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Abstract

AP2S1 is the sigma 2 subunit of adaptor protein 2 (AP2) that is essential for endocy-
tosis. In this study, we investigated the potential role of AP2S1 in intracellular pro-
cessing of amyloid precursor protein (APP), which contributes to the pathogenesis of
Alzheimer disease (AD) by generating the toxic p-amyloid peptide (Ap). We found
that knockdown or overexpression of AP2S1 decreased or increased the protein
levels of APP and A in cells stably expressing human full-length APP695, respec-
tively. This effect was unrelated to endocytosis but involved lysosomal degradation.
Morphological studies revealed that silencing of AP2S1 promoted the translocaliza-
tion of APP from RAB9-positive late endosomes (LE) to LAMP1-positive lysosomes,
which was paralleled by the enhanced LE-lysosome fusion. In support, silencing of
vacuolar protein sorting-associated protein 41 (VPS41) that is implicated in LE-lyso
fusion prevented AP2S1-mediated regulation of APP degradation and translocaliza-
tion. In APP/PS1 mice, an animal model of AD, AAV-mediated delivery of AP2S1
shRNA in the hippocampus significantly reduced the protein levels of APP and Ap,
with the concomitant APP translocalization, LE-lyso fusion and the improved cogni-
tive functions. Taken together, these data uncover a LE-lyso fusion mechanism in
APP degradation and suggest a novel role for AP2S1 in the pathophysiology of AD.
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1 | INTRODUCTION

Amyloid precursor protein (APP) is the only source of f-amyloid peptide
(AB), which forms the characteristic amyloid plagues in Alzheimer disease
(AD).! The proteolytic cleavage of APP involves the enzymatic activity of
B-site APP cleaving enzyme 1 (BACE1) and y-secretase, leading to the
generation of the N-terminal soluble APPB (sAPPB), p-COOH-terminal
fragment (CTFp) and Aﬁ.z Genetic mutations of APP cause early-onset
familial AD,® and abnormalities in APP processing might trigger the loss
of neuronal connectivity early in AD.*

The enzymatic processing of APP and amyloidogenesis are paral-
leled by intracellular trafficking.> APP at cell surface is rapidly internal-
ized into early endosome (EE), where it is trafficked to late endosome
(LE) and lysosome for degradation.® Evidences have suggested that
several genetic risk factors for AD are functionally related to endo-
lysosomal regulation.”® For instance, deficiency of CD2-associated
protein (CD2AP) impairs lysosomal degradation of APP and favors Ap
generation.” Sortilin-related receptor with A-type repeats (SORL1)
directly binds to APP and promotes the retrograde transport from
endosome to trans-Golgi network (TGN), thus reducing APP proces-
sing and Ap production in endosome.1®!? It is hypothesized that the
disrupted endo-lysosomal function is tightly coupled with APP in the
development of AD.*%13

Adaptor protein 2 (AP2) is a heterotetrameric complex assembled
by large o (AP2A1/AP2A2) and 2 (AP2B1) adaptins, one medium p2
(AP2M1) subunit and one small 62 (AP2S1) subunit.** It is well-
established that AP2 subunits cooperatively control the initiation and
stabilization of clathrin-coated pits, thus regulating clathrin-mediated
endocytosis.’®> However, evidences have shown that among the four
subunits of AP2, AP2M1 inhibits amyloidogenesis by regulating
BACE1 trafficking'® in addition to APP endocytosis.2” AP2A1 could
promote autophagic clearance of CTFB through protein-protein
interaction,*® suggesting that the functions of different AP2 subunits
are not completely identical. Thus, it might be important to explore
how AP2S1 is involved in APP processing.

In this study, we found that knockdown of AP2S1 resulted in
the decreased protein levels of APP and Ap, which was different
from the reported function of AP2M1 and AP2A1. We further
defined that the function of AP2S1 was closely associated with
LE-lyso fusion and lysosomal degradation mechanisms, in both cul-
tured cells and APP/PS1 mice. Thus, our results uncovered a previ-
ously unappreciated role for AP2S1 in APP trafficking and

amyloidogenesis.

2 | MATERIALS AND METHODS

2.1 | Antibodies and reagents

Antibodies for Western blotting were as follow: AP2S1 (ab128950,
Abcam, 1:1000), APP-full length and CTFs (A8717, Sigma, 1:1000),
BACE1 (ab2077, Abcam, 1:1000), sAPP-p (SIG-39138, Biolegend,
1:500), VPS41 (ab181078, Abcam, 1:1000), VPS16 (17776-1-AP,

Proteintech, 1:1000), GAPDH (Proteintech, 1:10000). Horseradish
peroxidase-conjugated anti-mouse (AB_2722565, 1:5000) and anti-
rabbit (AB_2722564, 1:5000) secondary antibodies were purchased
from Proteintech (Wuhan, China). Antibodies for immunofluorescence
included: APP (MAB348, Sigma, 1:200), Ap (MOAB-2, Novus Biologi-
cals, 1:1000), EEA1 (#2411, 1:200), GM130 (#12480, 1:200), RAB9
(#5118, 1:200), LAMP1 (#9091, 1:100) were purchased from Cell Sig-
naling Technology. Alexa Fluor 488-labeled Goat Anti-Rabbit (A0428,
1:200), Cy3-l-abeled Goat Anti-Rabbit (A0516, 1:200) and Alexa
Fluor 647-labeled Goat Anti-Mouse (A0473, 1:200) secondary anti-
bodies were purchased from Beyotime (Shanghai, China). Pitstop2
(HY-115604), dynasore (HY-13863), chloroquine (CQ, HY-17589A),
bafilomycin Al (BafA1, HY-100558), p-secretase inhibitor LY2811376
(HY-10472), a-secretase inhibitor GI254023X (HY-19956) and
y-secretase inhibitor DAPT (HY-13027) were purchased from MCE
(Monmouth Junction, NJ, USA).

