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Abstract

The cleavage of amyloid precursor protein (APP) by B-site APP cleaving enzyme 1 (BACE1) is
the rate limiting step in the generation of p-amyloid (AB) during Alzheimer’s disease (AD)
pathogenesis. In AD brains, BACEL is abnormally accumulated in the endocytic compartments,
where the acidic pH is optimal for its activity. However mechanisms that regulate the endosome-
to-TGN retrieval of BACE1 under physiological conditions remain unclear. Here we show the Par
polarity complex containing Par3 and aPKC facilitates BACEL retrograde trafficking from the
endosomes to the TGN. We further show that Par3 functions through aPKC-mediated
phosphorylation of BACE1 on Ser498. Finally, we found that Ser498 phosphorylation promotes
the interaction between BACEL and PACS1, which is necessary for the retrograde trafficking of
BACE1 to the TGN. In human AD brains, there is a significant decrease in Ser498
phosphorylation of BACEL suggesting that defective phosphorylation-dependent retrograde
transport of BACEL is important in the AD pathogenic process. Together, our studies provide
mechanistic insight into a novel role for Par3 and aPKC in regulating the retrograde endosome-to-
TGN trafficking of BACEL, and shed light on the mechanisms of AD pathogenesis.

Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease characterized by the presence of -
amyloid (AB) plaques and neurofibrillary tangles containing hyperphosphorylated tau. A is
generated by B- and -y-secretase cleavage of the single-transmembrane amyloid precursor
protein (APP). Importantly, the cleavage of APP by the p-secretase, p-site APP cleaving
enzyme 1 (BACEL), is the rate-limiting step of the Ap generation pathway (Das et al., 2013;
Thinakaran and Koo, 2008). Since both APP and BACE1 are normally expressed at high
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levels in neurons, their convergence within the cell would lead to large amounts of Ap
generation. Thus, mechanisms must exist to spatially segregate these two proteins at
physiological states.

One key process in ensuring APP and BACE1 segregation is through modulating BACE1
trafficking. BACEL is a Type | transmembrane protein that is normally delivered from the
trans-Golgi network (TGN) to the plasma membrane through the secretory pathway. It is
then internalized into endosomal compartments where the acidic environment is optimal for
its enzymatic activity (Cole and Vassar, 2007; Tan and Evin, 2012). From the endosomes,
BACEL1 can be retrogradely transported to the TGN for re-insertion into the plasma
membrane where its activity remains low due to the neutral environment. Since abnormally
enlarged endosomal compartments and accumulation of A in these compartments are some
of the earliest pathogenic changes occurring in the AD brain (Cataldo et al., 2004; Ginsberg
et al., 2010; Nixon, 2005), it is believed that defective BACEL1 retrograde trafficking, which
leads to its accumulation in endosomal compartments and convergence with APP, is a key
pathogenic process during AD progression (Das et al., 2013; Kinoshita et al., 2003;
Rajendran et al., 2006; Udayar et al., 2013; Ye and Cai, 2014; Zhang et al., 2015). Indeed, in
AD neurons, defects have been observed in a number of proteins involved in the endosome-
to-TGN retrograde trafficking pathway, including components of the retromer complex
(Buggia-Prevot and Thinakaran, 2014; Muhammad et al., 2008; Reitz, 2015; Sullivan et al.,
2011; Wen et al., 2011). However, the mechanisms regulating BACEL1 retrograde endosome-
to-TGN trafficking is still unclear.

Par3 is a large scaffolding molecule that is among a group of evolutionarily conserved
proteins essential for cell polarization during animal development (Goldstein and Macara,
2007). Previous studies have implicated Par3 in trafficking processes such as vesicle
exocytosis (Ahmed and Macara, 2017; Balklava et al., 2007; Das et al., 2014; Lalli, 2009;
Zuo et al., 2009). We recently showed that Par3 regulates APP trafficking through the
endocytic adaptor Numb (Sun et al., 2016). Here we show an unexpected role for the
polarity protein Par3 in regulating BACE1 endosome-to-TGN retrograde trafficking in
hippocampal neurons. We show that Par3 facilitates BACEL retrograde trafficking to the
trans-Golgi network (TGN) by recruiting atypical PKC (aPKC), which promotes BACE1
phosphorylation at Ser498. Phosphorylation of BACEL increases its interaction with PACS1
and enhances its retrograde trafficking to the TGN. In the absence of Par3, there is a
significant increase in the accumulation of BACEL1 in the late endosome/lysosome
compartments. Taken together, our studies provide mechanistic insights into a novel role for
Par3 in regulating BACEL retrograde trafficking and shed light on the mechanisms of AD
pathogenesis.

