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Abstract

The processing of amyloid precursor protein (APP) into β-amyloid peptide (Aβ) is a key step in 

the pathogenesis of Alzheimer’s disease (AD), and trafficking dysregulations of APP and its 

secretases contribute significantly to altered APP processing. Here we show that the cell polarity 

protein Par3 plays an important role in APP processing and trafficking. We found that the 

expression of full length Par3 is significantly decreased in AD patients. Overexpression of Par3 

promotes non-amyloidogenic APP processing while depletion of Par3 induces intracellular 

accumulation of Aβ. We further show that Par3 functions by regulating APP trafficking. Loss of 

Par3 decreases surface expression of APP by targeting APP to the late endosome/lysosome 

pathway. Finally, we show that the effects of Par3 are mediated through the endocytic adaptor 

protein Numb, and Par3 functions by interfering with the interaction between Numb and APP. 

Together, our studies show a novel role for Par3 in regulating APP processing and trafficking.
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 Introduction

Alzheimer’s disease (AD) is a devastating age-related neurodegenerative disease. Of the AD 

cases, over 90% are sporadic and advanced age remains the biggest risk factor. AD is 

characterized by the presence of β-amyloid (Aβ) plaques and neurofibrillary tangles 

containing hyperphosphorylated tau. Aβ is generated by β- and γ-secretase cleavage of the 
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single-transmembrane amyloid precursor protein (APP). APP can also be processed by α-

secretase, which cleaves within Aβ. A non-toxic P3 peptide is generated instead. Thus, 

channeling APP processing towards this non-amyloidogenic pathway can reduce Aβ 

production and potentially slow down AD progression (1). Significant evidence shows that 

the trafficking properties of both APP and its secretases affects how APP is processed (2). It 

is generally believed that amyloidogenic processing occurs in the endocytic compartments, 

where β- and γ-secretases show optimal activity (3,4). By contrast, non-amyloidogenic 

processing occurs mostly on the cell surface (5). It is thus important to understand the 

molecular mechanisms regulating the intracellular trafficking of APP.

The partitioning-defective (Par) polarity proteins are a group of evolutionarily conserved 

proteins that are essential for cell polarization from worms to mammals (6). In mammals, 

the Par proteins include Par1, 3, 4, 5 and 6. Of these, Par3 and Par6 form a complex with 

atypical PKC (aPKC) and Cdc42, which is commonly called the Par complex. The Par 

complex is essential for multiple cellular processes during animal development, including 

asymmetric cell division (7), epithelial morphogenesis (8,9), cell migration (10–15), axon 

specification (16–18) and dendritic spine formation (19–21). However, it is unknown 

whether the Par complex plays a role in brain aging and age-related neurodegeneration.

Increasing evidence points to a role for the Par polarity complex in vesicle trafficking. A 

genome-wide RNA interference screen revealed Par3, Par6, aPKC and Cdc42, all 

components of the Par polarity complex, as important regulators of endocytic trafficking 

(22). In addition, Par3, Par6 and aPKC interact with components of the exocyst complex 

(13,23,24). Furthermore, Cdc42, Par6 and aPKC regulate E-cadherin endocytosis, thereby 

maintaining epithelial polarity (25,26). Despite an emerging role for the Par complex in 

vesicle trafficking, the underlying molecular mechanism is still not well understood. 

Moreover, it is not known whether this complex is involved in trafficking of APP or its 

secretases.

Here we show that the Par complex regulates APP processing and trafficking. We found that 

in AD patients, the expression level of full length Par3 is significantly reduced. Knockdown 

of Par3 increases intracellular Aβ generation, while overexpression of Par3 promotes non-

amyloidogenic APP processing. We further show that Par3 regulates APP trafficking by 

promoting its targeting to the recycling pathway, while knockdown of Par3 leads to late 

endosomal/lysosomal targeting of APP. Finally, we show that Par3 functions through 

disrupting the interaction between the endocytic adaptor Numb and APP. Together, our data 

show a novel role for Par3 in APP trafficking and Aβ generation.