2.2 | Cell culture and transfection

HEK-APP and SH-SY5Y-APP cells (stably expressing full-length
human amyloid-beta precursor protein 695) were created as described
previously.?”2° Cells were cultured in the DMEM (Gibco,
Cat#11965092) or DMEM/F12 (Gibco, Cat#11220033) medium, sup-
plemented with 10% fetal bovine serum (Hyclone, Cat#SV3008703)
and 200 mg/mL of G418 (Sigma-Aldrich, Cat#N6386). All cells were
incubated in a humidified incubator at 37°C with 5% CO2. Human
AP2S1 plasmid and control vector were purchased from Youbio
(Changsha, China). The siRNA oligonucleotides for human AP2S1,
VPS16 and VPS41 were purchased from GenePharma (Shanghai,
China). Non-targeting siRNA was adopted as the negative control.
The following human siRNA oligonucleotide sequences were used:
siAP2S1-1: CCGGAACUUUAAGAUCAUU; siAP2S1-2: GACCUGGU
GUUCAACUUCU; siAP2S1-3: UCGUGGAGGUCUUAAACGA. These
sequences were all effective in reducing AP2S1 and APP protein
levels (Figure S1) and siAP251-2 sequence was selected for further
siAP2S1 or shAP2S1 experiments in human cells. Other human siRNA
sequences included siVPS16: GCCAGGGCACAAGCCCAGAAGAAGU,;
and siVPS41: UGACAUAGCAGCACGCAAAUU. HEK-APP cells were
transfected with Lipofectamine™ 2000 (Invitrogen, Cat#11668019),
and SH-SY5Y-APP cells were transfected with Lipofectamine RNAI-
MAX Transfection Reagent (Invitrogen, Cat#13778075) or Lipofecta-
mine™ 3000 Transfection Reagent (Invitrogen, Cat#L3000015) in
OptiMEM Reduced Serum Media (Gibco, Cat#31985088) according

to the manufacturer's protocol.

2.3 | Western blotting

Animal tissues and cellular samples were digested in ice-cold RIPA buffer
(Beyotime, Cat#P0013B) containing 0.5% sodium deoxycholate, 1% Tri-
ton X-100, 0.1% SDS, 1 mM EDTA, 150 mM NaCl and 50 mM Tris, sup-
plemented with protease inhibitors (Dingguo, Cat#WB-0181) and
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phosphatase inhibitors (Beyotime, Cat#P1081), followed by centrifuga-
tion at 13000 rpm for 20 min at 4°C. The soluble and insoluble proteins
and sAPPB were extracted as described previously.!”?* BCA Protein
Assay Kit (Beyotime, Cat#P0011) was used to measure protein concen-
trations. Samples were separated on 8% SDS-PAGE or 16.5% Tris-tricine
gels, and were transferred to 0.22 um polyvinylidene fluoride (PVDF)
membranes (Bio-Rad, Cat#162-0177). Protein blots were visualized with
chemiluminescence detection reagent kit (Affinity, Cat#KF8003) and
captured by Fusion FX5 image analysis system (Vilber Lourmat, France).
Relative protein intensities were calculated using Quantity One software
(Bio-Rad, CA).

24 | Immunofluorescence

Brain sections or cultured cells on coverslips were washed with ice-cold
PBS and fixed with 4% paraformaldehyde for 30 min at 37°C, then per-
meabilized with 0.3% Triton X-100 for 10 min at room temperature,
blocked with 10% normal goat serum for 1 h at 37°C and incubated with
the primary antibody in 5% BSA at 4°C overnight. Samples were washed
with PBS three times and incubated with the appropriate fluorescent
secondary antibody for 1 h, then mounted with DAPI Fluoromount-G
(Southern Biotech, USA). Images were captured using a laser scanning
confocal microscope (Leica TCS SP8 X, Germany). Quantification of
immunofluorescence intensity and colocalization was performed using
Image-Pro Plus 6.0 software (Media Cybernetics, USA).

2.5 | Enzyme-linked immunosorbent assay (ELISA)
for Ap40 and Ap42

Soluble and insoluble AB40 and AB42 in animals were collected as
described previously.!? The levels of human Ap40 and Ap42 were
measured by the ELISA kits following manufacturer's instructions
(Elabscience, Wuhan, China).

2.6 | Dextran uptake assay

SH-SY5Y-APP cells were pretreated with dynasore or Pitstop2 or
vehicle control (DMSO 1:2000) for indicated time, respectively. FITC-
dextran (0.5 mg/mL, Sigma) was then applied to cell medium for
45 min at 37°C. After washing with PBS, cells were fixed with 4%
paraformaldehyde and stained with DAPI.%? Fluorescent images were
captured by fluorescent microscope (Nikon, Japan), and FITC-dextran

intensity was quantified by Image J software.

2.7 | Construction and imaging of APP-mKeima
MKeima is a coral-derived acid-stable fluorescent protein emitting differ-
ent colored signals at acidic and neutral pH,2® which can be used as a

reporter of cargo delivery to lysosomes.'® To generate APP-mKeima

plasmid, mKeima-Red plasmid (Addgene, #54597) was linearized by
PCR (primers: 5-GTGAGTGTGATCGCTAAACAAATGA-3 and 5'-
CATGGTGGCGACCGGTGG-3'), and human APP695 sequence was PCR
amplified from pcDNA3.1-APP695 (synthesized by the Yiobio) (primers:
5'-ATCCACCGGTCGCCACCATGCTGCCCGGTTTGGCACTG-3" and 5'-
TGTTTAGCGATCACACTCACCTAGTTCTGCATCTGCTCAAAGAACT-3)).
Then the APP695 fragment was cloned into mKeima-Red plasmid
by ClonExpress Ultra One Step Cloning Kit (Vazyme Biotech,
Cat# C115-01). Plasmid sequence was verified by DNA sequencing.
SH-SY5Y cells were transfected with APP-mKeima and
shAP2S1 plasmids for 48 h, and then imaged under confocal
microscopy that was equipped with a 63x oil DIC objective.
MKeima fluorescence was obtained using two excitation filters
(550 and 438 nm), and the fluorescence intensity at 438 nm and
550 nm of excitation were measured using the Image J software

after the background subtraction.

