7E and F).

To determine whether this increase in APP at the limiting

membrane of Rab5QL-endosomes also occurred in non-enlarged

dendritic early endosomes, we used super-resolution dSTORM

microscopy. Super-resolved endosomes evidenced an increase in the

fraction of endosomes with APP at the limiting membrane (Fig 7H

and I). Accordingly, the distance of endosomal APP cluster to the

centroid of non-enlarged early endosomes increased in CD2AP-depleted

dendrites when compared to controls (Fig 7J), further supporting

and strengthening our previous results in enlarged endosomes.

These results strongly suggest that the sorting of APP and/or

APP-CTFs away from the limiting membrane into ILVs during MVB

biogenesis is impaired when CD2AP is downregulated, precluding

APP degradation in lysosomes. The consequent accumulation of

APP at the limiting membrane of dendritic early endosomes favours

the sorting for processing and the generation of Ab.

Discussion

Ab generation by neurons is controlled by the convergence of APP

and BACE1 at endosomes (Fig 8A) [12,13,16,17,63].

Here we show that the depletion of Bin1 and CD2AP, two regula-

tors of the endocytic pathway and putative risk factors for late-onset

AD, increases and polarises the generation of Ab in neurons. The

depletion of Bin1 enhances the encounter of APP with BACE1 in

axons, whereas the depletion of CD2AP enhances their encounter in

dendrites. This results in Ab accumulation mostly in axons without

Bin1 and mostly in dendrites without CD2AP. This polarisation of

Ab generation to axons or to dendrites will probably impact Ab toxi-

city locally and thus differentially affect the onset or progression of

AD in the patients carrying Bin1 and CD2AP risk.

Intracellular Ab

Intracellular Ab42 increased the most upon loss of function of Bin1

and CD2AP. The more pronounced effect on intracellular Ab
suggests that Bin1 and CD2AP main target is the intracellular control

of Ab production. A specific increase in the intracellular pool of Ab
has not been described yet for late-onset AD. However, in familial

AD, mutations in PS2 increase the ratio of Ab42/Ab40 mostly intra-

cellularly [64]. Together with previous published work [4,65], these

findings support the contribution of intracellular Ab to AD develop-

ment. It will be important in the future to examine the contribution

of other AD risk factors to the intracellular pool of Ab.

Figure 7. CD2AP depletion stalls APP at the limiting membrane of early endosomes.

A APP detected with anti-APP (Y188, green) at early endosomes (anti-EEA1, magenta) in dendrites of siCD2AP- and siControl-treated neurons with or without DAPT
treatment, analysed by spinning-disc confocal microscopy. Scale bar, 10 lm. White squares are magnified on the right panels. Scale bar, 1 lm.

B Quantification of colocalisation between APP- and EEA1-positive dendritic endosomes (n = 3, NsiControl DMSO = 15, NsiControl DAPT = 14; NsiCD2AP DMSO = 21,
NsiCD2AP DAPT = 22; ****P < 0.0001 siCD2AP DMSO vs. siControl DMSO, ####P < 0.0001 siCD2AP DAPT vs. siCD2AP DMSO, t-test, mean � SEM).

C APP (green) distribution within enlarged Rab5QL-GFP endosomes (magenta) in dendrites of siCD2AP- or siControl-treated neurons expressing APP-RFP and Rab5QL-
GFP upon DAPT treatment, analysed by spinning-disc confocal microscopy. Scale bar, 10 lm. White squares indicate a Rab5QL-positive endosome magnified on the
right. Scale bar, 1 lm.

D Qualitative analysis of APP distribution between the lumen and the membrane of Rab5QL-endosomes (n = 4, NsiControl = 45 (774 endosomes), NsiCD2AP = 52 (888
endosomes); *P = 0.0368 siCD2AP vs. siControl, t-test, mean � SEM).

E, F APP (green) distribution within enlarged Rab5QL-GFP endosomes (magenta) in cell bodies of siCD2AP (F)- or siControl (E)-treated neurons expressing APP-RFP, upon
DAPT treatment, analysed by spinning-disc confocal microscopy. APP (green) and Rab5QL (magenta) line intensity profiles along the endosome (see inset line) are
shown on the right. Scale bars, 1 lm.

G Quantification of the amount of APP fluorescence at the limiting endosomal membrane normalised to total APP fluorescence per endosome (n = 3, NsiControl = 32
endosomes (11 cells), NsiCD2AP = 39 endosomes (15 cells); ****P < 0.0001, t-test, mean � SEM).