 Experimental Procedures

 Plasmids and Reagents

All plasmids encoding full length or truncated versions of Par3b and Par3c, and Par3 

shRNAs have been previously described (8,9,19,20). pcDNA3-APP was a generous gift 

from Dr. Sangram S. Sisodia (University of Chicago). For pcDNA3-APPmRFP, mRFP was 

inserted at the C-terminus of APP in the NotI site. GFP-Rab5 was generously provided by 

Dr. James Casanova (University of Virginia), GFP-Rab7 was a gift from Dr. John Brumell 
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(University of Toronto), and GFP-Rab11 was generously provided by Drs. Chan Choo Yap, 

Bettina Winckler (University of Virginia) and Ira Mellman (Genentech). For shRNA 

knockdown of Numb, the following oligonucleotides 5’- 

gatccccGATTGAAAGCTGAAAGGAAttcaagagaTTCCTTTCAGCTTTCAATCtttttggaaa-3’ 

and 5’-

agcttttccaaaaaGATTGAAAGCTGAAAGGAAtctcttgaaTTCCTTTCAGCTTTCAATCggg-3’ 

were annealed and cloned into the pSUPER vector as previously described (27). GFP-Numb 

(p66 isoform) was generously provided by Dr. Ian Macara (Vanderbilt University). Neuro2a 

cells (N2a) stably expressing wild type human APP695 was a generous gift from Dr. Gopal 

Thinakaran (University of Chicago). Frozen human brain temporal lobe tissue was obtained 

from Sun Health Research Institute Brain and Body Donation Program of Sun City, AZ.

 Primary hippocampal and cortical neurons and transfection

Hippocampal or cortical neuron cultures were prepared from embryonic day 18 Sprague-

Dawley rats as described previously (27,28). Hippocampal neurons were transfected using 

either a CalPhos mammalian transfection kit (Clontech) or Effectene transfection reagent 

(Qiagen) at DIV 4–5 or DIV 10–11, respectively. Cortical neurons were infected with 

lentivirus at DIV 0.

 Co-immunoprecipitation, Western Blotting and ELISA

For co-immunoprecipitation experiments, Neuro2a cells expressing different plasmid 

constructs or mouse brains were lysed on ice in buffer containing 25 mM Hepes, 150 mM 

NaCl, 10 mM MgCl2, 1% Nonidet P-40, and 10 mM DTT and supplemented with protease 

inhibitor cocktail (Sigma-Aldrich), phosphatase inhibitor cocktail (Sigma-Aldrich), 10 mM 

β-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 anti-APP monoclonal antibody 6E10 (2 

µg) for 1.5 h at 4°C followed by incubation with 20 µl of Dynabeads Protein G preblocked 

with 5% BSA in lysis buffer for another 3 hours. Beads were washed three times with lysis 

buffer. Bound proteins were eluted with 3× Laemmli sample buffer and subjected to SDS-

PAGE and Western blot analysis.

For Western blot analysis, the primary antibodies used were mouse anti-APP antibody 

(1:2000, 6E10, Signet), mouse anti-APP antibody (1:1000, 22C11, Millipore), rabbit anti-

APP antibody (1:8000, A8717, Sigma-Aldrich), rabbit anti-Par3 antibody (1:5000; a 

generous gift from Dr. Ian Macara), rabbit anti-BACE1 antibody (1:2000, D10E5, Cell 

Signaling), mouse anti-Presenilin-1 (1:1000, PS1-loop, Millipore), rabbit anti-Numb 

antibody (1:2000, Proteintech), mouse anti-GAPDH antibody (1:8000, 6C5, Millipore), and 

rabbit anti-GFP antibody (1:1000, A-11122, Life Technologies). The secondary antibodies 

used were Horseradish peroxidase-conjugated goat anti-mouse or rabbit antibody (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 (Version 7.09.a; Syngene USA, Frederick, MD).

For ELISA measurements of Aβ40, primary cortical neurons were infected with different 

constructs at DIV0. Five days after infection, media supernatants were collected for 
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measurement of secreted Aβ40. Neurons were lysed for measurement of intracellular Aβ40. 

Aβ40 was measured using an ELISA kit obtained from Wako Chemicals (Cat. No. 

294-62501) following the manufacturer’s protocol.