2.8 | Transmission electron microscopy (TEM)

The TEM samples were prepared as previously reported.?* In brief,
the samples were fixed in 0.1 M cacodylate buffer including 4%
paraformaldehyde and 2% glutaraldehyde for 2 h at room tempera-
ture. Samples were then post-fixed by 1% osmium tetroxide for
2 h, dehydrated by graded ethanol and embedded in Epon
812 resin (Electron Microscopy Sciences, USA). Ultrathin sections
were counterstained with uranyl acetate and lead citrate and visu-
alized with JEM-1400FLASH Transmission Electron Microscope
(JEOL, Japan).

2.9 | Animal model and AAV injection

AAV serotype 2/9 was used for the AP2S1 shRNA experiment.
Murine shRNA sequences of AP2S1 were as follow: shAP2S1-1:
GTTCAACTTCTACAAGGTTTA; shAP2S1-2: GATGCCAAGCACAC
CAACTTT and shAP2S1-3: CACAACTTCGTAGAAGTGTTA. All three
sequences were shown to reduce AP2S1 proteins (Figure S2) and
shAP2S1-2 was selected for further animal testing. ShAP2S1-2 containing
GFP-tagged AAV (pAAV-hSyn- EGFP-3XFLAG-shrma/AP2S1) was con-
structed by Obio (Shanghai, China) with particle concentration of 9.85 E
+ 12vg/ml. AAV without shRNA of AP2S1 was used as control. APPswe/
PS1E9 (APP/PS1, C57BL/6; C3H) mice were obtained from the
Jackson laboratory imported by Nanjing University (#004462). Wild-
type (WT) littermates with the same background as APP/PS1 were
verified and separated by genotyping. At 6 month of age, 40 male
mice including 20 WT and 20 APP/PS1 were randomly assigned into
the following four groups for AAV injection: WT for AAV control
(WT-C) or shAP2S1 (WT-S), and APP/PS1 for AAV control (AD-C) or
shAP2S1 (AD-S). AAV particles (0.5 pl at each site) were bilaterally
injected into CA1 area of the hippocampus and the adjacent dentate
gyrus as described previously.?> Four weeks after the injection, mice

were subjected to behavioral testing and then were sacrificed at
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7.5 months after being anesthetized with inhalation of 5% isoflur-
ane.2® All animal procedures conformed to the Ethics Committee of

the First Affiliated Hospital of Chongging Medical University.

2.10 | Behavioral testing

Animal behavioral testing included Morris water maze (MWM) and
open field tests (OFT). The MWM test was used to assess spatial mem-
ory.r? Briefly, in 5 consecutive days, the mice underwent the platform
trials and were allowed to find the hidden platform within 60s. The
time of each mouse to find the platform (escape latency) was recorded.
On the sixth day, the hidden platform was removed, and the mice were
given 60 s to find where the platform was originally placed. The fre-
quency of passing the hidden platform (passing time) and the time
stayed on the platform (staying time) were recorded. The open field test
was performed as described previously.?”?8 In brief, mice were placed
in an open field square apparatus, and were allowed to explore the sur-
rounding for 5 min. Behavioral performance was recorded by image
analyzing software (ANY-maze, Stoelting) and data were analyzed by
two-way ANOVA with Tukey's post hoc test.

211 | Statistical analysis

All data were analyzed by GraphPad Prism 8.0 Software. Unless otherwise
indicated, data were presented as mean + standard error of mean (SEM)
from at least three independent experiments. Statistical significance was
determined by unpaired two-tailed Student's t-test, one-way or two-way

ANOVA analysis. p < 0.05 was considered statistically significant.

3 | RESULTS

3.1 | AP2S1 knockdown or overexpression
oppositely regulated APP protein level and
amyloidogenesis

To explore whether AP2S1 might influence APP processing, we first
assessed the protein levels of APP and the related proteolytic products
sAPPB and CTFs, in addition to those of BACE1 that is considered as
rate-limiting enzyme in A generation. As shown in Figure 1A, knock-
down of AP2S1 (AP2S1 KD) significantly reduced the protein levels of
APP, sAPPB, BACE1 and CTFs in HEK293 cells that stably express
human full-length APP695 (HEK-APP). Similarly, AP2S1 silencing also
caused a significant reduction of APP and BACE1 protein levels in SH-
SY5Y-APP cells that were derived from SH-SY5Y cells by stably expres-
sing human full-length APP695 (Figure 1B). The reduced APP protein
level by AP2S1 silencing was further found by immunofluorescence
experiment in SH-SY5Y-APP cells (Figure 1C). It is reported that
MOAB-2 monoclonal antibody specifically recognizes Ap but not APP
and CTFs.?? Thus, we used this antibody for intracellular A measure-

ment. As shown in Figure 1D, the immunofluorescent intensity of

MOAB-2 labeled AB was significantly reduced in SH-SY5Y-APP cells
transiently transfected with AP2S1 siRNA. Further ELISA results also
showed that both intracellular and extracellular AB42 levels were signifi-
cantly decreased by AP2S1 KD in HEK-APP and SH-SY5Y-APP cells,
whereas the corresponding Ap40 levels were not markedly altered
(Figure 1E,F).

To verify the effect of AP2S1 KD and to exclude the potential
off-target effect of siRNA, we assessed APP and related protein levels
in cells by overexpressing AP2S1. As shown in Figure 1G,H, overex-
pression of AP2S1 significantly increased the protein levels of APP,
BACE1 and CTFs in HEK-APP or SH-SY5Y-APP cells. The enhanced
protein level of APP was verified by immunofluorescent experiments
(Figure 11) and correspondingly, Ap42 protein levels were significantly
increased in SH-SY5Y-APP cells overexpressing AP2S1, whereas
AB4O0 levels remained unchanged (Figure 1J). These results suggested

that AP2S1 promoted Ap generation by regulating APP protein level.