Materials and Methods

Plasmids and Reagents

All plasmids encoding full length Par3b, Par3 shRNAs, and PKC( have been previously
described (Chen and Macara, 2005; McCaffrey and Macara, 2009; Zhang and Macara,
2008). Human BACE1-EGFP was a generous gift from Dr. Bradley T. Hyman (Harvard
Medical School). BACE1 Ser498 mutants were generated by Quikchange (Stratagene) using
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WT human BACEL as the template. All FLAG and mRFP tagged full length BACE1
constructs were generated by subcloning from the human BACE1-EGFP. For knockdown of
PACS1, the following oligonucleotides against different regions of rat PACS1 were
synthesized, annealed, and ligated into the pPSUPER and pSUPER-GFP vectors. PACS1
shRNA#1: forward, 5'-
gatccccGGACAAAGATCTTAACTCAttcaagagaTGAGTTAAGATCTTTGTCCtttttggaaa-3”,
reverse, 5'-
agcttttccaaaaaGGACAAAGATCTTAACTCAtctcttgaaTGAGTTAAGATCTTTGTCCggg-3;
PACS1 shRNA#2: forward 5'-

gatccccGATGACAGCTTGACTGAAAttcaagagaT TTCAGTCAAGCTGTCATCCtitttggaaa-3”
, reverse, 5'-
agcttttccaaaaaGATGACAGCTTGACTGAAAtctcttgaaTTTCAGTCAAGCTGTCATCggg-3”
: PACS1 shRNA#3: forward 5’-
gatccccGAAACAGACACTTTAGAAAttcaagagaTTTCTAAAGTGTCTGTTTCtttttggaaa-3”
, reverse, 5'-
agcttttccaaaaaGAAACAGACACTTTAGAAA(ctcttgaaTTTCTAAAGTGTCTGTTTCggg-3’
. GFP-Rab5 was generously provided by Dr. James Casanova (University of Virginia), and
GFP-Rab7 was a gift from Dr. John Brumell (University of Toronto). LAMP1-mRFP was a
gift from Dr. Qian Cai (Rutgers University). Rabbit anti-PACS1 polyclonal antibody and the
HA-tagged PACSL1 construct were generous gifts from Dr. Gary Thomas (University of
Pittsburgh). Atypical PKC pseudosubstrate inhibitor was from Invitrogen and used at a final
concentration of 2 ng/ul. Cycloheximide (Sigma) was used at 50 UM final concentration.

Primary hippocampal and cortical neurons and transfection

Hippocampal or cortical neuron cultures were prepared from embryonic day 18 rats as
described previously (Bernard and Zhang, 2015; Wu et al., 2012). Hippocampal neurons
were transfected using a CalPhos mammalian transfection kit (Clontech) (Sun et al., 2013) at
DIV 4-5. Cortical neurons were infected with lentivirus at DIV 0.

Co-immunoprecipitation and Western Blotting

For co-immunoprecipitation experiments, HEK293 or N2a cells expressing different plasmid
constructs or mouse brains were lysed on ice in buffer containing 25 mM Hepes, 150 mM
NaCl, 10 mM MgCl,, 1% Nonidet P-40, and 10 mM DTT and supplemented with protease
inhibitor cocktail (Sigma-Aldrich), phosphatase inhibitor cocktail (Sigma-Aldrich), 10 mM
B-glycerophosphate, and 10 mM NaF. Lysates were cleared by centrifugation at 13,000 g for
10 min at 4°C. Cleared lysates were incubated with ant i-FLAG monoclonal antibody M2 (2
Hg), anti-PACS1 polyclonal antibody or anti-BACE1 monoclonal antibody D10ES5 (2 pg) for
1.5 h at 4°C, respectively, followed by incubation with 20 ul of Protein G sepharose 4B
conjugate (Cat. No. 10-1241, ThermoFisher) preblocked with 5% BSA in lysis buffer for
another 3 hours. Beads were washed three times with lysis buffer. Bound proteins were
eluted with 3x Laemmli sample buffer and subjected to SDS-PAGE and Western blot
analysis.

For Western blot analysis, the primary antibodies used were rabbit anti-Par3 antibody
(1:5000; Cat. No. 07-330, Millipore), rabbit anti-BACE1 antibody (1:2000, D10E5, Cell
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Signaling), rabbit anti-phospho-BACE pSer498 antibody (1:2000, PA5-12549,
ThermoFisher), rabbit anti-PACS1 antibody (1:2000, a generous gift from Dr. Gary
Thomas), mouse anti-GAPDH antibody (1:8000, 6C5, Millipore), mouse anti-FLAG
antibody (1:2000, M2, Sigma- Aldrich) and rabbit anti-GFP antibody (1:1000, A-11122,
Life-technologies). The secondary antibodies used were Horseradish peroxidase-conjugated
goat anti-mouse or anti-rabbit antibodies (1:5000 Jackson ImmunoResearch Laboratories,
West Grove, PA). Proteins were visualized by enhanced chemiluminescence and imaged
using a Syngene G:BOX iChemi XR system and GeneSnap software (Mersion 7.09.3;
Syngene USA, Frederick, MD).