 Immunocytochemistry and immunohistochemistry

Hippocampal neurons or N2a cells were fixed in 4% paraformaldehyde (PFA) 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. Cells were blocked with 20% goat serum in PBS for 

1 h at room temperature and then incubated with primary antibodies diluted in 5% goat 

serum in PBS for 1 h at room temperature or overnight at 4 °C. Primary antibodies used 

include 6E10 (1:100), TGN46 (rabbit polyclonal to TGN46, 1:800, Abcam) and LAMP1 

(rabbit polyclonal to LAMP1, 1:500, 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 APP surface or recycling immunostaining, hippocampal neurons were transfected with 

APP-RFP at DIV5. At DIV9, neurons were washed with PBS and live labeled with 6E10 

diluted in Neurobasal media. For surface staining, neurons were live labeled at 20°C for 60 

min, then fixed with 4% PFA with 4% sucrose and stained with Alexa Fluor 488- conjugated 

secondary antibody (29). For staining of recycled APP, neurons were live labeled with 6E10 

for 30 min at 10°C and then incubated in 37°C for 1 hour. After PBS washes, neurons were 

blocked by HRP-conjugated secondary antibody diluted in Neurobasal media for 1 hour at 

10°C and then incubated at 37 °C for another 1 hour. After 4% PFA fixation, neurons were 

stained with Alexa Fluor 488- conjugated secondary antibody. Control neurons were directly 

stained with secondary antibody after blocking without further incubation.

For immunostaining of internalized APP, N2a cells stably expressing WT APP695 were 

stained with 6E10 for 1 hour at 4 °C, and then incubated at 37°C for 20 or 60 min. Cells 

were fixed in 4% paraformaldehyde with 4% sucrose in PBS for 15 min at room 

temperature, and then blocked by HRP-conjugated secondary antibody for 1 hour at room 

temperature. After washing by PBS, cells were permeabilized with 0.2% Triton X-100 in 

PBS for 5 min at room temperature and then immunostained with the indicated primary or 

secondary antibodies.

 Surface biotinylation

For surface biotinylation, N2a cells stably expressing WT APP695 were washed with PBS, 

then incubated in 1mM Sulfo-NHS-SS-Biotin (Pierce) in PBS for 1 hour in 4 °C. Unreacted 

ester was quenched in cold 50mM Tris-HCl for 10 min. To examine internalization, cells 

were surface biotinylated and then incubated at 37 °C for 1 hour. Cells were then treated 

with cleavage buffer [50mM glutathione(Sigma-Aldrich), 90mM NaCl, 1.25mM CaCl2, 

1.25mM MgSO4, 0.2% BSA pH8.6] for 30 min at 4°C. For recycling, cells were surface 

biotinylated and incubated at 37°C to allow internalization. Surface biotin was cleaved as 

above and cells were returned to 37°C for another 30 min in serum free DMEM medium. 

Surface biotin was then cleaved again with the same cleavage buffer for another 30 min. 
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Cells were then lysed in cell lysis buffer (50mM Tris-HCl, pH7.5, 150mM NaCl, 2mM 

EDTA, 1% Triton X-100), containing protease inhibitor cocktail (Sigma-Aldrich). Lysates 

were incubated with NeutrAvidin-agarose beads (Pierce) in a rotary shaker for 3 hours at 

4 °C. Beads were washed three times with cell lysis buffer and analyzed by SDS-PAGE 

followed by immunoblotting.

 Image Acquisition and Quantification

Confocal images were obtained using an Olympus FV1000 confocal microscope with a 60 × 

water immersion objective (1.0 numerical aperture) with sequential-acquisition setting. Co-

localization measurements were performed using NIH ImageJ.

 Statistical analysis

All experiments were repeated at least three times. Unpaired Student's t-tests or One-Way 

ANOVA were used to calculate the p values. Error bars represent the S.E.M. of the samples.

