
Mutations in the COPI coatomer subunit α-COP induce release 
of Aβ-42 and amyloid precursor protein intracellular domain and 
increase tau oligomerization and release

Jacob W. Astroskia, Leonora K. Akporyoeb, Elliot J. Androphya, Sara K. Custera,*

aDermatology, Indiana University School of Medicine, Indianapolis, IN, USA

bEarlham College, Richmond, IN, USA

Abstract

Alzheimer’s disease (AD) is the most common cause of dementia, afflicting more than 5 million 

Americans; it is the 6th leading cause of death in the United States. As the population ages, the 

number of Americans with AD expected to increase dramatically. Understanding the cellular 

processes that lead to AD pathology is critical to designing meaningful therapeutic interventions. 

AD is characterized by the accumulation of aggregated proteins that may be toxic and may 

represent failure of the cell to normally process these proteins. One key to understanding sporadic 

AD lies in the genetics of families with highly penetrant histories of the disease. Mutations in 

subunits of a cellular trafficking complex known as COPI were found in families with AD and no 

other known AD-associated mutations. The COPI complex is involved in protein processing and 

trafficking within the cell. Intriguingly, several recent publications have found that components of 

the COPI complex can affect the metabolism of pathogenic AD proteins. We report here that 

reducing levels of the COPI subunit α-COP alters maturation and cleavage of amyloid precursor 

protein (APP), resulting in decreased release of Aβ−42 and decreased accumulation of the APP 

intracellular C-terminal domain. We also found that depletion of α-COP reduces uptake of 

proteopathic Tau seeds and reduces intracellular Tau self-association. Expression of AD-associated 

mutations in α-COP altered APP processing, resulting in increased release of Aβ−42 and 

increased intracellular Tau aggregation and release of Tau oligomers. Taken together, these results 

show that COPI coatomer function modulates the processing of both APP and Tau and that 

expression of AD-associated α-COP mutant proteins confers a toxic gain of function, which 

results in potentially pathogenic changes in both APP and Tau.
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1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disease and the most common 

cause of dementia in aging. The pathologic hallmarks of the AD brain are extracellular 

amyloid plaques consisting of Aβ (Selkoe and Hardy, 2016) and the intracellular 

neurofibrillary tangles (NFTs) composed of Tau (Sun et al., 2017). The cellular pathways 

that regulate the processing of proteins involved in these pathologic pathways could be the 

keys to unlocking the treatment for this devastating disease. A great deal has been learned 

about the AD state by the study of genetic variants implicated in familial forms of the 

disease. We report here a study of the role of COPI coatomer in the processing and 

trafficking of amyloid precursor protein (APP), prompted by previous studies showing that 

deletion of the COPI subunit Arcn1/δ-COP in cells reduced the release of Aβ from cells 

expressing the neuronal splice form of APP (Bettayeb et al., 2016a).

α-COP is a member of the heptameric COPI coatomer complex, involved primarily in 

Golgi-ER retrograde transport, endosomal trafficking, and macroautophagy (Beck et al., 

2009b). Previously, we have shown that α-COP is involved in the transport of survival motor 

neuron (SMN) protein, loss of which causes the hereditary neuromuscular disease spinal 

muscular atrophy (SMA) (Peter et al., 2011). In cell culture and animal models of SMA, 

SMN mutants that are unable to bind α-COP cannot rescue neurite outgrowth defects that 

result from SMN knockdown (Custer et al., 2013). Overexpression of α-COP rescues SMN 

depleted cells and zebrafish, whereas α-COP point mutants that no longer bind SMN do not 

(Li et al., 2015).

Recent evidence has indicated that the COPI coatomer function regulates the processing of 

APP, which is cleaved in the cell to generate the toxic, aggregate-prone Aβ fragments. 

Proteomic analyses demonstrated that COPI coatomer members α-COP and β-COP interact 

with multiple isoforms of APP, and β-COP can be immunoprecipitated by APP only in the 

presence of an intact COPI coatomer (Andrew et al., 2019; Selivanova et al., 2006). 