H APP detected with anti-APP (Y188, green) at early endosomes (anti-EEA1, magenta) in dendrites of siCD2AP- and siControl-treated neurons upon DAPT treatment,
analysed by super-resolution dSTORM imaging. Scale bars, 200 nm.

I Qualitative analysis of super-resolved APP distribution between the lumen and the membrane of EEA1-positive endosomes of siCD2AP- or siControl-treated
neurons upon DAPT treatment (n = 3, NsiControl = 35, NsiCD2AP = 57, **P = 0.0012, Mann–Whitney test, mean � SEM).

J Quantification of the distance of APP puncta present in EEA1-positive early endosomes to its centroid over the endosome radius. The closer the ratio is to 1, the
closer APP is to the endosomal membrane (i.e. distance equals radius) (n = 3, NsiControl = 6, NsiCD2AP = 6; **P = 0.0051, t-test, mean � SEM).
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Polarised Ab generation

The polarised generation of Ab that we describe is due to a polarised

association of Bin1 with axonal early endosomes and of CD2AP with

dendritic early endosomes. Why do Bin1 and CD2AP show this

polarisation in neurons despite functioning in a common early endo-

some in non-polarised cells is unclear. In neurons, distinct popula-

tions of early endosomes exist. Axonal and dendritic early

endosomes differentially associate endosomal regulators, such as

the ubiquitously expressed EEA1 only present in dendritic early

endosomes despite being recruited by Rab5, present in all early

endosomes [58]. Axonal endosomes could be involved in generating

synaptic vesicles, whereas dendritic early endosomes could have a

more “housekeeping” role [66]. Similar, but less profound, polarisa-

tion of early endosomes is also found in polarised epithelial cells

[67]. We now implicate the regulation of axonal and dendritic endo-

somes in the polarisation of Ab generation.

In the future, it will be important to determine the relative impact

of a higher axonal vs dendritic Ab pool to the earliest pathophysio-

logical alterations of the disease.

Cell body

Dendrite

Axon

A Normal

B Bin1 siRNA C CD2AP siRNA

Neurons

BIN1

 
BACE1 
recycling

Lysosome

CD2AP

 
APP sorting for 

degradation

Lysosome

2.

Early Endosome

BACE1 APP

Plasma membrane

1a.

3.

4.

1b.

5.

7.
6.

Aβ

Aβ Aβ
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Early Endosome

Dendritic
Early Endosome

γ-secretase

BIN1

CD2AP

Figure 8. Model for the polarised role of Bin1 and CD2AP in Ab endocytic generation in neurons.

A Normal APP and BACE1 endocytic trafficking diverge at early endosomes restricting Ab generation. (1a) BACE1 endocytosis. (1b) APP endocytosis. (2) BACE1 recycling
to the plasma membrane. (3) APP sorting to intraluminal vesicles. (4) APP delivery to the lysosome for degradation. (5) BACE1 cleavage of APP. (6) c-secretase cleavage
of APP-CTF (not represented). (7) Ab generation.

B In Bin1-depleted neurons, BACE1 accumulates in early endosomes raising Ab generation in axons due to inhibition of local BACE1 recycling. Inhibition of recycling
likely results from inefficient scission and exit of tubular BACE1 carriers from axonal early endosomes to which Bin1 preferentially associates.

C In CD2AP-depleted neurons, APP accumulates in early endosomes raising Ab generation in dendrites due to inhibition of local APP degradation. Inhibition of
degradation likely results from impaired sorting of APP in dendritic early endosomes to which CD2AP preferentially associates. Inhibition of APP sorting away from the
endosomal limiting membrane favours local APP processing.
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Bin1 and CD2AP control the endocytic generation of Ab

Loss of function of Bin1 and CD2AP increases APP and BACE1

convergence at early endosomes. Different mechanisms are used by

Bin1 and CD2AP to control APP and BACE1 levels at early endo-

somes.