 Results

 Loss of full length Par3 in human AD brains

A previous study found that Par3 and PKCζ, one of the two mammalian aPKCs, are among 

the top dysregulated genes in human AD samples (30). Thus, we hypothesized that the Par 

complex is involved in AD pathogenesis. To test this idea, we first examined Par3 protein 

expression levels in human AD patients. Previous studies show that the predominant isoform 

of Par3 in the brain is the full length, 180 KD isoform, with low levels of the C-terminally 

truncated 100 KD isoform, which lacks the region that binds many important partners 

including aPKC, Numb, TIAM1 and KIF3 (8,19,31–34). Consistent with this, we found that 

in healthy subjects, the major Par3 isoform expressed is the full length, 180KD isoform. In 

AD patients, there is a dramatic loss of full-length Par3 compared with age-matched healthy 

controls (Fig. 1a and b). These results suggest that the loss of full-length Par3 may be 

important in the AD pathogenic process.

 Par3 regulates APP processing and Aβ generation

To test our hypothesis that loss of full length Par3 is important for AD progression, we first 

aimed to determine whether Par3 is involved in APP processing and Aβ generation. To 

examine the effects of Par3 on APP processing, we overexpressed or knocked down Par3 in 

Neuro2a (N2a) cells stably expressing wild type APP (35). Overexpression of Par3 increased 

the generation of C-terminal fragment α (CTFα), a cleavage product of α-secretase. By 

contrast, knockdown of Par3 significantly decreased the amount of CTFα (Fig. 2a and c). 

Total APP, BACE1 and PS1 levels were not significantly affected. Similar results were 

obtained when the γ-secretase inhibitor DAPT was present, indicating that the observed 

effect of Par3 is on α-secretase and not γ-secretase (Fig. S1a–c). Interestingly, under DAPT 

treatment in which CTFβ can be better resolved, we observed an increase in CTFβ/CTFα 

ratio in Par3 depleted cells, suggesting that Par3 depletion reduces α-cleavage while 

facilitating β-cleavage (Fig. S1b, d, e). To further test the effects of Par3 on APP processing, 

we examined the level of soluble APPα (sAPPα), another cleavage product of non-

amyloidogenic α-secretase processing. Overexpression of Par3 caused a significant increase 
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in sAPPα in primary cortical neurons, while knockdown of Par3 caused a decrease in sAPPα 

(Fig. 2b and d). Taken together, these results suggest that Par3 promotes non-amyloidogenic 

APP processing.

Because APP processing affects Aβ generation, we next examined the effect of Par3 on Aβ 

generation. Par3 was either overexpressed or depleted in cortical neurons as described 

above. Both intracellular and secreted Aβ40 were then measured using an ELISA kit. 

Overexpression of Par3 reduced secreted Aβ40, but had no effect on intracellular Aβ40. 

Interestingly, knockdown of Par3 reduced secreted Aβ40 while increasing intracellular Aβ40 

(Fig. 2e and f). Taken together, these results suggest that Par3 promotes non-amyloidogenic 

processing and loss of Par3 induces intracellular Aβ40 accumulation.

 Par3 regulates APP trafficking

Since Par3 regulates APP processing, we wondered whether Par3 affects APP surface 

expression, as α-cleavage usually occurs on the cell surface (5). First, we live labeled for 

surface APP in hippocampal neurons using the 6E10 antibody to the extracellular domain of 

APP. As expected, Par3 overexpression increased surface APP, while depletion of Par3 

significantly reduced surface APP (Fig. 3a and c). Similar effects were observed in N2a cells 

(data not shown). To confirm these results, we performed surface biotinylation in N2a cells 

stably expressing wild type APP (APPwt). Consistent with our results in hippocampal 

neurons, we observed a significant increase in surface APP upon Par3 overexpression, while 

Par3 depletion caused a significant decrease in surface APP (Fig. 3b and d).

The Par complex has been implicated in protein trafficking (13,22,23,25,26). Thus, we 

hypothesize that Par3 regulates APP processing and surface expression by modulating its 

trafficking. We used the biotinylation assay to examine APP endocytosis and recycling. To 

examine endocytosis, we surface biotinylated APPwt N2a cells at 4°C, then switched to 

37°C to allow endocytosis. Remaining surface biotin was cleaved by glutathione. Cells were 

lysed and subjected to Western blot to determine the amount of internalized APP. The rate of 

internalization was not significantly altered (Fig. 4a and c). We then determined the rate of 