Immunocytochemistry

Hippocampal neurons or N2a cells were fixed in 4% paraformaldehyde with 4% sucrose in
PBS for 15 min at room temperature, then permeabilized with 0.2% Triton X-100 in PBS for
5 min at room temperature. Primary antibodies used include rabbit polyclonal BACE1
antibody (Laird et al., 2005; Ye and Cai, 2014) (1:100, a generous gift from Dr. Huaibin
Cai), 6E10 (1:100), FLAG (mouse monoclonal, 1:500, Sigma; rabbit polyclonal, 1:100, Cell
Signaling Technology), TGN (mouse monoclonal, 1:800, Thermo Scientific; rabbit
polyclonal, 1:800, Abcam). Following washes with PBS, Alexa Fluor 405, 488, or 594-
conjugated secondary antibodies (Invitrogen) diluted in 5% goat serum were incubated with
the neurons at room temperature for 1 h. Neurons were then washed with PBS and mounted
using VECTASHIELD (Vector Laboratories, Burlingame, CA). For Lysotracker staining,
neurons were live labeled with 50nM Lysotracker Deep Red for 5 min and then imaged live
with the 635nm laser.

Image Acquisition and Quantification

Confocal images were obtained using an Olympus FVV1000 confocal microscope with a 60x
water immersion objective (1.0 numerical aperture) with sequential-acquisition setting. Co-
localization measurements were performed using NIH ImageJ with the Colocalization plug-
in. Live imaging of hippocampal neurons were performed as previously described (Wu et al.,
2017). Briefly, neurons were transferred into a 37°C heate d chamber. Cells were visualized
with 488 nm excitation for eGFP and 543 nm for mRFP. Time-lapse images were collected
under 5% of laser intensity with a 100 pm pinhole size. A total of 200 to 500 frames were
captured. The stacks of images were imported into ImageJ. A membranous organelle was
classified as immobile if it was stationary for the entire recording period; a motile one was
counted only if the displacement was at least 10 pm. For tracing anterograde or retrograde
movement of different vesicles in live neurons, single and separated axons were selected and
kymographs were generated by ImageJ with extra plug-ins. The height of kymographs
represents time (200-500 frames or 5-10 min), while the width represents the length (um) of
the axon imaged. Vesicle movement was counted and quantified by unpaired Student’s #test.

Statistical analysis

All experiments were repeated at least three times. Unpaired Student’s #test or ANOVA
were used to calculate the p values. Error bars represent the S.E.M. of the samples.
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Results

Par3 regulates BACE1 retrograde trafficking from endosomes to TGN

To explore a potential role for Par3 in BACEL trafficking, we examined the subcellular
distribution of BACEL1 by co-immunostaining with a marker for the trans-Golgi network
(TGN) (Wang et al., 2012) in hippocampal neurons expressing a control ShRNA targeting
luciferase or Par3 shRNA (Zhang and Macara, 2006). Consistent with previous reports (He
et al., 2005; Vassar et al., 1999; Wang et al., 2012), BACEL1 is normally predominantly
localized to the TGN (Fig. 1a, Fig. S1 and S2). In Par3-depleted neurons, we observed a
significant decrease in BACEL co-localization with the TGN (Fig. 1 and Fig. S1 and S2).
Similar results were observed in N2a cells (Fig. S3). When Par3 was overexpressed in
hippocampal neurons or N2a cells, a slight increase in the TGN localization of exogenous
BACE1 was observed (Fig. 1a and Fig. S3). Together, these results suggest there is a defect
in the retrograde transport of BACE1 from the endosomes to the TGN in neurons depleted of
Par3.

To determine the identity of the BACEL vesicles in Par3-depleted neurons, we examined the
colocalization of BACE1 with different endosome markers. We found a significant increase
in BACEL1 colocalization with the late endosome/lysosome marker LAMP1 in Par3-depleted
hippocampal neurons (Fig. 1c and d). No significant changes in colocalization with the early
endosome marker Rab5 were observed (Fig. S4). To confirm that BACEL is targeted to the
late endosome/lysosome pathway, we treated N2a cells with cycloheximide (CHX) to inhibit
protein synthesis. BACEL1 turnover was significantly enhanced in the absence of Par3 (Fig.
S5), which further shows that it is targeted to the lysosome pathway, since BACEL is mainly
degraded by the lysosomes (Koh et al., 2005). Together, these results suggest that depletion
of Par3 targets BACEL to late endosomes/lysosomes and inhibits BACE1 retrograde
trafficking to the TGN.