Depletion of 2 subunits of the COPI coatomer increased retention of APP in the Golgi 

apparatus and decreased transport of APP to the cell surface (Bettayeb et al., 2016a; 

Selivanova et al., 2006). This resulted in decreased production of Aβ fragments. Genetic 

crosses between AD model mice and the Nur17 mouse, which harbors a mutation in δ-COP/

Arcn1 that partially disrupts COPI-dependent intracellular trafficking (Xu et al., 2010), 

resulted in reduced Aβ levels and amyloid plaque burden and improved performance in 

memory tasks (Bettayeb et al., 2016b). Involvement of α-COP in AD pathogenesis is 

implied by genetic studies. Cluster analysis of microarray data from entorhinal cortex in 

mid-stage AD brains showed increased expression of α-COP in neurons with high degrees 

of pathology compared with unaffected cells in the same brain region (Guttula et al., 2012). 

Given all these findings, we set out to explore the role of α-COP in the processing APP. In 
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addition, we explore for the first time the role of the COPI coatomer in Tau-driven pathology 

in AD.

2. Results

The COPI coatomer was originally implicated in the processing of APP by Selivanova et al. 

(2006). They described changes in APP delivery to the plasma membrane (PM) and its 

cleavage by gamma-secretase after depletion of the epsilon-subunit of the COPI complex. 

This work was performed in ldlF-2 cells, a clone of Chinese Hamster Ovary (CHO) cells 

with a temperature-sensitive point mutation in ε-COP, which renders the protein unstable, 

and results in extremely low levels of ε-COP at the restrictive temperature (Guo et al., 

1996). We saw this work as a starting off point but wanted to move into a more neuronal 

context so that the APP processing enzymes such as the neuron-specific β-secretase BACE1 

would be present. We chose the human neuroblastoma line SH-SY5Y. We generated a line of 

SH-SY5Y cells stably expressing the neuronal APP isoform, which can be cleaved to release 

Aβ−42 (APP695) using a previously published expression vector (Belyaev et al., 2010). Fig. 

1A shows that the APP695-IRES-Hygro cells express almost exclusively the neuronal 695 

amino acid APP isoform compared with the parental SH-SY5Y cells, which expressed 

primarily the 751 and 770 isoforms. The APP695-IRES-Hygro cells were used for 

subsequent experiments evaluating the processing of APP. To reduce the levels of α-COP in 

the cells, these were infected with a CRISPR Cas9 lentivirus targeting COPA. Although no 

bi-allelic knockout clones were detected, multiple haploinsufficient clones were isolated, 

reducing the levels of α-COP protein by approximately 50%. This recapitulates previous 

findings that only haploinsufficient lines could be generated with CRISPR guides targeting 

COPD/ARCN1 (Izumi et al., 2016). Fig. 1B shows a representative Western blot of the 

levels of α-COP in 3 clones relative to the control line expressing the control plasmid.

2.1. Reduction of α-COP alters processing of APP

To study the impact of α-COP depletion on the maturation of full-length APP695, we 

examined the levels of immature (N-glycosylated) and mature (N and O-glycosylated, 

tyrosyl-sulfated) APP protein by Western blot. Fig. 1C shows a representative Western blot 

demonstrating increased immature APP in COPA CRISPR clones compared with controls. 

Fig. 1D represents the combined results of 3 separate Western blot quantifications 

demonstrating a statistically significant shift in the ratio of immature to mature APP695 in 

cells with reduced α-COP compared with controls (p < .05 by Student’s t-test). This 

increase in immature APP695 after α-COP depletion agrees with previously published 

results, showing that dissociation of the COPI coatomer with Brefeldin A increased 

immature FLAG-tagged APP695 in murine N2a neuroblastoma cells (Saito et al., 2011).

Selivanova et al. reported that in IdlF CHO cells cultured at restrictive temperatures to 

reduce the levels of ε-COP, there was decreased APP695 present at the PM (Selivanova et al., 

2006). We attempted to replicate this finding in SH-SY5Y cells but found very low levels of 

APP were detected at the PM after labeling with cell impermeant biotin (data not shown). 