Bin1 controls BACE1 recycling from early endosomes specifi-

cally in axons. Our direct visualisation of the inhibition of BACE1

recycling from early endosomes upon Bin1 depletion is consistent

with Bin1 controlling transferrin recycling in non-neuronal cells

[21]. Another cargo of the recycling pathway could be Ab40 thus

explaining its reduced secretion. However, some cargo specificity

exists in vivo since we found the recycling of APP unaltered when

Bin1 is depleted. Bin1 has also been described to have a role in

endocytosis and degradation [23,51,68]. In neuronal cells, endo-

cytosis of BACE1 or APP was not altered by Bin1 depletion,

suggesting that the neuronal isoform of Bin1 is not required for

endocytosis. We found BACE1 cellular levels unaltered by Bin1

knockdown suggesting that an extended Bin1 deletion is required

for the reduction in BACE1 degradation [52]. Importantly, we

found a requirement for neuronal Bin1 and not for ubiquitous

Bin1 in BACE1 recycling indicating a neuronal specific function of

Bin1. The major difference of neuronal Bin1 is the presence of a

brain-specific clathrin-binding domain (CLAP) [69]. Clathrin light

chains have been described to function at early endosomes as hot

spots for recycling [70,71]. Thus, neuronal Bin1 by binding to

clathrin could recruit BACE1 to recycling hot spots at early endo-

somes. We found Bin1 to be likely required for scission of BACE1

tubules emanating from early endosomes. Thus, Bin1 capacity to

make tubules does not seem necessary for the formation of

BACE1 tubular recycling carriers. Instead, Bin1 binding to the

early endosome membrane could induce the necessary curvature

for scission dependent on dynamin or EHD1, a dynamin-like

protein [21,51,72–74]. In turn, we propose that in late-onset AD

patients with variants in BIN1, there is a loss of function of Bin1

leading to BACE1 accumulation in axonal early endosomes

increasing its encounter with APP favouring processing and Ab
generation mainly in axons (Fig 8B).

We found that CD2AP controls APP degradation specifically at

early endosomes in dendrites. APP sorting to ILVs during MVB

formation is required for its degradation [15]. CD2AP had previ-

ously been found to control degradation of toxins and receptors and

its deficiency to correlate with reduced number of MVBs [18,20,75].

Our results suggest that it is by facilitating MVB formation that

CD2AP controls lysosomal degradation of endocytosed cargo such

as APP. In addition, CD2AP function in ILVs formation could also

control Ab40 secretion by impacting the release of ILVs as

exosomes. The colocalisation we found between CD2AP and APP

and the super-resolution imaging of endosomes suggest that CD2AP

function to sort APP at the endosomal membrane for translocation

to the endosomal lumen. CD2AP is a regulator of actin dynamics

[19,76]. Actin is implicated in clustering of receptors [77], which

initiates sorting into MVBs. Sequentially ubiquitination of APP and

CD2AP [16,78] and/or CD2AP interaction with members of the

MVB machinery, endosomal sorting complexes required for trans-

port-1 (ESCRT-1) and Alix [79], could recruit the ESCRT machinery

for ILVs formation. Mechanistically, further research is required to

determine how CD2AP could contribute to MVB formation. In turn,

we propose that in late-onset AD patients with variants in CD2AP,

there is a loss of function of CD2AP leading to APP accumulation at

the endosomal membrane precluding its degradation and promoting

APP encounter with BACE1 and increasing Ab generation (Fig 8C).

Bin1 and CD2AP as AD risk factors

Our data suggest that loss of function of Bin1 and CD2AP would

be sufficient to increase Ab levels over time in patients carrying

Bin1 or CD2AP variants thus increasing the risk of developing the

ageing-associated late-onset AD. Interestingly, we found loss of

function of CD2AP or Bin1 to recapitulate the early endosome

enlargement that occurs early on in AD [80]. In the future,

because AD is often multifactorial, it will be necessary to deter-

mine whether variants of Bin1 and CD2AP alone can trigger AD

or whether they require the presence of comorbidities or other

associated genetic risk factors. As important will be to determine

the impact of AD variants of BIN1 and CD2AP on their expression

and/or function. Interestingly, rare AD-associated coding muta-

tions were found in Bin1 (K385R) and CD2AP (K633R) and

predicted to be deleterious [81] requiring further confirmation and

functional analysis. Nevertheless, our findings on Bin1 and

CD2AP add to previous work on the other AD genetic risk factors

Sorl1 and PICALM, establishing the dysfunction of the endocytic

pathway as an early event and likely causal of AD.