We next aimed to examine BACEL1 trafficking in live neurons. In neuronal processes,
endosomes generated in the periphery are retrogradely transported back to the cell body
where they may be targeted for degradation in mature lysosomes. Alternatively, cargos are
diverted to TGN for signaling and/or recycling back to the plasma membrane (Lu and Hong,
2014; Yap and Winckler, 2012). The retromer complex, which is a key player in endosome-
to-TGN trafficking, associates with their cargos in the periphery and regulates the long-
range axonal transport of endocytic vesicles (Bhalla et al., 2012). To examine BACE1
trafficking in axons of live neurons, we performed time-lapse imaging in hippocampal
neurons expressing BACE1-RFP. As seen in Figure 1e and f, axonal retrograde trafficking of
BACE1 was significantly reduced in Par3-depleted neurons as compared with control
neurons. This was accompanied by a concomitant increase in stationary vesicles. A slight
but statistically significant decrease in anterogradely trafficking BACE1 vesicles was also
observed (Fig. 1f), which is consistent with data showing that endocytosed BACE1 undergo
bidirectional axonal trafficking (Buggia-Prevot et al., 2013).
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The Par3/aPKC complex promotes phosphorylation of BACE1 on Ser498

Next, we aimed to understand the mechanism by which Par3 regulates BACEL trafficking.
First, we performed co-immunoprecipitation between endogenous Par3 and BACE1 from
mouse brain lysates. Par3 was found in the immunoprecipitates of BACE1, suggesting that
Par3 and BACE1 form an endogenous complex (Fig. 1g). Since Par3 often functions to
recruit substrates for aPKC (Goldstein and Macara, 2007), we wondered whether aPKC
could be functioning downstream. To test this idea, we treated hippocampal neurons with an
aPKC pseudosubstrate inhibitor (PSI) (Hao et al., 2010). The inhibitor caused BACEL1 to
redistribute away from the TGN similar to Par3-depleted neurons (Fig. 2a and b), indicating
that aPKC is involved in this process.

We then wanted to determine the mechanism by which aPKC is involved in BACE1
trafficking. Since aPKC is a Ser/Thr kinase, we wondered whether aPKC might promote
phosphorylation of BACEL. BACEL is a single-transmembrane protein with a short
cytoplasmic tail. There is a single serine site (Ser498) on the cytoplasmic tail, which is
known to be phosphorylated (Walter et al., 2001). However it remains unclear how this
phosphorylation is regulated in physiological and pathological processes. To see whether the
Par3/aPKC complex regulates BACE1 phosphorylation on Ser498, we first examined Ser498
phosphorylation in hippocampal neurons depleted of Par3, using a phospho-specific
antibody against the Ser498 site. The specificity of this antibody was tested using the S498A
mutant (Fig. S6). We observed a significant decrease in p-Ser498 in hippocampal neurons
infected with lentivirus expressing Par3 shRNA (Fig. 2c and e). To see whether aPKC is
involved, we treated hippocampal neurons with the aPKC PSI. Neurons treated with the
aPKC PSI show a significant decrease in p-Ser498 as compared with vehicle controls (Fig.
2d and f). Total BACEL showed a slight and statistically insignificant decrease in Par3
shRNA expressing or aPKC PSI treated cells (Fig. S7). Taken together, these results show
that the Par3/aPKC complex functions to promote Ser498 phosphorylation on BACEL.

To determine whether Ser498 phosphorylation of BACEL is downstream of Par3/aPKC in
regulating BACEL1 trafficking, we first expressed BACE1 Ser498 mutants in hippocampal
neurons. Consistent with previous studies in non-neuronal cells (He et al., 2005; Wahle et
al., 2005; Walter et al., 2001), BACE1 S498A showed a redistribution away from the TGN,
while the S498D mutant predominantly localized to the TGN in hippocampal neurons (Fig.
3a and b). We next examined the colocalization of BACE1 mutants with organelle markers
using live staining. The S498A mutant showed significantly increased colocalization with
Lysotracker (Fig. 3c and d), suggesting that de-phosphorylation of the Ser498 site increases
BACE] targeting to the late endosome/lysosome pathway. To further confirm this, we
performed co-immunoprecipitation between BACE1 mutants and Rab7. BACE1 S498A
mutant showed significantly increased interaction with Rab7 (Fig. 3e and f), further showing
that the S498A mutation increases BACEL1 targeting to the late endosome/lysosome
pathway.

To see if Ser498 phosphorylation is downstream of Par3/aPKC in regulating BACE1
trafficking, we co-expressed different BACE1 mutants in hippocampal neurons depleted of
Par3. BACE1 S498D was able to restore the TGN localization in Par3-depleted neurons
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(Fig. 4). Together, these results suggest that Ser498 phosphorylation of BACEL1 is
downstream of Par3/aPKC in regulating BACEZ1 trafficking.