We chose to move to the murine neuroblastoma cell line N2a. Experiments in this cell line 

following stable knockdown of another COPI subunit, δ-COP/Arcn1, resulted in decreased 
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delivery of APP695 to the PM. We used the same APP695-IRES-Hygro construct described 

previously to generate a line of N2a cells that stably expressed the neuronal isoform of APP. 

We then used previously validated shRNA against murine COPA (Li et al., 2015) to generate 

stable reduction of α-COP protein in this cell line. Stable expression of shRNA against 

green fluorescent protein (shGFP) served as a control N2a cell line. Fig. 2A shows a 

representative Western blot analysis of α-COP protein levels in the stable cell lines. We 

continued with shCOPA2, as this clone had the most consistent reduction of α-COP at the 

protein level. Fig. 2B shows that in N2a cells, we again found that reducing α-COP resulted 

in increased levels of the immature APP695 compared with the shGFP control line. Using 

cell impermeant biotin to label proteins resident at the PM followed by isolation with 

streptavidin beads, a human-specific antibody (E8B3O) detected decreased APP695 at the 

PM in the α-COP knockdown cells (Fig. 2C).

In addition to traveling through the secretory pathway to mature and reach the PM, APP is 

processed to yield a number of cleavage products. Cleavage by BACE-1 yields the C99 

fragment, which can be further cleaved to produce Aβ−42. When released into the 

extracellular environment, Aβ−42 becomes the main component of the amyloid plaques, 

which are a pathologic hallmark of the Alzheimer’s brain (reviewed in a study by Esler and 

Wolfe, 2001). In N2a cells where δ-COP/Arcn1 was reduced by transfection with small 

interfering RNA, altered APP processing resulted in reduced release of Aβ−40 (Bettayeb et 

al., 2016a). The authors reported this finding as potentially protective against AD pathology 

despite the fact that many consider Aβ−42 to be the more pathologic APP cleavage product 

(Phillips, 2019). Therefore, we chose to measure the release of Aβ−42. We cultured both 

SH-SY5Y and N2a cells that had been selected to stably express APP695 along with reduced 

levels of α-COP and used ELISA to measure the accumulation of Aβ−42 in the cell culture 

supernatant, normalizing the levels to total protein in the cell lysates to control for 

differences in plating density. Fig. 3A shows that in both SH-SY5Y and N2a cells, after 

decreases in the level of α-COP either by CRISPR-mediated haploinsufficiency (SH-SY5Y) 

or by stable expression of shRNA (N2a), the release of Aβ−42 was reduced whether we 

measured murine Aβ−42 or total (human and mouse combined).

Recent research efforts have focused on the importance of the Amyloid Precursor 

Intracellular C-terminal Domain (AICD), a protein fragment which when derived from 

APP695, can be transcriptionally active (Belyaev et al., 2010; Cao and Sudhof, 2001; 

Multhaup et al., 2015). For an alternative method of measuring APP processing, we obtained 

SH-SY5Y cells that stably express APP695-Gal4 along with Gal4-UAS Luciferase to 

measure the production of the AICD (Cao and Sudhof, 2001; Zhang et al., 2007). After 

cleavage by BACE1 and γ-secretase, the AICD-Gal4 fragment translocates to the nucleus 

and activates transcription of luciferase. The COPA CRISPR lentivirus was again used to 

stably reduce the levels of α-COP protein in these cells, and 2 separate clones were selected. 

Fig. 3B shows that depletion of α-COP protein greatly reduces the levels of luciferase 

produced compared with lines expressing the pLentiCRISPRv2 alone, indicating that there 

is reduced production of AICD when α-COP levels are low. These results are consistent 

with the findings that Selivanova et al. reported on depletion of ε-COP in IdlF CHO cells; 

however, those experiments used a cleavage assay, which expresses only the C-terminal 99 

amino acids of APP fused to activate the luciferase. That system does not reflect the full 
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sequence of APP processing required to generate the AICD, only the γ-secretase cleavage 

step (Karlstrom et al., 2002). Taken together, these results demonstrate that reducing the 

levels of α-COP alters the processing of APP at multiple levels by impacting its maturation, 

transport, and cleavage and resulting in reduced release of the toxic Aβ−42 cleavage 

product. We believe that these changes would be protective against amyloid-mediated AD 

pathogenesis, and in fact, when mice with reduced COPI function were crossed onto a 

model of amyloid-driven AD, there was decreased accumulation of amyloid plaques in the 

brains as well as improved performance on behavioral tasks (Bettayeb et al., 2016b).