We uncover the mechanisms by which CD2AP and Bin1 segre-

gate APP and BACE1 at early endosomes of healthy neurons and

whereby their loss of function may contribute to late-onset AD. APP

and BACE1 segregation at early endosomes is maybe the last step of

cellular control of the amyloidogenic encounter after APP and

BACE1 initial segregation at the exit from the TGN [13] and during

endocytosis from the plasma membrane [10]. Together, these local

regulatory mechanisms of intracellular trafficking keep APP and

BACE1 apart to keep Ab generation low. Importantly, we identify a

polarisation of APP and BACE1 convergence and Ab generation at

early endosomes specific to axons and dendrites.

Materials and Methods

Cell cultures and transfections

Primary neuronal cultures were prepared as previously reported

[82] from cortices and hippocampi of embryonic day 16 (E16)

wild-type females and males BALB/c mice (Instituto Gulbenkian

Ciência and CEDOC). Briefly, E16 brains were dissociated by

trypsinisation and trituration in DMEM with 10% foetal bovine

serum (Heat-Inactivated FBS, Life Technologies). Dissociated

neurons were cultured on poly-D-lysine (Sigma-Aldrich)-coated

plates (1 × 105 cells/cm2) and glass coverslips (5 × 104 cells/cm2)

and maintained in Neurobasal medium supplemented with B27,

GlutaMAX and penicillin/streptomycin (all from Life Technolo-

gies) at 37°C in 5% CO2.

Neuroblastoma Neuro2a (N2a) cells (ATCC CCL-131) were a

gift from Zsolt Lenkei (ESPCI-ParisTech). Cells were grown in

DMEM-GlutaMAX (Life Technologies) with 10% FBS (Sigma-

Aldrich) at 37°C in 5% CO2. For expression of cDNA, N2a cells

and primary neurons (8 DIV) were transiently transfected with
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0.5–1 lg of cDNA with Lipofectamine 2000 (Life Technologies).

Cells were analysed after 24 h of treatment. Only mycoplasma-

free cells were used.

For small interfering RNA (siRNA) treatment, N2a cells or

primary neurons (DIV6) were transiently transfected with 10 nM

specific siRNA with Lipofectamine RNAiMax (Life Technologies).

Cells were analysed after 72 h of treatment. When indicated, cDNA

was transfected after 48 h of siRNA treatment and cells were anal-

ysed after 24 h.

When indicated, c-secretase was inhibited by overnight or 48 h

of treatment with 250 nM DAPT (Calbiochem), BACE1 was inhib-

ited by overnight treatment with 10 lM compound IV (Calbiochem)

[10], or DMSO (solvent) was used as control.

For assessing endogenous Bin1 and CD2AP distribution

(Fig EV5), neurons were analysed at 21 DIV.

For assessing APP lysosomal degradation (Fig EV3D), 11–12DIV

neurons were treated for 1 h with 200 lM leupeptin hemisulfate

(Calbiochem), an inhibitor of lysosomal hydrolases [83].

For live cell imaging, primary neurons were grown on glass-

bottom dishes. Prior imaging, the medium was exchanged for 37°C

pre-warmed imaging medium (120 mM NaCl, 3 mM KCl, 2 mM

CaCl2, 2 mM MgCl2, 10 mM glucose, 10 mM HEPES) supplemented

with 1X B27.

All experiments were carried out in at least three independent

sets of culture. Only samples judged of insufficient technical quality

were excluded.

cDNA and siRNA

We used the following DNA plasmids encoding: BACE1-GFP was a

gift from S. Miserey-Lenkei (Institut Curie); APP-RFP was a gift from

S. Kins (University of Kaiserslautern); Rab5-GFP, Rab5-mCherry and

Rab5QL-GFP plasmids were a gift from M. Arpin (Institut Curie);

CD2AP-GFP was a gift from M. Cormont (University of Nice);

neuronal Bin1-myc (iso1) and ubiquitous Bin1-myc (iso9)

constructs from C. Leprince (University of Toulouse); C99 construct

[84] was a gift from V. Morais (IMM, Lisbon); FLAG-BACE1-GFP

was generated by site-directed mutagenesis (NZYtech) of BACE1-

GFP with a FLAG epitope being introduced after the pro-peptide

cleavage site of BACE1 (primers 50GCTGCGGCTGCCCCGGGACTA
CAAAGACGATGACGACAAGGAGACCGACGAAGAGC30 and 50GCTC
TTCGTCGGTCTCCTTGTCGTCATCGTCTTTGTAGTCCCGGGGCAGC

CGCAGC30). Neuronal and ubiquitous Bin1 resistant to siBin1 were

generated by site-directed mutagenesis of neuronal Bin1-myc (iso1)

and ubiquitous Bin1-myc (iso9) with five silent mutations intro-

duced in the siRNA target sequence (primers: 50CCGGCTGCAG
AAGGACCTCCGGACGTACCTTGCTTCTGTTAAAGCG30 and 50CGC
TTTAACAGAAGCAAGGTACGTCCGGAGGTCCTTCTGCAGCCGG30.
All plasmids were verified by sequencing.