3.2 | AP2S1-mediated regulation involved
lysosomal degradation

It is reported that Pitstop2 is an inhibitor of clathrin-dependent and

-independent endocytosis,>>3!

whereas dynasore is an inhibitor of
dynamin 1 that is reported to regulate APP endocytosis.>? To determine
whether AP2S1-mediated regulation of APP involves endocytosis, we
assessed APP protein level in HEK-APP cells treated with Pitstop2
(15 uM for 15 min) or in SH-SY5Y-APP cells with dynasore (40 uM for
2 h). Both Pitstop2 and dynasore significantly inhibited the endocytosis
of dextran (Figure S3). As shown in Figure 2AB, the presence of Pit-
stop2 or dynasore did not significantly change the basal protein level of
APP; and in cells treated with Pitstop2 or dynasore, the reduction of
APP protein level by AP2S1 siRNA remained significant. EEA1 is a
marker of early endosomes that receive endocytotic materials from cell
surface.®*3* We also found that the colocalization of APP with EEA1
was not altered by AP2S1 KD (Figure 2C), suggesting that endocytosis
of APP was less likely involved in AP2S1-mediated regulation of APP
protein. Because the protein level of APP could be influenced by the
proteolytic processing of BACE1 and/or ADAM10, we also assessed
the effect of AP2S1 KD on APP protein expression in HEK-APP cells
treated with the BACE1 inhibitor LY2811376%>°¢ in combination with
the ADAM10 inhibitor GI254023X,%” which are shown to alter the cor-
responding CTF levels.2° As shown in Figure 2D, although LY2886721
and GI254023X together significantly increased the basal protein level
of APP, they did not prevent the reduction of APP protein in HEK-APP
cells transiently transfected with AP2S1 siRNA, indicating that
AP2S1-mediated regulation of APP protein level was unrelated to the
enzymatic activity of BACE1 and ADAM10. Moreover, the decreased
levels of both the immature and mature forms of APP might be sugges-
tive of an altered protein synthesis mechanism, we thus assessed the
effect of AP2S1 in cells treated with protein synthesis inhibitor cyclo-
heximide (CHX, 5 uM for 6 h).28 As shown in Figure 2E, although CHX
significantly reduced the basal protein level of APP, it did not prevent
AP2S1 KD-induced reduction of APP.



AL S Traffic!

WEN ET AL.

(A) HEK-APP Cell
CTRL  si-AP2S1
APP | B8 B8 B B W W | 100KDa
SAPPB | et s s - = —100KDa
BCTF > - 14KDa
aoCTF - 12KDa
AP2ST| s s w o o F17KDa

Protien Level

D CTRL
15, = si-AP281

1l

o

°
o

°
=

(B) SH-SY5Y-APP Cell
CTRL  si-AP2ST
S CTRL
APP | BB B & 0 B | jookpa 15y T SHAP2ST
BACET| Mmm w = w [T70KD2 5
1.0 *
AP2S1[ M - | —17kDa 3 . : .
<
GAPDH| == == == == = = |_37kDa = 0s v
oSSR 10 -
oCTF 12KDa

APP SAPP BACET B/ aCTF GApDH| s |70

(©)
. 00
[i4
= 2 80
(6] ‘@
S 60
h=
~ a0
5 8
: . . E
o
< 0
c \ A
7] C,’(R 25
s\\’P\?
(E) 15 HEK-APP Cell S CTRL
Osi-AP281
n.s M-
5 10
>
[0}
-
Q
< 0.5
SRR H
ICAB42 ECAB42 ICAB40 EC AB40
(G) HEK-APP Cell
CTRL  AP2S1 —ICTRL
— ——— 45, CIAP2S1
APP ---.-~I—1OOKDa o :
BACE | Wt wez v o W |—70KDa 3’31’5
3 “
CTF — ':14KDa -
BETF | s i [ 1505 g
i

wzsi[ L N s

°
o

nnni

°

APP

BACE1 B/aCTF

GAPDH [ s i s e e e | 37KD APP BACE1 B/aCTF
(1
-
['4
[=
(8] 2
2
IS
=
o
— o
2 . . <
o
<
AR
FIGURE 1

(D)
|
['4
[ =
O ‘@
f=
8
£
~— [-N
(%] <
N
o
=
=]
2}
(F) 15 SH-SY5Y-APP Cell S CTRL
D si-AP2S1
n.s n.s
o 1.0 - * -
>
[}
—
o«
< o5
0.0 T T T T
ICAB42 ECAR42 ICAB40 EC AB40
H SH-SY5Y-APP Cell
(H) CTRL  AP2S1
= CTRL
ST T T T 1] B
BACET| M W S S S w —70KDa .
L5 * *
[0}
AP2ST| e s o MDA |70 T ¥
CAPDH [ s s e |-57K08 B
BCTF 14KDa
i [ BESEER Lo, o APP BACE1 B/aCTF
GAPDH 37KDa pla
J _SY5Y-
() v SH-SY5Y-APP Cell p—
- IAP2S1
1.5 ns ns
©
>
3 1.0
Q
<
0.5
0.0

IC AB42 EC AB42 IC AB40 EC AB40
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Western blots (left) and quantification (right) of APP, BACE1, CTFs and sAPP in HEK-APP (A) and SH-SY5Y-APP (B) cells transfected with
control (CTRL) or AP2S1 siRNA for 48 h. For better detection of CTFs, cells were treated with the y-secretase inhibitor DAPT (250 nM) for 24 h.
(C and D) Representative immunofluorescent images show APP (C) and A (D) protein intensity in SH-SY5Y-APP cells transfected with control or
AP2S1 shRNA for 48 h (n = 3 biological replicates). Scale bar: 20 um. (E and F) Ap42 and Ap40 levels were measured by ELISA in HEK-APP