Altering the maturation of APP to favor the immature form can result in the accumulation of 

the immature form in the endoplasmic reticulum (ER), which could induce ER stress 

(Cavieres et al., 2015). To measure potential induction of the ER stress response, we used 

quantitative RT-PCR to compare the expression of a number of markers of ER stress and 

ERAD induction in both N2a and SH-SY5Y expressing APP695 cells after depletion of α-

COP by either shRNA or CRISPR gene editing. Fig. 3C shows that reduction of α-COP 

protein levels in the presence of APP695 does appear to induce a modest induction of ER 

stress transcripts (p < 0.05 by analysis of variance [ANOVA] with post-hoc Tukey’s t-test), 

although this may also be a result of reducing the overall COPI function, as depletion of 

COPI coatomer has been shown to induce ER stress on its own (Claerhout et al., 2012).

2.2. α-COP and tau pathology

A second pathogenic protein involved in AD is Tau, which regulates microtubule dynamics, 

axonal transport, and neuronal morphology by binding and stabilizing the microtubule 

structure (Morris et al., 2011). Hyperphosphorylated Tau can accumulate to form NFTs, and 

it is believed that hyperphosphorylated Tau no longer associates with microtubules and 

becomes prone to aggregation (Chong et al., 2018). The appearance of NFTs strongly 

correlates with the onset and progression of dementia (Alafuzoff et al., 1987; Arriagada et 

al., 1992; Knopman et al., 2013). Both defective autophagy and increased ER stress have 

been reported in cells after depletion of COPI subunits (Claerhout et al., 2012), and both 

these conditions can lead to accumulation of hyperphosphorylated Tau (Piras et al., 2016).

2.3. Depletion of α-COP reduces uptake of proteopathic tau

It has been reported in both animal and cell culture models that Tau may be able to seed 

pathology in neighboring cells in a prion-like fashion (Frost et al., 2009; Sanders et al., 

2014). To study this phenomenon, we obtained the so-called Tau biosensor cells. Briefly, 

these HEK-293T cells express the Tau repeat domain with the pathogenic P301S mutation 

fused to either cyan fluorescent protein (CFP) or yellow fluorescent protein (YFP) (Furman 

et al., 2015). We reduced the levels of α-COP protein in these cells by selecting stable 

clones expressing either an shRNA against human α-COP or by infecting with 

LentiCrisprV2 and selecting the haploinsufficient clones. As mentioned previously, when 

using this same vector on SH-SY5Y cells, we were unable to isolate any COPA null cell 

lines. Fig. 4A shows representative micrographs of the biosensor cells. Under control 

conditions or mock transfection, these cells display minimal fluorescence in the green 

channel. However, transfection with proteopathic Tau seeds—in this case, brain exosomes 

derived from Tau P301S transgenic mice—induced FRET and a robust punctate GFP signal 
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(Fig. 4A, inset). Fig. 4B shows that both the shRNA clone and the CRISPR clone have 

reduced the levels of α-COP protein without altering the levels of Tau-CFP/YFP. The cells 

were exposed to 5 μM Tau seeds and fixed 48 hours posttransfection. A blinded observer 

counted the number of GFP-positive cells per visual field from each condition for a total of 

approximately 200 cells. Fig. 4C shows the combined results of 3 separate transfections, and 

in each case, we found that reducing the levels of α-COP reduced the response of the cells to 

proteopathic seeding. Although these cells are extremely useful for the study of response to 

extracellular Tau seeds, we found that other treatments to induce Tau aggregation, such as 

okadaic acid or wortmannin, were unable to induce a FRET signal in these cells (Fig. 4A 

bottom row) and limited the utility of this cell line for further study of cell autonomous 

changes in Tau biology.