We used the following siRNA oligonucleotides: as siControl a

non-targeting control siRNA (GeneCust); for knockdown of Bin1,

siBin1 (Life Technologies) [48]; for knockdown of CD2AP, siCD2AP

(Santa Cruz) [20].

Antibodies

The following antibodies were used: anti-Ankyrin-G pAb (P-20,

Santa Cruz, cat sc-31778, 1:100); anti-APP mAb (22C11, Millipore,

cat MAB348, 1:100); anti-APP mAb (4G8, Covance, cat SIG-39220,

1:350); anti-APP (Y188, GeneTex, cat GTX61201, 1:200; 1:1,000);

anti-Ab42 mAb (12F4, Millipore, cat 05-831-l, 1:50); anti-Ab42
mAb (H31L21, Invitrogen, cat 700254, 1:200); anti-Ab40 pAb

(Millipore, cat AB5074P, 1:100); anti-BACE1 pAb (Thermo

Scientific, cat PA1-757, 1:850); anti-Bin1 mAb (99D, Millipore, cat

05-449, IF 1:100, WB 1:1,000); anti-CD2AP pAb (Santa Cruz, cat

sc-9137, IF 1:100, WB 1:1,000, IP 1:350); anti-EEA1 pAb (N-19,

Abcam, cat sc-6415, 1:50); anti-FLAG (M1) mAb (Sigma, cat

F3040, 1:300); anti-MAP2 mAb (Sigma, M4403, 1:500); anti-Myc

pAb (1:500) [85]; anti-nicastrin pAb (Thermo Scientific, cat PA1-

758, 1:500); anti-tubulin mAb (Tu-20, Millipore, cat MAB1637,

1:10,000).

Immunofluorescence labelling

N2a cells were fixed with 4% paraformaldehyde for 10 min and

neurons with 4% paraformaldehyde/4% sucrose for 20 min [5,86].

Cells were permeabilised with 0.1% saponin for 1 h before antibody

incubation using standard procedure. For surface labelling, cells

were incubated with secondary antibodies prior to permeabilisation.

Coverslips were then mounted using FluoroMount (Southern

Biotech).

Image acquisition

Epifluorescence microscopy was carried out on an upright micro-

scope Z2 (Carl Zeiss) equipped a 60× NA-1.4 oil immersion objec-

tive and an AxioCam MRm CCD camera (Carl Zeiss) or on an

upright microscope DMRA2 (Leica) equipped with a 100× NA-1.4

oil immersion objective and a CoolSnap HQ camera (Photometrics).

Spinning-disc confocal microscopy was performed with a Revolu-

tion xD (Andor) spinning-disc system coupled to an Eclipse Ti-E

microscope (Nikon). Time-lapse imaging was performed on a Revo-

lution xD (Andor) confocal spinning-disc system coupled to an

Eclipse Ti-E microscope (Nikon). During imaging, temperature was

maintained at 37°C using a temperature-controlled stage. Neurons

expressing exogenous protein similarly to endogenous were selected

for imaging. For direct comparison, samples were imaged in parallel

and using identical acquisition parameters.

Super-resolution microscopy

dSTORM was performed as previously described [87]. Briefly, upon

treatment neurons were fixed and immunolabelled as described

above except that upon incubation (1 h) with donkey Alexa647

anti-goat antibody (Molecular Probes), a second fixation was

performed with 4% paraformaldehyde for 5 min. This procedure

was repeated with a second secondary antibody, goat FLIP anti-

rabbit (Abberior). Tetraspeck beads (100-nm diameter; Invitrogen)

were added and samples mounted with dSTORM buffer (160 ll of
PBS; 20 ll of MEA: 77 mg of cysteamine in 1 ml of 360 mM HCl;