(E) and SH-SY5Y-APP (F) cells transfected with control or AP2S1 siRNA for 48 h. IC, intracellular; EC, extracellular. (G and H) Representative
Western blots (left) and quantification (right) of APP, BACE1 and CTFs in HEK-APP (G) and SH-SY5Y-APP (H) cells transfected with control
(CTRL) or AP251 plasmid for 48 h. (I) Representative immunofluorescent images show APP protein intensity in SH-SY5Y-APP cells transfected
with control or AP2S1 plasmid for 48 h (n = 3 biological replicates). Scale bar: 20 um. (J) AB42 and AB40 levels were measured by ELISA in SH-
SY5Y-APP cells transfected with control or AP251 plasmid for 48 h. n.s., non-significant, *p < 0.05, **p < 0.01

Intracellular APP can be degraded by lysosome.>’ We next assessed
whether AP2S1-mediated regulation of APP protein is associated with
lysosomal degradation mechanism. As shown in Figure 2F,G, whereas bafi-
lomycin A1 (BafA1, 100 nM for 5 h) or chloroquine (CQ, 100 uM for 6 h)
alone significantly increased the basal protein level of APP, BafA1 but not
CQ prevented the reduction of APP protein induced by AP2S1 siRNA. It
is reported that mKeima is a coral-derived acid-stable fluorescent protein

that emits the green and red signals at neutral and acidic pH, respec-
tively.2® Thus, we designed a plasmid construct in which APP was fused
with mKeima. As shown in Figure 2H, mKeima reporter system was func-
tional, as BafA1 significantly reduced the red (acidic) signals of APP. Com-
pared with control, silencing of AP2S1 significantly increased the signal
intensity of the acidic APP (Figure 2H). These results indicated that
AP2S1-mediated regulation of APP was through lysosomal degradation.
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FIGURE 2 AP2S1-mediated regulation of APP involves lysosomal degradation. (A) Representative Western blots and quantification of APP
proteins in HEK-APP cells transfected with control or AP2S1 siRNA for 48 h, in the absence or presence of clathrin-mediated endocytosis inhibitor
Pitstop2 (15 uM for 15 min). (B) Representative Western blots and quantification of APP proteins in SH-SY5Y-APP cells transfected with control or
AP2S1 siRNA for 48 h, in the absence or presence of dynamin 1 inhibitor dynasore (40 uM for 2 h). C, Representative fluorescent images show
colocalization of APP with early endosomal marker EEA1 in SH-SY5Y-APP cells transfected with control or AP251 shRNA for 48 h, quantified by
Pearson's co-localization coefficient (n = 3 biological replicates). Scale bar: 20 pm. (D) Representative Western blots and quantification of APP proteins
in HEK-APP cells transfected with control or AP2S1 siRNA for 48 h, in the absence or presence of p-secretase inhibitor LY2811376 (LY, 50 M) and
a-secretase inhibitor GI254023X (Gl, 10 pM). (E) Representative Western blots and quantification of APP protein levels in SH-SY5Y-APP cells
transfected with control or AP2S1 siRNA for 48 h, in the absence or presence of protein synthesis inhibitor CHX (5 pM for 6 h). (F and G)
Representative Western blots and quantification of APP proteins in HEK-APP cells transfected with control siRNA or AP251 siRNA for 48 h, in the
absence or presence of lysosome inhibitor chloroquine (CQ, 100 pM for 6 h) or bafilomycin A1 (BafA1, 100 nM for 5 h), respectively. (H) Top,
schematic illustration of APP-fused mKeima, a coral-derived acid-stable protein, emits green or red signaling at neutral or acidic pH, respectively.
Bottom, representative fluorescent images of APP-mKeima signaling in SH-SY5Y cells transfected with control and AP2S1 shRNA for 48 h. Lysosomal
inhibitor BafA1 (100 nM for 6 h) was used as positive control. (I) The 550 nm/438 nm signal intensity ratio of APP-mKeima represents lysosomal APP
in live SH-SY5Y cells. (N = 3 biological replicates). Scale bar: 3 um. n.s., non-significant, *p < 0.05, **p < 0.01

3.3 | AP2S1 silencing promoted the
trans-localization of APP from late endosome to
lysosome and LE-lyso fusion

The intracellular compartments of APP include early and late endo-

some, the Golgi complex and lysosome, where APP can be rapidly

cleared.***! We next assessed whether AP251-mediated degradation
of APP is associated with the subcellular trafficking. The following
markers for intracellular organelles were used: GM130 for cis-Golgi
network (CGN),*?> RAB9 for late endosomes (LE),>’ and LAMP1 for
lysosomes.*® It seemed that AP2S1 did not affect the localization of
APP with GM130 in SH-SY5Y-APP cells (Figure 3A). However, the
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Silencing of AP2S1 promotes the trans-localization of APP from LE to lysosome and LE-lyso fusion. A to C, Representative

fluorescent images show colocalization of APP with Golgi marker GM130 (A), late endosome marker RAB9 (B) and lysosome marker LAMP1 (C) in
SH-SY5Y-APP cells transfected with control or AP2S1 shRNA for 48 h, quantified by Pearson's co-localization coefficient (n = 3 biological
replicates). The right two columns show single-channel images of the protein labeling from the left (same as below). Scale bar: 20 pm.

(D) Representative fluorescent images show the colocalization of LAMP1 and M6PR in SH-SY5Y-APP cells transfected with control or AP251
shRNA for 48 h, quantified by Pearson's co-localization coefficient (n = 3 biological replicates). Scale bar: 20 pm. (E) Representative transmission
electron micrographs of SH-SY5Y-APP cells transfected with control or AP2S1 shRNA for 48 h. LE, late endosome; LY, lysosome; N, nucleus.
Scale bar: 1 pm. (F) Quantification per cell profile shows an increase in average number of endo-lysosomes fusion in AP2S1 shRNA cells (n =3

biological replicates). n.s., non-significant, *p < 0.05, **p < 0.01

reduced colocalization of APP with RAB9 was accompanied with the
increased colocalization with LAMP1 (Figure 3B,C), indicating that
AP2S1 KD promoted APP trafficking from LE to lysosomes. In contrast
to AP2S1 KD, overexpression of AP2S1 resulted in a significant aug-
mentation of RAB9-APP colocalization, whereas the colocalization of
LAMP1 with APP was significantly reduced (Figure S4). It is reported
that LAMP1-positive compartments could include endosomes in addi-

4445 \whereas mannose-6-phosphate receptor (M6PR)

tion to lysosomes,
is found in endosome only but not lysosome.***” To further distinguish
the LAMP1-positive organelles between the endosome and lysosome,
we assessed the colocalization of M6PR with LAMP1 in SH-SY5Y-APP
cells transiently transfected with AP2S1 shRNA. As shown in
Figure 3D, M6PR-positive LAMP1 labeling was significantly reduced by
AP2S1 silencing, suggesting that a large fraction of the enhanced
LAMP1-positive organelles were lysosomes.