2.4. Depletion of α-COP protects against intracellular tau aggregation

To adopt a more versatile reporter of pathogenic Tau changes, we obtained a Tau split-

luciferase protein complementation assay vector, which takes advantage of the fact that 

proteins can be fused to 2 separate halves of Gaussia luciferase (Gluc) and on association 

can reconstitute luciferase activity (Remy and Michnick, 2006). The 2 Gaussia luciferase 

halves, Gluc1 and Gluc2, were fused to the C-terminus of human Tau 0NR4 isoform (Yan et 

al., 2016) (Nykanen et al., 2012). We chose to transfect the Tau-Gluc1 and Tau-Gluc2 into 

our stable N2a cell lines described previously in Fig. 2, expressing either a control shRNA 

against GFP or stably expressing shRNA against COPA. As a negative control, cells were 

transfected with Tau-Gluc1 alone. At baseline, we found a 10-fold increase in luciferase 

intensity when cells were transfected with both Tau-Gluc1 and Tau-Gluc2 compared with 

cells transfected with Tau-Gluc1 alone. As a positive control, cells transfected with Tau-

Gluc1 and Tau-Gluc2 were treated with either wortmannin or okadaic acid to induce 

hyperphosphorylation of Tau, and both these treatments resulted in significantly increased 

luciferase intensity compared with baseline transfections (Fig. 4D) (Deng et al., 2005; Harris 

et al., 1993). Fig. 4E shows that knockdown of COPA reduces luciferase signal in cells 

transfected with Tau-Gluc 1 and 2, and similar results were found in HEK-293 cells in which 

α-COP protein levels were reduced by CRISPR knockout of COPA (not shown). Taken 

together, these results show that reduced protein levels of α-COP can protect against Tau-

driven AD pathology both by decreasing the uptake of proteopathic Tau seeds and by 

reducing the levels of intracellular Tau aggregation. Combined with the apparent protective 

changes in APP trafficking and cleavage, demonstrating that modulating the COPI coatomer 

may be able to yield a multipronged protection, which impacts both amyloid and Tau-driven 

pathologic changes at the cellular level.

2.5. Mutations in α-COP associated with increased risk of AD

A great deal has been learned about the AD disease state by the study of genetic variants 

implicated in familial forms of the disease. Recent studies identified potential genetic links 

between the expression of the COPA gene and risk of AD, including a cluster analysis of 

microarray data (Guttula et al., 2012) and dynamic regulatory network reconstruction 

demonstrated altered COPA activity (Kong et al., 2014). Analysis of the National Institute of 

Mental Health Genetics Initiative Alzheimer’s Disease Study uncovered a number of small 

nucleotide polymorphisms in genes for COPI subunits associated with an increased risk of 
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AD. Of particular interest were rare and highly penetrant variants in the coding region of 

COPA present in families where no other AD-associated mutations were detected. A 

mutation resulting in an amino acid change at position 146 from threonine to alanine 

(T146A) was detected in 20/29 affected carriers in 14 families. A second mutation resulting 

in an amino acid substitution at position 260 from arginine to cysteine (R260) mutation was 

present in 2/3 affected carriers in 1 family (Bettayeb et al., 2016b). The mutations lie in the 

highly conserved WD40 repeat domain (amino acids 1–285), which forms a β-propeller that 

appears to mediate the interaction of α-COP with COPI vesicle cargo (Eugster et al., 2000). 

Interestingly, T146 is conserved between humans and yeast but is a serine in other species 

(see alignment in Fig. 5A). T146 is predicted with a high degree of certainty to be 

phosphorylated (GPS 2.1), and the change to alanine, which cannot be phosphorylated, 

could result in significant structural changes. In humans, mutations in the WD40 repeats 

domain cause an autoimmune syndrome with exercise-induced dyskinesia, and the resulting 

mutant protein in this disorder appears to act as a dominant negative when overexpressed in 

Hela cells (Jensson et al., 2017; Watkin et al., 2015). The association of the T146A and 

R260C variants with increased risk of AD implies that these alter the function of α-COP in a 

way that is detrimental to neuronal cells.