20 ll of 40% glucose; 2 ll of oxygen scavenger: 14 mg of glucose

oxidase, 200 ll of 10 mM Tris (pH 8), 50 nM of NaCl, 50 ll of cata-
lase at 20 mg/ml) in a convex microscopy slide up to two hours

prior imaging. Neurons were selected using low-intensity illumina-

tion by epifluorescence microscopy with a Nikon 100× NA-1.45

objective and a Hamamatsu Flash 4 camera. After TIRF illumination
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was switched on, and a dSTORM image stream acquisition was

performed for the 647 channel (635-nm laser excitation at 300 W/cm2,

662–690 nm emission) and then for the FLIP channel (561 nm laser

excitation at 250 W/cm2, 589–625 nm emission), each composed of

10,000–20,000 images acquired at 20-ms exposure time. Imaging

parameters were set using lManager. Image reconstructions were

performed using the ThunderSTORM ImageJ plugin (NIH) [88].

When necessary, images were aligned based on the beads detected

and drift was automatically corrected using ThunderSTORM auto-

correlation option.

Trafficking assays

For APP degradation (Fig 3E), biotinylation of surface APP was

performed as previously described [82]. Briefly, following treat-

ment, neurons were incubated on ice with 0.5 mg/ml Sulfo-NHS-

LC-Biotin (Pierce) for 30 min. Cells were rinsed and lysates were

prepared (0 min) or chased for 20 and 60 min at 37°C. Biotinylated

proteins were immunoprecipitated with NeutrAvidin agarose beads

(Pierce) and after washing separated by SDS–PAGE. Quantitative

immunoblotting was performed using anti-APP (Y188) antibody in

biotinylated proteins and total proteins.

For APP endocytosis (Fig 2A), cells expressing APP-RFP were

starved in serum-free medium (30 min), incubated with anti-APP

(22C11) in complete medium with 10 mM HEPES for 10 min (pulse)

(Figs 2B, 3A, and EV3C), washed and chased for 60 min (Figs 2D,

3C, and EV3C and E). Upon 10 or 60 min endocytosis, cells were

fixed and immunolabelled or co-labelled for EEA1 (Fig 5A and

Appendix Fig S1A).

For BACE1 endocytosis (Fig 2F), cells expressing FLAG-BACE1-

GFP were starved in serum-free medium (30 min), incubated with

anti-FLAG (M1) for 5 min (Figs 2G and EV5D), 15 min (Fig 4A) or

chased for 60 min (Fig EV4C).

For BACE1 and APP recycling, N2a cells pulsed with M1 or

22C11 for 10 min and neurons pulsed with M1 for 15 min were acid

stripped (0.5 M NaCl, 0.2 M acetic acid; 4 s) and quickly rinsed in

PBS before recycling for 20 min at 37°C. Cells were either fixed and

recycled proteins were immunolabelled at the plasma membrane

before permeabilisation (Figs 2I, 4C, and EV3B) or a second acid

stripping was performed before fixation and non-recycled proteins

were immunolabelled upon permeabilisation (Figs 2K, 5C, EV4D,

and Appendix Fig S1B).

For surface labelling (Figs EV3A and EV4A and B), antibodies

were pulsed for 4 min at 37°C. After fixation, surface-bound

proteins were immunodetected on non-permeabilised cells.

Quantitative analyses

Image analyses were carried out using ImageJ (https://imagej.

nih.gov/ij/) or Fiji (https://fiji.sc/).

For the quantification of intracellular Ab42 and Ab40 levels: in

N2a cells (Figs EV1 and EV2C and D), a region based on the cell

boundary was outlined; in neurons (Fig 1A), several regions were

outlined, cell body, ~20-lm segments in dendrites and in axons

using “polygon selection” tool based on GFP signal and on neuronal

morphology. The average fluorescence of Ab42 or Ab40 in each

region and of a background region was quantified with “Measure”

function. Upon background fluorescence subtraction, the average

fluorescence per region was calculated as percentage of the indi-

cated control.

For the quantification of APP and BACE1 endocytosis, recycling,

degradation and surface levels (Figs 2, 3A and C, 4A and C, EV3,

and EV4), the fluorescence of anti-APP (22C11) and anti-FLAG (M1)

was quantified as described above. In addition, the average fluores-

cence intensities of APP-RFP or BACE1-GFP were quantified in the

same region. For N2a cells, the 22C11 or M1 average fluorescence

was normalised per single cell to APP-RFP or BACE1-GFP fluores-

cence, respectively; for neurons, the average fluorescence of 22C11

or M1 in cell body, dendrites and axons was normalised to APP-RFP

or BACE1-GFP fluorescence, respectively, in the cell body. The

normalised values were calculated as percentage of the indicated

control.