The altered LE-lyso translocalization of APP by AP2S1 might

reflect an altered LE-lyso fusion. As shown in Figure 3E,F, TEM images

showed that more frequent LE-lyso fusion was observed in SH-SY5Y-
APP cells transfected with AP2S1 shRNA relative to control. These
results indicated that AP2S1 silencing promoted LE-lyso fusion.

3.4 | VPS41 was involved in APP degradation and
trafficking regulated by AP2S1

The altered LE-lyso fusion prompted us to speculate that
AP2S1-mediated regulation of APP trafficking might involve homoty-
pic fusion and vacuole protein sorting (HOPS) complex, which play a
key role in late endosome-lysosome fusion.*® Thus, two HOPS pro-
teins VPS41 and VPS16 that are known to regulate vacuolar morphol-
ogy associated with neurological diseases were selected for further
assessment??>° . As shown in Figure 4A,B, silencing of VPS41 indeed
caused a significant increase of APP protein level at basal condition.
Although AP2S1 KD reduced the basal protein level of APP, the
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FIGURE 4 AP2S1-mediated APP trafficking involves tethering protein VPS41. (A and B) Representative Western blots (A) and quantification
(B) of APP protein levels in HEK-APP cells transfected with control (CTRL) or AP251 siRNA, with or without the co-transfection of VPS41 siRNA

(n = 3 biological replicates). (C and D) Representative Western blots (A) and
with control (CTRL) or AP251 siRNA, with or without the co-transfection of

quantification (B) of APP protein levels in HEK-APP cells transfected
VPS16 siRNA (n = 3 biological replicates). (E and F) Representative

fluorescent images show the colocalization of APP with RAB9 in HEK-APP cells transfected with siRNA of control, AP2S1 (si-AP2S1), VPS41

(si-VPS41) or AP2S1 + VPS41 (Double-KD) for 48 h, quantified by Pearson'

s co-localization coefficient (n = 3 biological replicates). Scale bar:

20 pm. (G and H) Representative fluorescent images show colocalization of APP with LAMP1 in HEK-APP cells transfected with siRNA of control,
AP2S1 (si-AP2S1), VPS41 (si-VPS41) or AP251 + VPS41 (Double-KD) for 48 h, quantified by Pearson's co-localization coefficient (n = 3
biological replicates). Scale bar: 20 um. n.s: non-significant, *p < 0.05, **p < 0.01

enhancement of APP level by VPS41 shRNA was not reversed by co-
transfection of AP251 siRNA (Double KD), indicating that VPS41 pre-
vented the effect of AP2S1 on APP degradation. Similarly, the effect
of VPS41 was mimicked by VPS16, silencing of which caused an
increased basal protein level of APP and prevented AP2S1-mediated
regulation of APP (Figure 4C,D).

VPS41 was chosen to further determine whether HOPS complex
is also involved in AP2S1-mediated translocalization of APP from LE
to lysosome. As shown in Figure 4E,F, in HEK-APP cells, silencing of
VPS41 alone increased the colocalization of RAB9 with APP, which
was in line with previous report showing an accumulation of LE.>!
However, this increase was not significantly altered by additional co-
transfection of AP2S1 siRNA (Double KD). Accordingly, as shown in
Figure 4G,H, the colocalization of LAMP1 with APP was significantly

reduced by VPS41 silencing alone, and this reduction was not
reversed by AP2S1 siRNA (Double KD). These results indicated that
AP2S1-mediated regulation of LE-lyso translocation of APP involved
HOPS complex proteins VPS16 and VPS41,
AP2S1-mediated APP degradation was closely associated with LE-lyso

suggesting that
fusion.

3.5 | LE-lyso fusion of APP by AP251 knockdown
contributed to the improved cognition in APP/

PS1 mice

To confirm the in vitro finding that LE-lyso fusion was involved in
AP2S1-mediated regulation of APP, the AP2S51 shRNA sequence was
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FIGURE 5 AP2S1 knockdown reduces APP protein and promotes LE-lyso fusion in APP/PS1 mice. (A) Schematic diagram shows the time
course of animal manipulations. (B) Representative immunofluorescent images show GFP-tagged AAVs are successively delivered to the
hippocampus. Scale bar: 100 pm. (C) Representative Western blots (top) and quantification (bottom) of APP, sAPPB, BACE1, AP2S1 and CTFs
protein levels in the hippocampus. WT-C/WT-S, wild-type mice injected with AAV control or AP2S1 shRNA; AD-C/AD-S, APP/PS1 mice injected
with AAV control or AP2S1 shRNA (nh = 5 for each group). (D) Representative immunofluorescent images show APP protein intensity in the
hippocampus of WT-C, WT-S, AD-C and AD-S (n = 4 for each group). Green: APP; Blue: DAPI (nuclear marker). Scale bar: 75 pm.