Ser498 phosphorylation regulates BACEL trafficking through modulating its interaction

with PACS1

We next aimed to elucidate the mechanism by which Par3/aPKC-mediated phosphorylation
of BACEL on Ser498 regulates its trafficking. The Ser498 site lies in an acidic cluster
dileucine motif in its cytoplasmic tail (He et al., 2002; He et al., 2003; Huse et al., 2000).
One protein that binds to acidic cluster motifs and directs retrograde endosome-to-TGN
trafficking is the phosphofurin acidic cluster sorting protein 1 (PACS1) (Wan et al., 1998).
Thus, we tested the possibility that PACS1 is involved in the Par3/aPKC mediated retrograde
trafficking of BACEL. First, we performed co-immunoprecipitation of endogenous BACE1
and PACS1 from mouse brain lysates. We were able to detect PACS1 in the
immunoprecipitates of BACE1 (Fig. 5a), and vice versa (Fig. 5b). This suggests that BACE1
and PACS1 form an endogenous complex.

To determine whether Ser498 regulates the interaction between BACE1 and PACS1, we co-
expressed HA-tagged PACS1 with FLAG-tagged BACEL Ser498 mutants in HEK293 cells
and performed immunoprecipitation using FLAG antibody. The amount of PACS1 co-
precipitated was detected by Western blotting. The S498A mutation significantly reduced
the amount of PACS1 pulled down by BACE1, as compared with the WT and S498D
BACE1 (Fig. 5c and d). This suggests that Ser498 phosphorylation promotes the interaction
between BACE1 and PACS1.

Finally, we examined whether PACS1 is necessary for the Ser498 phosphorylation-mediated
retrograde trafficking of BACE1 to the TGN. We used short hairpin RNAs (shRNAs) to
deplete endogenous PACS1 in hippocampal neurons. The efficiency of the PACS1 shRNAs
were verified in both Rat2 cells and N2a cells (Fig. S8). Depletion of PACS1 caused wild
type BACEL to redistribute away from the TGN (Fig. 6a and c¢) and to the late endosomes/
lysosomes (Fig. 6b and d). Similarly, the phosphomimetic S498D mutant also showed
decreased localization to the TGN and increased targeting to the late endosomes/lysosomes
when PACS1 was depleted (Fig. 6), suggesting that PACS1 is necessary for Ser498
phosphorylation-mediated retrograde trafficking of BACEL to the TGN. Taken together,
these results suggest that Ser498 phosphorylation-mediated binding of BACEL to PACSL1 is
necessary for the retrograde trafficking of BACE1 from the endosomes to the TGN.

Ser498 phosphorylation of BACEL is reduced in human AD brains

We wanted to determine whether the Par3/aPKC mediated BACE1 phosphorylation at
Ser498 is important for AD progression in vivo. Our recent studies found that there is a
significant decrease in Par3 protein levels in the temporal cortex of AD patients (Sun et al.,
2016). If abnormalities in Par3/aPKC regulated Ser498 phosphorylation are important for
AD progression, one would predict to see a decrease in Ser498 phosphorylation in AD
patients. Thus, we performed Western blot on the temporal cortex of AD patients and
healthy age matched control subjects. In support of our hypothesis, there was a drastic
decrease in Ser498 phosphorylation of BACEL in AD subjects (Fig. 7a and b). In addition,
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we observed a significant increase in BACE1 expression in AD subjects as compared with
healthy controls (Fig. 7a and c), which is consistent with previous studies showing elevated
levels of BACE1 mRNA (Coulson et al., 2010) and protein (Fukumoto et al., 2002; Harada
et al., 2006; Holsinger et al., 2002; Li et al., 2004; Tyler et al., 2002; Yang et al., 2003) in the
AD brain. Total PACSL1 levels were not significantly changed (Fig. 7a and d). Together, these
results suggest that decreased Ser498 phosphorylation of BACEL is involved in AD
progression.

Discussion

During AD progression, the amount of AP generation depends on the subcellular trafficking
of BACEL1 and its convergence with APP in different vesicular compartments. In this study,
we show that Par3 and aPKC are novel regulators of BACEL1 trafficking in hippocampal
neurons. We found that Par3 forms a complex with BACEL, and the Par3/aPKC complex
functions to promote BACE1 phosphorylation at Ser498, which increases its interaction with
PACSL1 and facilitates BACE1 retrograde trafficking to the TGN (Fig. S9). In the absence of
Par3 or when aPKC activity is inhibited, we observed a reduction in Ser498 phosphorylation
and defective retrograde trafficking of BACE1 from the endosomes to the TGN.