APP recycling. APPwt N2a cells were surface biotinylated and incubated at 37°C to allow 

internalization. They were then cooled to 4°C to stop membrane trafficking and the 

remaining surface biotin were cleaved. Cells were then returned to 37°C to allow for 

recycling and the newly inserted surface biotin was cleaved again. Cells were lysed and 

blotted for APP to determine the amount that remained intracellularly after recycling. Par3 

overexpression caused a significant decrease in the amount of APP remaining intracellularly 

after recycling, which indicates Par3 promotes APP recycling to the cell surface (Fig. 4b and 

d). To confirm these results, we also examined APP recycling in hippocampal neurons. Live 

neurons were incubated with APP extracellular antibody. They were incubated at 37°C for 1 

h to allow internalization. Neurons were cooled to stop internalization and the remaining 

surface APP was blocked by a cold secondary antibody. They were then returned to 37°C to 

allow recycling, and APP that had recycled to the cell surface were stained with a 

fluorescent secondary antibody. Consistent with our biotinylation results, neurons 

overexpressing Par3 showed significantly increased APP recycling while knockdown of Par3 
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decreased recycling (Fig. 4e and f). Taken together, our results show that Par3 promotes 

surface expression of APP by increasing its targeting to the recycling pathway.

To determine the fate of the internalized APP, we performed an antibody uptake assay in 

N2a cells stably expressing WT APP and co-immunostained internalized APP with markers 

of early endosomes (Fig. 5), late endosomes/lysosomes (Fig. 6) and recycling endosomes 

(Fig. 7). In Par3-depleted cells, internalized APP showed a significant increase in 

colocalization with Rab7, a marker for late endosomes/lysosomes, at 60 min after 

internalization (Fig. 6). By contrast, Par3-overexpressing cells showed a decrease in 

colocalization with Rab5, a marker for early endosomes (Fig. 5), with a concomitant 

increase in the colocalization of APP and Rab11, a marker for recycling endosomes, at 60 

min after internalization (Fig. 7). This suggests that Par3 targets APP to the recycling 

pathway for re-insertion to the cell surface. In the absence of Par3, APP is targeted to the 

late endosome/lysosome pathway.

 Par3 regulates APP trafficking through the endocytic adaptor protein Numb

The adaptor protein Numb mediates clathrin-dependent endocytosis of APP (36). In 

addition, Par3 interacts directly with Numb on its PTB domain (33), which is the same 

domain that mediates binding to membrane receptors such as integrins (33), Notch (37) and 

APP (38). To determine whether the effects of Par3 on APP trafficking and processing are 

mediated through Numb, we used shRNA to deplete endogenous Numb (Fig. 8a). 

Knockdown of Numb significantly increased CTFα indicating an increase in α-secretase 

processing, which phenocopies Par3 overexpression. Double knockdown of Numb and Par3 

reversed the Par3 knockdown phenotype, suggesting that the effect of Par3 depletion is 

dependent on Numb (Fig. 8b and c). In addition, using live antibody labeling, we observed 

an increase in surface APP in hippocampal neurons depleted of Numb, and Numb 

knockdown was able to reverse the decrease in surface APP in Par3 knockdown neurons 

(Fig. 9a and b). To confirm these results, we performed surface biotinylation in N2a cells 

depleted of Numb and/or Par3. We found that Numb knockdown phenocopied Par3 

overexpression and increased surface APP. In addition, Numb knockdown was able to 

reverse the decrease in surface APP in the Par3-depleted cells (Fig. 9c and d). Finally, using 

antibody feeding experiments as described above, we found that Numb depletion can reverse 

the late endosomal/lysosomal targeting of APP in Par3-depleted cells, as determined by the 

extent of colocalization of internalized APP with the lysosomal marker LAMP1 (Fig. 10). 

Together, these results suggest that the effects of Par3 on APP trafficking and processing are 

dependent on Numb.