(E) Representative immunofluorescent image and quantification of Af intensity in AD-C and AD-S (n = 3 for each group). Red: Ap; Blue: DAPI
(nuclear marker). Scale bar: 75 pm. (F) The soluble and insoluble AB42 and AB40 levels in the hippocampus of AD-C and AD-S, respectively (n = 5
for each group). (G and H) Representative immunofluorescent images and quantification, which show the colocalization of APP with Rab9/Lamp1
in the hippocampus of AD-C and AD-S (n = 4 for each group). Scale bar: 20 um. (I) Representative transmission electron micrographs of the
hippocampus of AD-C and AD-S (left). Quantification per cell profile that exhibits an increase in average number of endo-lysosomes fusion in
AD-S are shown on the right (n = 3 for each group). LE, late endosome; LY, lysosome; N, nucleus. Scale bar: 1 pm. n.s., non-significant,

*p < 0.05, **p < 0.01

cloned into GFP-tagged AAV vector, which was injected bilaterally in decreased in AD-C relative to WT-C (Figure 5C). As expected, knock-
the hippocampus of WT and AD mice at the age of 6 months down of AP2S1 significantly decreased the protein levels of APP,
(Figure 5A), respectively. The transfection efficiency was verified by BACE1, sAPPB and CTFs in WT-S relative to WT-C and in AD-S rela-
GFP-positive signals shown in the hippocampus (Figure 5B). It is inter- tive to AD-C, respectively (Figure 5C). In particular, the immunofluo-

esting to note that the basal AP2S1 protein levels were significantly rescent intensity of APP was also significantly reduced in WT-S
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FIGURE 6 AAV-mediated AP251
knockdown improves learning and
memory in APP/PS1 mice. (A) In the
hidden platform tests, escape latency (the
time spent on reaching the platform) 60—

relative to the training day was recorded w 50,
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maze software (n = 10 mice). (E and F) In
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relative to WT-C and in AD-S relative to AD-C, respectively
(Figure 5D); and the immunofluorescent intensity and size of the Ap
plagues were significantly reduced in AD-S mice compared with AD-C
(Figure 5E, and Figure S5A). In line with the in vitro findings, the toxic
insoluble AB42 levels were significantly decreased in AD-S compared
with AD-C, whereas soluble AB42, soluble and insoluble Ap40 levels
were relatively unchanged (Figure 5F). Accordingly, astrocytic and
microglial activation was significantly inhibited by AP2S1 KD, as the
immunofluorescent intensities of glial fibrillary acidic protein (GFAP)
and ionized calcium-binding adapter molecule 1 (Ibal) were signifi-
cantly decreased in AD-S relative to AD-C (Figure S5B,C). The altered
APP trafficking and LE-lyso fusion were further assessed by immuno-
fluorescent and TEM experiments. As shown in Figure 5G,H, the colo-
calization of APP with RAB9 was significantly decreased, whereas
that of APP with LAMP1 was significantly increased in the hippocam-
pus of AD-S compared with AD-C. TEM images showed that the LE-
lyso fusion events were more frequently seen in AD-S relative to
AD-C (Figure 5I).
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To determine whether knockdown of AP2S1 might alleviate cog-
nitive decline in AD, we assessed cognitive function by using water
maze and open field tests in WT and APP/PS1 mice. As shown in
Figure 6A, the escape latency in the hidden platform test was signifi-
cantly shorter in AD-S relative to AD-C. When the platform was
removed during the probe trial, the staying time in the target quadrant
and the passing time for crossing over the target site were signifi-
cantly longer in AD-S than AD-C (Figure 6B-D). No significant differ-
ences were observed between WT-C and WT-S (Figure 6A-D). In the
open field tests, AD-C mice were more active, which was in agree-
ment with the hyperactivity of AD models,?®°? and AD-S exhibited
significantly reduced hyperactivity relative to AD-C (Figure 6E,F).

4 | DISCUSSION

AP251 is known to regulate endocytosis.>> AP251 and AP2A1 (a-52)
form a hemi-complex that binds to the dileucine-based sorting signals
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and mediates protein internalization.>* Structural analysis reveals that
the hydrophobic pockets on AP2S1 are responsible for recognizing

f.>> However, evidences also show that AP2S1 has

the dileucine moti
functions beyond endocytosis. For instance, AP2S1 mutants disrupt
the polar transport of auxin (a plant hormone) in plant cells.’® In dro-
sophila, AP2S1 promotes synaptic vesicle recycling.’” Mutations in
AP2S1 impair its interaction with the a subunit and alter intracellular
calcium signaling, which contributes to the phenotype of type 3 famil-
ial hypocalciuric hypercalcemia.’®>? In line with these findings, inhibi-
tion of endocytosis by dynaminl KD could increase surface APP but
not total APP protein level.?° In our study, the endocytosis inhibitor
Pitstop2 or dynasore alone significantly inhibits the endocytosis of
exogenously applied dextran (Figure S3), but neither of them alters
the basal protein level of APP nor attenuates the effect of AP2S1 KD
on APP (Figure 2A,B). Thus, our results support that AP2S1-mediated
regulation of APP protein levels might be unrelated to endocytosis.
The current study reveals that the decreased APP by AP2S1 KD
is closely associated with lysosomal function, which might be unre-
lated to either protein synthesis of APP or the enzymatic activity of
BACE1/ADAM10, as the inhibitors of protein synthesis CHX and
BACE1/ADAM1O0 fail to block this effect. The decreased protein level
of APP is in agreement with the enhanced acidification of APP
(Figure 2H), which is confirmed by that BafAl prevents
AP2S1-mediated degradation of APP (Figure 2F). Unexpectedly,
although CQ is an autophagy inhibitor and increases the basal protein
level of APP, it fails to attenuate the effect of AP2S1 on APP
(Figure 2G). Whereas some studies reveal that CQ augments lyso-