Defective endosome-to-TGN retrograde trafficking is characteristic of the AD brain.
Anomalies in a number of proteins involved in this retrograde trafficking pathway have been
observed in AD brains. For example, components of the retromer complex, Vps26 and
Vps35, are significantly downregulated in the AD brain (Small et al., 2005). SorL A, a Vps10
family sorting receptor that facilitates endosome-to-TGN trafficking, is also downregulated
in the AD (Dodson et al., 2006; Scherzer et al., 2004), and population-based studies have
confirmed the association of gene variants of SorLA and sporadic AD (Lee et al., 2007;
Rogaeva et al., 2007). Defects in the retromer complex or SorLA increase Af generation in
cellular and mouse models of AD (Herskowitz et al., 2012; Wen et al., 2011), and both
Vps26 and Vps35 are known to be involved in retrograde BACEL1 trafficking (He et al.,
2005; Wang et al., 2012). Our results show that loss of Par3 or inhibition of aPKC blocks
retrograde endosome-to-TGN trafficking of BACE1, thereby increasing the amount of
BACE1 in the endocytic compartments. This will increase the chance for BACEL1 to
converge with APP and facilitates AR generation, as Ap has been reported to be generated in
early endosomes (Kinoshita et al., 2003; Rajendran et al., 2006; Udayar et al., 2013),
recycling endosomes (Das et al., 2013; Das et al., 2016), as well as late endosomes/multi-
vesicular bodies and lysosomes (Edgar et al., 2015; Sannerud et al., 2016; Tam et al., 2014;
Tang et al., 2015). Lysosomal defects that are wide-spread in the AD brain likely exacerbate
the BACE1 and Ap accumulations in these degradative organelles (Gowrishankar et al.,
2015) or in late endocytic organelles destined for fusion with lysosomes (Takahashi et al.,
2002; Ye and Cai, 2014). Intriguingly, Ap40 is also generated in the TGN after retrograde
trafficking from the endosomes in non-neuronal cells; however, the convergence with
BACEL is believed to occur in the endosomes (Choy et al., 2012). It will be important to
better understand the physiologically relevant intracellular sites of APP and BACE1
convergence and AP generation, which will help elucidate the mechanisms of AD
progression.
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Significant evidence points to a role for BACE1 axonal trafficking in Ap generation.
Previous studies have shown that Ap is released near presynaptic sites (Buxbaum et al.,
1998; Lazarov et al., 2002; Sheng et al., 2002; Sokolow et al., 2012). Presynaptic A is
likely generated through BACEL processing of APP in the axon, as abnormal BACE1
accumulation is found in the dystrophic axons near presynaptic terminals in mouse and
human AD brains (Kandalepas et al., 2013; Zhang et al., 2009). Recent studies show that
defective axonal retrograde trafficking of BACEL causes it to accumulate in late endocytic
vesicles and increases AP generation at presynaptic terminals (Feng et al., 2017; Ye et al.,
2017). Our data show that loss of Par3 disrupts BACE1 axonal retrograde trafficking and
causes an increase in stalled BACE1-containing vesicles in the axon (Fig. 1). It is plausible
that this disrupted BACE1 axonal trafficking will cause an increase in presynaptic Ap
generation in Par3-depleted neurons.

Interestingly, our recent studies show that Par3 is decreased in AD patient brains. We found
that Par3 regulates APP trafficking and intracellular AB generation in neurons (Sun et al.,
2016). Here we found Par3 is also involved in the trafficking of BACE1; however, Par3
showed distinct effects on APP and BACEL. While Par3 regulates APP trafficking through
the endocytic adaptor Numb (Sun et al., 2016), the effects of Par3 on BACEL1 is through
PACSL. This suggests that the observed phenotype of Par3 depletion is not due to a global
disruption of vesicular trafficking. The distinct effects of Par3 on APP versus BACE1
trafficking are consistent with previous studies showing APP is internalized through the
clathrin-dependent pathway while BACEL is internalized through a clathrin-independent
pathway (Sannerud et al., 2011).

We found that Par3/aPKC-dependent phosphorylation of BACE1 on Ser498 is important for
its retrieval from the endosomes to the TGN (Fig. 4), which is consistent with previous
reports on the role of Ser498 phosphorylation in BACEL trafficking (He et al., 2005; Wahle
et al., 2005; Walter et al., 2001). Interestingly, while previous studies in HEK293 cells and
HeLa cells found that the non-phosphorylatable S498A mutant is retained in early
endosomes (He et al., 2005; Wahle et al., 2005; Walter et al., 2001), we found that in
hippocampal neurons, S498A is largely targeted to the late endosome/lysosome pathway.
The differences in cell types and/or lysosome turnover rate likely account for the differential
targeting of the S498A mutant. We further show that PACS1 binds BACEL in a
phosphorylation-dependent manner and promotes BACE1 retrograde trafficking (Fig. 6). It
remains to be determined whether PACS1 functions coordinately with other proteins known
to regulate the endosome-to-TGN trafficking of BACEL, such as Golgi-localized -y-ear-
containing ARF-binding (GGA) proteins (He et al., 2005; Scott et al., 2006; Tesco et al.,
2007; Wahle et al., 2005; Walker et al., 2012), the retromer complex (Wang et al., 2012),
Sortilin and SorLA (Finan et al., 2011; Spoelgen et al., 2006), and/or proteins that are known
to regulate the axonal retrograde trafficking of BACEL, such as the dynein adaptor Snapin
(Feng et al., 2017; Ye and Cai, 2014; Ye et al., 2017).