To explore the mechanisms by which Par3 and Numb regulates APP trafficking, we 

examined the effects of Par3 on Numb-APP interaction. Since Par3 and APP bind to the 

same domain on Numb, we hypothesized that Par3 functions by interfering with the 

interaction between Numb and APP. We performed co-immunoprecipitation between APP 

and Numb with or without Par3. Indeed, APP-Numb interaction was significantly reduced 

when Par3 was overexpressed. By contrast, when Par3 was depleted, APP-Numb interaction 

was enhanced (Fig. 11). Taken together, our data suggest that Par3 regulates APP processing 
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and trafficking by interfering with the interaction between the endocytic adaptor protein 

Numb and APP.

 Discussion

Intracellular trafficking properties of APP play an important role in how it is processed, 

which in turn determines the amount of Aβ generation. Because of the importance of this 

process in AD progression, there has been much research focused on elucidating the 

mechanisms of APP trafficking. In this study, we found that in AD patients, there is a 

dramatic loss of full length Par3 expression compared with age-matched healthy controls. 

We further found that Par3 regulates the trafficking of APP. Depletion of Par3 targets APP to 

late endosomes/lysosomes, while overexpression of Par3 targets APP to recycling 

endosomes for re-insertion to the cell surface. We could not detect any direct binding 

between Par3 and APP (data not shown); however, it is possible that Par3 is indirectly 

associated with APP through its binding partner Numb (33), which is known to bind the C-

terminus of APP and mediates clathrin-dependent endocytosis of APP (36). Indeed, we 

found that the effects of Par3 are mediated through Numb. Par3 functions by interfering with 

the interaction between Numb and APP. In the absence of Par3, there is an increase in 

Numb-APP interaction leading to decreased surface APP and increased targeting of APP to 

late endosomal-lysosomal compartments.

Par3 is part of a conserved protein complex that regulates cell polarity from worms to 

mammals. While polarity establishment is essential for all stages of animal development, it 

is interesting to note that dysregulation of polarity signaling appears to be common in 

different aging processes and age-related diseases, such as stem cell aging and cancer (39–

44). Here we show that Alzheimer’s disease, the most common age-related 

neurodegeneration, is characterized by the loss of full length Par3, which indicates that 

dysregulation of polarity may be a common feature for many different age-related diseases.

Interestingly, Numb has been shown to regulate APP trafficking in an isoform-dependent 

manner (36). It has been shown that the short PTB isoforms of Numb promotes APP 

accumulation in the early and recycling endosome compartments, while the long PTB 

isoforms of Numb promotes the late endosome/lysosome targeting of APP. It has been 

shown that the long PTB isoforms are predominantly expressed under physiological 

conditions (36). In this study, we have used the p66 isoform which contains the long PTB 

domain. Further, we observed increased targeting of APP to late endosomes/lysosomes 

which is consistent with increase interaction between long PTB Numb and APP (36). It will 

be interesting to determine whether Par3 has differential effects on the short and long PTB 

isoforms of Numb and how this might be regulated during AD progression.

Remarkably, loss of Par3 leads to an accumulation of intracellular Aβ40 but a decrease in 

secreted Aβ40. It is known that during AD pathogenesis, intracellular Aβ accumulates before 

the deposition of extracellular Aβ plaques (45–50). In addition, a number of studies suggest 

that intracellular Aβ may be the major toxic form that is responsible for neurodegeneration 

(51–55). Lysosomes are shown to be an important site for Aβ generation (56). Furthermore, 

it has been reported that the intracellular Aβ accumulate in lysosomal compartments in the 

Sun et al. Page 8

Neurobiol Dis. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



AD brain (57,58). Consistent with these studies, we found that Par3 depletion causes APP to 

target to the lysosomes and increases intracellular Aβ40. A recent study shows that 

autophagy mediates the secretion of Aβ into the extracellular space. In the absence of 

autophagy, intracellular Aβ rises while extracellular Aβ deposits decrease (59), a phenotype 

reminiscent of what we observed in Par3-depleted neurons. It would be of great interest to 

examine whether Par3 is involved in autophagic processes.

In summary, our studies identified a novel role for the cell polarity regulator Par3 in APP 

processing and trafficking. We further identified a mechanism for Par3 in APP trafficking 

through interfering with Numb-APP interaction. Together, our results suggest a potential 

involvement of Par polarity proteins, which are central regulators of various developmental 

processes, in Alzheimer’s disease pathogenesis. Further studies are necessary to elucidate 

the role of this interesting group of proteins in neurodegeneration.
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Highlights

• Alzheimer’s disease patients show a loss of full length Par3 in the brain.