To study the impact of these 2 mutations on the function of α-COP in relationship to AD 

pathology, the mutations were introduced into mammalian expression vector, including an 

MYC and FLAG tag at the C-terminus. Our first question was whether the α-COP mutant 

proteins could be stably expressed. In Fig. 5B, we show Western blot analysis of whole cell 

lysate from N2a cells expressing both wild-type and mutant α-COP. The input blots 

demonstrate that both T146A and R260C α-COP protein can be expressed at comparable 

levels to wild type (FLAG blot with FLAG-M2 antibody) but result in only a modest 

overexpression compared with endogenous levels α-COP blot with H3 antibody). Reports 

comparing AD brains to normal aging showed increased expression of COPI subunits, but 

we did not find that expression of R260C or T146A altered the levels of endogenous COPI 

members (Ciryam et al., 2016). Our second question was whether R260C and T146A α-

COP would be able to enter the COPI coat. The COPI coatomer is a heptameric protein 

complex (Arakel and Schwappach, 2018). In the cytosol, COPI exists as 2 subcomplexes, α/

β’/ε and δ/β/γ/ζ (Wang et al., 2016). To determine whether the T146A and R260C α-COP 

proteins enter a complete COPI heptamer, we used the MYC tag to immunoprecipitate the 

expressed α-COP and blotted back for COPI subunits from both halves of the subcomplexes, 

namely, ε-COP and δ-COP/Arcn1. Fig. 5B shows that both T146A and R260C α-COP 

coprecipitate members of each half of the COPI coatomer at comparable levels to wild-type 

α-COP, indicating that they are entering into a fully formed heptameric COPI complex. 

Their apparent ability to enter a fully heptameric COPI complex implies that the T146A and 

R260C α-COP may retain normal COPI function. To test this, we co-expressed either wild-

type or T146A and R260C α-COP in the presence of a myc-tagged kainate receptor. COPI 

can retain proteins in the ER, as is the case for the kainite receptor subunit KA2. In the 

absence of other receptor subunits, KA2 is sequestered in the ER via interaction with COPI. 

Depletion of COPI components prevents this interaction and allows increased KA2 to reach 

the membrane (Vivithanaporn et al., 2006). We have previously used this assay to 

demonstrate that COPI coatomer function is decreased in cell models of SMA because of a 
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reduction in COPI function (Custer et al., 2019). Fig. 5C shows that myc-KA2 is equally 

expressed when co-transfected with either an mCherry control or the various α-COP 

constructs. Western blot of biotinylated cell surface proteins followed by isolation with 

streptavidin beads shows that when co-expressed with mCherry, myc-KA2 escapes to the 

membrane, but in the presence of wild-type or T146A and R260C α-COP, COPI-dependent 

ER retention is used, reducing the levels of myc-KA2 detected in the cell surface fraction. 

This indicates that T146A and R260C α-COP are capable of carrying out normal COPI 

coatomer functions within the canonical secretory pathway.

2.6. AD-associated mutations in α-COP alter APP processing

As discussed previously, the intracellular trafficking and cleavage of APP is crucial to the 

generation of toxic Aβ species that accumulate in Alzheimer’s brains. As reported in Figs 1 

and 2, we found that reducing levels of α-COP shifted the ratio of immature to mature APP 

in 2 neuron-like cells lines. There was no consistent alteration in the ratio between the 

immature and mature forms of APP695 when co-expressed with either T146A or R260C α-

COP in SH-SY5Y, N2a, or HEK cells. Using N2a cells to examine the delivery of APP to 

the PM, we found that expression of the AD-associated α-COP mutant proteins consistently 

reduced the levels of human APP695 found at the PM (Fig. 6A). In this particular assay, it 

appears that these mutant proteins may phenocopy the α-COP knockdown conditions, but it 

is unclear whether the reduced levels of APP at the PM reflect a lack of delivery or rather an 

increased turnover in the presence of mutant α-COP proteins.