BACE1 is post-translationally modified through phosphorylation, acetylation, S-
palmitoylation and glycosylation on both the intracellular and extracellular domains
(Kandalepas and Vassar, 2012). Here we show that phosphorylation at Ser498 is
significantly reduced in the human AD brain as compared with healthy age-matched
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controls, suggesting that reduced phosphorylation of Ser498 contributes to AD progression.
Interestingly, phosphorylation of Thr252 in the extracellular domain of BACEL by Cdk5
increases its activity, and levels of Thr252 phosphorylation is increased in the AD patients
(Song et al., 2015). Other post-translational modifications, such as glycosylation and
acetylation, also affect BACEL trafficking, activity and/or expression levels (Kizuka et al.,
2015; Kizuka et al., 2016; Ko and Puglielli, 2009). A comprehensive understanding of
abnormal post-translational modifications of BACEL occurring in the AD brain will
facilitate the development of therapies aimed at targeting BACE1 activity in AD patients.

BACEL1 has primarily been examined in the context of neurodegeneration and AD. Here we
show an unexpected mechanistic link between BACE1 and a polarity protein complex
essential for all stages of animal development. This raises the possibility that BACE1 also
plays important physiological roles during development. Indeed, studies have shown
physiological roles for BACE1 during brain development (Cole and Vassar, 2008; Muller
and Zheng, 2012; Soldano and Hassan, 2014), as well as myelination of the central and
peripheral nervous system (Hu et al., 2006; Willem et al., 2006); however, the underlying
molecular mechanisms still remain unclear. It will be interesting to see whether their
interactions with the Par polarity complex are important for normal nervous system
development.

Conclusions

In summary, our studies reveal that the Par complex, a key player in cell polarization during
development, plays an important role in BACEL1 trafficking. Par3 functions through directing
distinct trafficking pathways for APP (Sun et al., 2016) and BACEL. Par3 and its binding
partner aPKC function by promoting the phosphorylation of BACE1 at Ser498.
Phosphorylation at this site is necessary for the retrograde trafficking of BACE1 to the TGN
through its interaction with PACS1. During AD pathogenesis, Par3 protein level is decreased
in the brain (Sun et al., 2016), along with a decrease in BACEL Ser498 phosphorylation
(Fig. 7). This leads to defective endosome-to-TGN retrograde trafficking of BACE1 and an
increase in intracellular Ap generation (Sun et al., 2016). Together, our results reveal an
unexpected link between the Par complex and the retrograde trafficking of BACEL and shed
light on the mechanisms of Alzheimer’s disease pathogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Par3 and aPKC regulate BACE1 endosome-to-TGN trafficking.
. Par3/aPKC complex promotes Ser498 phosphorylation of BACEL.
. Ser498 phosphorylation facilitates BACE1 interaction with PACSL.
. PACSL1 is necessary for the endosome-to-TGN trafficking of BACEL.

. Ser498 phosphorylation of BACEL is decreased in the Alzheimer’s brain.
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Figure 1. Par3 forms a complex with BACE1 and regulates its trafficking
(a) Hippocampal neurons were transfected with indicated constructs. At DIV11 neurons

were immunostained for FLAG (red) and TGN (green). Merge shows the overlap between
BACE1 and TGN. Scale bar: 10um. (b) Quantification of colocalization of BACE1 and
TGN. (c) Hippocampal neurons were transfected with indicated constructs together with
hBACE1-GFP and LAMP1-mRFP and imaged live on DIV11. Scale bar: 10um. (d)
Quantification of colocalization of hBACE1-GFP and LAMP1-mRFP. Data were expressed
as Mean £ SEM with Student’s t test, *p<0.05; ** p<0.01; *** p<0.001. n=10-15. (e)
Hippocampal neurons were transfected with indicated constructs together with hRBACE1-
RFP. Live images were captured on DIV11 and kymographs were generated to trace BACE1
trafficking in axons. Scale bar: 30s/20um. (f) Quantification of the mobility of BACE1
containing vesicles (anterograde, immobile and retrograde). Data were expressed as Mean +
SEM with Student’s t test: *p<0.05; ** p<0.01; *** p<0.001. Data were analyzed from 10—
15 neurons and 1000-2000 vesicles. (g) Endogenous BACE1 was immunoprecipitated from
mouse cortex and the precipitated complex was analyzed by Western blotting for Par3 and
BACEL.
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Figure 2. The Par3/aPKC complex promotes BACE1 phosphorylation on Ser498
(a) Hippocampal neurons were transfected with BACE1-FLAG and immunostained for