• Loss of Par3 reduces α-cleavage of APP and increases intracellular Aβ40.

• Par3 promotes APP recycling to the cell surface.

• Loss of Par3 increases late endosome/lysosome targeting of APP.

• Par3 functions through interfering with the interaction between APP and 

Numb.
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Figure 1. Loss of full length Par3 in human AD brains
(a) Lysates from the temporal lobes of AD patients or healthy age-matched controls were 

analyzed by Western blotting.

(b) Quantification of levels of the full length, 180KD isoform of Par3. Data were expressed 

as Mean ± SEM with Student's t test: N=7; *p<0.05.
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Figure 2. Par3 regulate APP processing and Aβ generation
(a) N2a cells stably expressing WT APP (APPwt) were transfected with plasmids encoding 

myc tag vector control (Myc vector), myc-Par3b, luciferase shRNA or Par3 shRNA, 

respectively. 72 h after transfection, cell were lysed, total protein was extracted and 

subjected to Western blot analysis with the indicated antibodies. APP was probed with 

A8717 antibody. mAPP: mature APP; imAPP, immature APP. (b) Cortical neurons were 

infected with lentivirus expressing Venus vector control (Venus), Venus-Par3b, Luciferase 

shRNA or Par3 shRNA. Five days after infection, media supernatants were collected for 
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detecting sAPPα using the 6E10 antibody. Neurons were lysed, total protein was extracted 

and subjected to Western blot analysis with the indicated antibodies. (c) Quantification of C-

terminal fragment α of APP (CTFα) normalized to mature APP, n=3. (d) Quantification of 

soluble APPα (sAPPα) normalized to mature APP, n=3. (e, f) Cortical neurons were infected 

with lentivirus expressing the indicated constructs. ELISA assay was used to measure (e) 

secreted Aβ40, or (f) intracellular Aβ40 normalized to total protein levels, n=9. Data were 

expressed as Mean ± SEM with Student's t test: *p<0.05; **p<0.01.

Sun et al. Page 16

Neurobiol Dis. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Depletion of Par3 decreases surface APP
(a) Hippocampal neurons were transfected with APP-RFP together with the indicated 

constructs and live labeled for surface APP using 6E10 antibody (green). Scale bar: 10 µm.

(b) APPwt N2a cells were transfected with the indicated constructs and surface biotinylated 

to measure surface APP levels. Biotinylated surface proteins were analyzed by Western 

blotting to reveal surface APP levels. Asterisks indicate mature APP, arrowhead indicates 

immature APP.

(c) Quantification of surface APP fluorescent intensity normalized to APP-RFP intensity, 

n=5–10, *** p<0.001.

(d) Quantification of surface APP normalized to mature APP, n=4. Data were expressed as 

Mean ± SEM with Student's t test: *p<0.05; ** p<0.01; *** p<0.001.
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Figure 4. Par3 regulates APP trafficking
(a, b) APPwt N2a cells were transfected with the indicated constructs and biotinylation 

assays of (a) APP internalization or (b) APP recycling were performed (see Experimental 

Procedures). mAPP, mature APP; imAPP, immature APP. (c) Quantification of internalized 

APP normalized to mature APP, n=5. (d) Quantification of APP that remains intracellular 

after recycling, normalized to mature APP, n=4. (e) Hippocampal neurons were transfected 

with APP-RFP and the indicated constructs and live labeled with APP antibody. APP that 

has recycled to the cell surface was immunostained (green, see Experimental Procedures for 

details). (f) Quantification of the fluorescent intensity of APP that has recycled to the cell 

surface, normalized to the intensity of APP-RFP, n=8–12. Data were expressed as Mean ± 

SEM with Student's t test: *p<0.05; ** p<0.01. Scale bar: 10µm.
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Figure 5. Colocalization of internalized APP with the early endosomal marker Rab5
APPwt N2a cells were transfected with indicated constructs together with GFP-Rab5 (green) 

and then live labeled with APP 6E10 antibody. Cells were fixed at 20 (a) or 60 min (b) after 

internalization and immunostained for internalized APP (red) and TGN46 (blue). (c) 