To determine the impact of expressing AD-associated α-COP proteins on the release of Aβ
−42, we measured the levels of Aβ−42 in the cell culture supernatant from N2a, N2a-

APP695, and SH-SY5Y-APP695 cells expressing WT, R260C or T146A α-COP, using cells 

stably expressing pcDNA3 as the control. In both cell types expression of AD-associated 

mutant, α-COP proteins resulted in increased release of the toxic Aβ−42 species compared 

with expression of wild-type α-COP or control cultures (Fig. 6B). To examine APP cleavage 

inside the cell by γ-secretase, we used the SH-SY5Y cells described in Fig. 3. We also 

transfected the APP-C99-GV into a line of N2a cells stably expressing both Gal4-luciferase 

and α-COP. In each system, we found that expression of AD-associated α-COP mutants 

increased luciferase signal, indicating that the increase in the production of the AICD 

resulting from cleavage by γ-secretase (Fig. 6C and D). Taken together, these results 

demonstrate that AD-associated α-COP could promote amyloid-driven pathogenesis by 

altering the intracellular trafficking of APP to result in increased cleavage and release of 

amyloidogenic fragments.

2.7. AD-associated mutations in α-COP increase tau oligomerization and release

Given that reduction of α-COP appeared to be protective for cellular insults mediated by 

both amyloid and Tau, we sought to test the impact of expressing AD-associated α-COP 

mutant proteins on Tau aggregation. To address this, we used the split-luciferase system 

described in Fig. 4 in the highly transfectable N2a cells. The Tau-Gluc1 and Tau-Gluc2 

constructs were transfected into N2a cells stably expressing wild-type, R260C and T146A 

α-COP, or a vector only control line of N2a cells. Fig. 7A shows that expression of R260C 

and T146A significantly increased Tau luciferase signal relative to control cells or cells 
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expressing wild-type α-COP. It has been reported by a number of groups that dimerized and 

oligomerized Tau can be released by cells and taken up by neighboring cells to seed NFTs 

and propagate Tau pathology (Wang et al., 2017; Wegmann et al., 2016). To assess the 

impact of AD-associated α-COP mutations on Tau release, we also measured the luciferase 

activity in the cell culture supernatant and normalized the levels of luciferase in the media to 

the internal luciferase signal to calculate the fraction of aggregated Tau released in the 

various stable N2a lines. Fig. 7B shows that in clonal lines stably expressing either R260C 

or T146A α-COP, there is increased release of Tau compared with control lines or cells 

stable expressing wild-type α-COP. These data demonstrate that not only do the AD-

associated α-COP mutants promote Tau aggregation intracellularly, which we predict would 

increase the formation of NFTs, these mutants also promote the release of proteopathic Tau 

that could infect neighboring cells in a prior-like fashion. Fig. 7C shows a Western blot of 

the stable N2a lines after transfection with the Tau split-luciferase reporter and confirms that 

the increases in luciferase activity seen in the presence of R260C or T146A α-COP is not 

the result of increased uptake or expression of the Tau-Gluc reporters. Although their ability 

to successfully retain myc-KA2 implies that the AD-associated α-COP mutants are capable 

of carrying out traditional COPI vesicle functions, their presence in the ER could still 

impede some aspects of COPI function, leading to the induction of an ER stress response. 

Several groups have reported increases in Tau hyperphosphorylation after ER stress (Ho et 

al., 2012; Liu et al., 2012). Using a series of RT-PCR primers to measure the levels of ER 

stress–induced transcripts (Oslowski and Urano, 2011), we examined the N2a cells stably 

expressing AD-associated α-COP vectors compared with wild-type or controls. As a 

positive control, we treated cells with thapsigargin, which induced a rapid increase in the ER 

stress indicators compared with controls. In contrast, expression of AD-associated α-COP 

induced very little indication of ER stress. We did observe increased expression of ATF4 and 

Grp94 compared with control cultures, and expression of R260C α-COP significantly 

increased expression of CHOP, but it was not statistically different from cells expressing 

wild-type or T146A α-COP (ANOVA with post-hoc Tukey’s t-test). These increases in 

expression of a subset of ER stress–induced transcripts suggest that some of the increase in 

intracellular Tau could be a result of increased ER stress, but the induction appears minimal 

compared with the robust induction seen in response to thapsigargin. Combined, these 

results implicate 2 previously uncharacterized α-COP mutations in the processing of both 

APP and Tau and provide a link between the Golgi apparatus, COPI coatomer function, and 

both axes of pathogenesis in AD.