FLAG (red) and TGN (green). Scale bar: 10 um. (b) Quantification of colocalization of
BACE1-FLAG and TGN. Data were expressed as Mean + SEM with Student’s t test,
***n<0.001, n=15. (c) Primary hippocampal neurons were infected with Luciferase ShRNA
or Par3 shRNA expressing lentivirus at DIV 0. On DIV 7 neurons were lysed and analyzed
by Western blotting. (d) Primary hippocampal neurons were treated with aPKC
pseudosubstrate inhibitor (PSI) (2ug/ml) at DIV 10 and lysed on DIV 13. Lysates were
analyzed by Western blotting to detect total BACE1 and phospho-Ser498 BACEL levels. (e)
Quantification of pSer498 normalized to total BACE1 from blots in (c). (f) Quantification of
pSer498 normalized to total BACEL from blots in (d). Data were expressed as Mean = SEM
with Student’s t test, *p<0.05; n=6.
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Figure 3. Ser498 phosphorylation regulates BACEL retrograde trafficking
(a) Hippocampal neurons were transfected with indicated BACE1 constructs and

immunostained for FLAG (red) and TGN (green). Scale bar: 10 um. (b) Quantification of
the colocalization of BACE1 and TGN. (c) Hippocampal neurons were transfected with
indicated BACEL constructs (magenta) and live stained with Lysotracker deep red (cyan) for
5 min. Merge shows the overlap between BACEL and Lysotracker. Scale bar: 10 pm. (d)
Quantification of the colocalization of BACE1 and Lysotracker. *p<0.05, ***p<0.001,
n=10-15. (e) N2a cells were transfected with indicated BACE1 mutation constructs and
GFP-Rab7. Cell lysates were immunoprecipitated with anti-FLAG antibody and
immunoprecipitated complexes were analyzed by Western blot. (f) Quantification of blots in
(e), normalized to GFP-Rab7 input, *p<0.05, n=3.
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Figure 4. Ser498 phosphorylation is downstream of Par3 in regulating BACEL1 trafficking
(a) Hippocampal neurons were transfected with indicated constructs. At DIV11, neurons

were immunostained for FLAG (magenta) and TGN (cyan). Venus (green) indicates positive
neurons. (b) Quantification of BACE1-FLAG and TGN colocalization. Data were expressed
as Mean £ SEM with Student’s t test: ** p<0.01; *** p<0.001, n=10-15. Scale bar: 10um.
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Figure 5. Ser498 phosphorylation of BACE1 promotes its interaction with PACS1
(a) Endogenous BACE1 was immunoprecipitated from mouse cortex and the precipitated

complex was analyzed by Western blotting for PACS1 and BACEL1. (b) Endogenous PACS1
was immunoprecipitated from mouse cortex and the precipitated complex was analyzed by
Western blotting for BACE1 and PACS1. (c) HEK?293 cells were transfected with FLAG-
tagged BACEL1 constructs and PACS1-HA, lysed and immunoprecipitation was performed
by anti-FLAG antibody. Precipitated complex was analyzed by Western blotting with the
indicated antibodies. (d) Quantification of co-precipitated PACS1 normalized to input from
blots in (c). Data were expressed as Mean + SEM with Student’s t test: *p<0.05,** p<0.01,
n=3.
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Figure 6. Depletion of PACS1 causes a redistribution of BACEL constructs to the late endosomes/
lysosomes
(a) Hippocampal neurons were transfected with indicated constructs. At DIV10, neurons

were immunostained for FLAG (magenta) and TGN (cyan). Merge shows the overlap
between BACE1 and TGN. Venus (green) indicates positive neurons. (b) Hippocampal
neurons were transfected with indicated BACEL constructs (magenta) and live stained with
Lysotracker Deep Red (cyan) for 5 min. Merge shows the overlap between BACE1 and
Lysotracker. Venus (green) indicates positive neurons. (¢) Quantification of BACE1-FLAG
and TGN colocalization. (d) Quantification of BACE1-RFP and Lysotracker Deep Red
colocalization. Data were expressed as Mean + SEM with Student’s t test: *p<0.05; **
p<0.01; n=10-15. Scale bar: 10um.
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Figure 7. Ser498 phosphorylation of BACEL is reduced in Alzheimer’s brains
(a) Lysates from the temporal lobes of AD patients or healthy age-matched controls were

analyzed by Western blotting. (b) Quantification of Ser498 phoshphorylation normalized to
total BACEL. (c) Quantification of total BACEL1 levels normalized to GAPDH. (d)
Quantification of PACS1 levels normalized to GAPDH, n=14, *p<0.05; ** p<0.01 by
Student’s t-test.
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