Quantification of colocalization between internalized APP and Rab5. Data were expressed 

as Mean ± SEM with Student's t test, *p<0.05. n=10–15. Scale bar: 10µm.
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Figure 6. Colocalization of internalized APP with the late endosomal/lysosomal marker Rab7
APPwt N2a cells were transfected with indicated constructs together with GFP-Rab7 (green) 

and then live labeled with APP 6E10 antibody. Cells were fixed at 20 (a) or 60 min (b) after 

internalization and immunostained for internalized APP (red) and TGN46 (blue). (c) 

Quantification of colocalization between internalized APP and Rab7. Data were expressed 

as Mean ± SEM with Student's t test, *p<0.05; ** p<0.01. n=10–15. Scale bar: 10µm.
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Figure 7. Colocalization of internalized APP with the recycling endosomal marker Rab11
APPwt N2a cells were transfected with indicated constructs together with GFP-Rab11 

(green) and then live labeled with APP 6E10 antibody. Cells were fixed at 20 (a) or 60 min 

(b) after internalization and immunostained for internalized APP (red) and TGN46 (blue). 

(c) Quantification of colocalization between internalized APP and Rab11. Data were 

expressed as Mean ± SEM with Student's t test, *p<0.05. n=10–15. Scale bar: 10µm.
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Figure 8. Knockdown of Numb rescues the decrease in CTFα in Par3-depleted cells
(a) Knockdown of Numb in N2a cells. N2a cells were transfected with pSUPER constructs 

encoding either an shRNA targeting luciferase (control) or Numb. 72 hours after 

transfection, cells were lysed and subjected to Western blot using the indicated antibodies.

(b) N2a cells stably expressing WT APP (APPwt) were transfected with plasmids encoding 

shRNA targeting luciferase (Control), Numb shRNA, Par3 shRNA, or both Numb and Par3 

shRNAs [Double knockdown (KD)], respectively. 72 h after transfection, cell were lysed, 

total protein was extracted and subjected to Western blot analysis.

(c) Quantification of blots in b. Data were expressed as Mean ± SEM with Student's t test: 

*p<0.05; ** p<0.01, ***p<0.001, n=3.
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Figure 9. Knockdown of Numb rescues the decrease in surface APP in Par3-depleted neurons
(a) Primary hippocampal neurons were transfected with APP-RFP together with indicated 

constructs. Neurons were live labeled with APP 6E10 antibody to immunostain for surface 

APP (green).

(b) Quantification of surface APP level normalized to APP-RFP intensity. Data are 

expressed as Mean ± SEM with Student's t test, ** p<0.01, ***p<0.001, n=5–10. Scale bar: 

10µm.

(c) APPwt N2a cells were transfected with the indicated constructs and surface biotinylated 

to measure surface APP levels. Biotinylated surface proteins were analyzed by Western 

blotting to reveal surface APP levels.

(d) Quantification of surface APP normalized to total APP, n=3. Data were expressed as 

Mean ± SEM with Student's t test: *p<0.05, *** p<0.001. Double KD: double knockdown 

of Numb and Par3.
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Figure 10. Knockdown of Numb reverses the lysosomal targeting of APP in Par3-depleted cells
(a) APPwt N2a cells were transfected with indicated constructs then live labeled with APP 

6E10 antibody. Cells were fixed at 60 min after internalization and immunostained for 

internalized APP (red) and the lysosomal marker LAMP1 (green). Scale bar: 10µm.

(b) Quantification of colocalization between internalized APP and LAMP1. Data were 

expressed as Mean ± SEM with Student's t test, *** p<0.001. n=5–10. Double KD: double 

knockdown of Numb and Par3.
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Figure 11. Par3 interferes with Numb-APP binding
(a) APPwt N2a cells were transfected with the indicated Par3 and Numb constructs. Cell 

lysates were immunoprecipitated with anti-APP 6E10 monoclonal antibody and 

immunoprecipitated complexes were analyzed by Western blot.

(b) Quantification of blots in (a), normalized to GFP-Numb input, *p<0.05, **p<0.01, n=3.
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