somal pH,‘“’f’2

63,64

others demonstrate that CQ does not alter lysosomal
acidity, which could be attributed to different cell types and drug
concentrations and treating times. Nonetheless, as CQ inhibits
autophagosome-lysosome fusion without altering endo-lysosomal
trafficking of BSA,®* and the majority of APP is degraded by endo-lyso
rather than autophagic pathway,®® the CQ results may not necessarily
oppose the assumption that AP2S1 regulates the endo-lyso fusion.
The current study uses RAB9 for endosomal labeling, because the
LE marker RAB7 also exists on lysosomes and autophagosome.®4%” In
comparison, RAB9 is mainly localized to EE, LE and TGN.%%? As the
colocalization of APP with EEA1 (EE) and GM130 (Golgi network) was
not affected by AP2S1 KD in our study, the reduced colocalization of
RAB9 with APP suggests that APP localization in the pool of LE is
reduced. This, together with the enhanced colocalization of APP-
LAMP1, supports that APP is trafficked from LE to lysosome. More-
over, it is suggested that HOPS proteins including VPS16 and VPS41
form a link between endosome and lysosome.*®”° Depletion of
VPS16 leads to the impaired LE-lyso fusion’*”%; and VPS41 knock-
down hinders the delivery of endocytic cargo to lysosomes.>? Inter-
estingly, VPS41 protects cells from A-induced toxicity in
Caenorhabditis elegans, which involves lysosomal pathway’>; and AP3,
another AP complex, plays a role in VPS41-mediated lysosomal clear-
ance of misfolded proteins and neuroprotection.”*”> In our study, the
LE-lyso fusion event is morphologically manifested by TEM, and func-
tionally supported by that knockdown of VPS41 promotes APP accu-
mulation in LE with the increased APP protein level under basal

condition, and prevents AP2S1 KD-induced APP degradation and
translocalization in vitro and in vivo. In addition, the reduced colocali-
zation of M6PR with LAMP1 may also suggest that more LAMP1 is
alternatively located in lysosome. Upon fusion with lysosome, M6PR
is released from endosome,”® whereas LAMP1 could remain attached
at endo-lyso interface.

AP2S1 transcripts are significantly reduced rather than increased
in the brain of AD patients (http://www.alzdata.org) and the hippo-
campus of the aged APP/PS1 mice.”””® In agreement, AP251 protein
levels are significantly decreased in APP/PS1 mice relative to control
(Figure 5C), suggesting that the downregulated expression of AP2S1
might play a compensative role. The in vivo experiments confirm the
in vitro findings by that AAV-mediated delivery of AP2S1 shRNA sig-
nificantly reduces the protein level of APP and amyloidogenesis, and
increases the translocalization of APP with the enhanced LE-lyso
fusion. Although accumulation of double-membrane autophagic vacu-
ole is the prominent feature of AD,”’ the convergence of endosomal
and authophagic pathway might be implicated in the processing of the
pathologic CTFs.128 |t is suggested that endolysosomal trafficking
and autophagy are mutually dependent in the pathophysiology of
AD 1381

Interestingly, the present study reveals that Ap42 but not Ap40
levels are selectively affected by AP2S1. The underlying mechanisms
are currently unclear.8? Early studies have demonstrated that intracel-
lular compartmentation of APP, and the y-secretase activity that acts
on the distinct site of APP, contribute to the different levels of Ap
species.8>8* AB42 could be localized to LE and lysosome of cultured
cells®® and is found in multivesicular bodies (MVB) in the brain of
AD.287 Importantly, lysosomal enzyme tripeptidyl peptidase 1 (TPP1)
can directly proteolyze AB42 monomer.88 AB42/Ap40 ratio tends to

8990 which is closely associated with lysosomal

increase with aging,
dysfunction.”* Thus, it could be likely that the enhanced endo-lyso
fusion favors the clearance of AB42.

The present study uncovers a different role of AP2S1 in APP pro-
cessing relative to other subunits of AP2. The potential mechanisms
are currently not well understood. One possibility is that AP2 subunits
might function differently by forming hemi-complex. For instance,
A1-S1 (-82) and B1-M1 (B2-p2) independently contribute to the
endocytosis of synaptic vesicle.”? a-52 shows strong binding to the
dileucine-based motifs of several proteins, which bind weakly to
p2-u2.>* However, AP2S1 may less likely cooperate with AP2A1 as a
hemi-complex in APP processing, as AP2A1 silencing causes a signifi-
cant increase rather than decrease of APP695 (neuronal type) level in
H2 cells (human neuroglioma),93 and CTF levels in N2a cells.'®
Although AP2A1 KO mice do not show significant alteration of APP
protein, these mice exhibit an enhanced level of Af and CTFs.2 Inter-
estingly, the mRNA level of AP2S1 is not proportional to that of other
AP2 subunits including AP2A1, with up to two-fold more transcripts
of AP251 than AP2A1 in mice brain,”84%5 implying that AP251 might
have functions beyond the 1:1 ratio of AP2S1/AP2A1 at protein level.
Given that AP2S1 has functions beyond endocytosis (described
above), it is tempting to speculate that the role of AP2S1 in regulating
APP degradation might be independent of AP2A1.
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A “kiss-and-run” model for endo-lyso fusion events has been pro-
posed previously.”®?” The mechanism of AP2 including AP2S1 in
endocytosis involves membrane fission.”® By analog, the existence of

AP251 in endo-lyso organelles*®??

might promote membrane dissoci-
ation (the “run” or fission process) between endosome and lysosome,
whereas silencing of AP2S1 inhibits this process and favors the
endo-lyso fusion (the “kiss” process), which might promote substance
exchange and APP degradation in lysosome. Thus, the membrane fis-
sion controlled by AP2S1 might occur at not only cell surface but also
endo-lyso interface. However, whether AP2S1 might work in concert
with other AP2 subunits remains unclear, which requires further
investigation.

In summary, the current study reveals that AP2S1 controls APP
degradation through LE-lyso fusion mechanism. Inhibition of AP2S1
could promote the translocalization of APP from LE to lysosome, where
the increased acidification might be responsible for the decreased pro-
tein level of APP and A, contributing to the alleviation of cognitive
decline in APP/PS1 mice. However, it is still too early to predict that
the endo-lyso fusion mechanism involved in AP2S1 regulation has a
therapeutic potential, when lysosomal acidification, in addition to other

molecular alterations, becomes a major problem in the brain of AD.
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