For line profile analyses (Figs 1B and C, and 7E and F), the fluo-

rescence intensity profile was measured with the “Plot profile” func-

tion along a 1 pixel-wide line drawn along the indicated region

using the “segmented line” tool.

For quantification of colocalisation (Figs 3I and L, 4G and J, 5B

and D, 7B, EV5G and I, and Appendix Fig S1), the area overlap was

calculated as the percentage of overlapping pixels between puncta

of the indicated proteins, segmented by threshold, in a ~20-lm
segment outlined in neurites. Overlapping pixels were obtained by

creating and transferring selections based on the puncta of one of

the indicated proteins (“Create selection” tool) onto the second

marker using the “Restore selection” tool.

For the quantification of APP and BACE1 dynamic colocalisation

(Fig 5E and G), the number of APP vesicles positive for BACE1 were

counted by analysis of the movies kymographs. Kymographs were

generated by time projections, using Z-project, of images obtained

using “reslice” of axonal or dendritic segments defined using

“Polygon selection”. Time-lapse movies were enhanced by identical

post-processing using “Bandpass filter”, “Unsharp mask” and

photobleaching correction by histogram matching using “Bleach

correction”.

For the quantification of BACE1 tubules (Fig 6A), the percentage

of neurons displaying extended BACE1 carriers was determined by

visual inspection. For the quantification of the number and length of

BACE1 tubules (Fig 6C and D), the circularity of each BACE1

carrier, segmented based on threshold, was quantified in ~20-lm
segments of axons and dendrites and considered to be a tubule

when the circularity was inferior to 0.5 using “Analyse particles”.

The length of each tubule was also quantified.

For the quantification of the number of endosomes with APP in

the lumen or at the endosomal membrane (Fig 7C and H), counting

was done by visual inspection.

For quantification of APP on endosomal membrane (Fig 7G):

first, Rab5QL endosomes were outlined using “Polygon selection”,

and a selection created. Endosome selection was transferred onto

APP, and its fluorescence was measured. Second, the endosomal

membrane was segmented based on Rab5QL fluorescence and a

region was created. The endosomal membrane region was trans-

ferred onto APP, and thresholded fluorescence was measured. The

percentage of APP fluorescence located on the endosomal

membrane was then determined.

For quantification of APP puncta distance to endosomal centroid

over the endosomal radius (Fig 7J), the EEA1-positive endosomes

and APP were delineated using “Oval selection”, the centroids
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determined using “Measure” and the distance between the two

centroids calculated. The radius of the endosome was determined as

r = (A/p)1/2. For the measurement of endosomes area (Fig EV5J

and K), EEA1 or Rab5 fluorescence was thresholded in ~20-lm
dendritic or axonal segments and the average area was determined

using “Analyse particles”.

Most quantifications were made using automatic tools on

randomly acquired images. In the few instances that we quantified

data based on visual inspection, complementary automatic quan-

tifications were performed.

Enzyme-linked immunosorbent assays

Secreted murine endogenous Ab1-40 and Ab1-42 were measured

from the medium collected with protease inhibitor cocktail (PIC)

after siRNA treatment of neurons using enzyme-linked immuno-

sorbent assay (ELISA) kits specific for murine Ab40 and Ab42 (Invit-

rogen). Each sample was measured in duplicate using an InfiniTE

1000 microplate reader (Tecan). For each sample, values were

normalised for protein concentration measured using the DC protein

assay (Bio-Rad).

Immunoblotting

Cell lysates were prepared using modified RIPA buffer (50 mM Tris–

HCl pH 7.4, 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl,

1 mM EGTA, 0.1% SDS, with PIC). Proteins separated by 7.5, 10 or

15% Tris-glycine SDS–PAGE were transferred to nitrocellulose

membranes and processed for immunoblotting using ECL Prime kit

(GE Healthcare). Images of immunoblots were captured using

ChemiDoc (Bio-Rad) within the linear range and quantified by

densitometry using the “Analyse gels” function in ImageJ.

Statistics

Sample size was determined based on pilot studies. Statistical

significance for at least three independent experiments was deter-

mined on normal data (D’Agostino-Pearson omnibus normality test)

by two-tailed Student’s t-test and for multiple comparisons one-way

ANOVA with Tukey’s test using GraphPad Prism 6. Statistical

significance for nonparametric data was tested by Mann–Whitney

test.
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