3. Discussion

We find that in neuron-like cell lines, low levels of α-COP, a member of the COPI coatomer, 

altered the processing of APP, resulting in decreased Aβ−42 release and decreased AICD 

formation. We would predict that in the AD brain, these changes would be protective against 

amyloid-driven pathology. These findings are consistent with reports in cell culture and 

animal models of AD with reduced levels of Arcn1/δ-COP, where the investigators reported 

decreased release of APP fragments and decreased amyloid pathology in the brains of 

double-transgenic mice (Bettayeb et al., 2016a,b). In humans, 2 hereditary diseases have 

been linked to mutations in COPI coatomer members, in which amino acid changes result in 
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deleterious developmental effects (Izumi et al., 2016; Jensson et al., 2017; Patwardhan and 

Spencer, 2019; Watkin et al., 2015). However, because AD is a disease of aging, it may be 

that a reduction in COPI function in the adult brain would be tolerated and allow this to be a 

strategy route for meaningful therapeutic intervention. A recent report analyzing proteomic 

changes that took place in response to oligomeric Aβ−42 exposure found that in cells 

carrying the so-called London mutation (APP V717I), which causes one of the most 

common forms of familial AD, COPI subunits were downregulated (Goate et al., 1991; 

Sackmann and Hallbeck, 2020). We hypothesize that this may be a protective mechanism to 

reduce amyloidogenic processing of APP in the face of Aβ−42 pathology in the 

microenvironment. A study of newly synthesized proteins in hAPP/PS1 mice found that ε-

COP synthesis increased in the hippocampus in the presymptomatic period, whereas γ2-

COP decreased in the cortex, indicating that the individual COPI subunits may have distinct 

responses and functions over the course of amyloid-driven pathology (Ma et al., 2020). 

COPI vesicle biogenesis is controlled by Arf1, a small GTPase of the Ras superfamily, 

making the COPI coatomer a potential target for small-molecule GTPase inhibitors as a 

therapeutic intervention in AD (Beck et al., 2009a; Cromm et al., 2015).

This work is the first to examine the role of COPI coatomer in Tau uptake and aggregation, 

and we found a similarly protective impact of reducing the levels of α-COP protein to what 

we observed when examining APP processing. Reduced α-COP was reduced uptake of 

extracellular proteopathic Tau. In an AD brain, this could result in slower spread of Tau 

pathology to neighboring brain regions. Recent work demonstrates that in the HEK 

Biosensor cell line, uptake of proteopathic Tau seeds is primarily regulated by heparan 

sulfate proteoglycans (Stopschinski et al., 2020). Although COPI has not been directly 

implicated in heparan sulfate proteoglycan–mediated endocytosis, it was reported that COPI 

is required for recycling of exocytic SNARE proteins at the PM (Xu et al., 2017), as well as 

entry of arginine-rich peptides and viral entry (Cureton et al., 2012; Tsumuraya and 

Matsushita, 2014), so reduction of α-COP may slow the dynamics of PM recycling and 

therefore protect the cells by slowing the uptake of proteopathic Tau seeds. In addition, 

COPI coatomer function is required for normal endosomal trafficking and retrieval of 

endosomal contents, so even if the initial endocytic event is not COPI regulated, the 

regulation of endocytosed products may be leading to an effective change in Tau uptake 

without directly influencing endocytosis (Daro et al.,1997; Gabriely et al., 2007; Tamayo et 

al., 2008). In both N2a and HEK-293Tcells with reduced levels of α-COP, we found that 

split-luciferase Tau was less likely to self-associate. These results are in apparent contrast to 

a previous report perform in HEK cells overexpressing aggregate-prone Tau where 

knockdown of Golgin 84 or treatment with Brefeldin A caused Golgi fragmentation and 

increased Tau hyperphosphorylation (Jiang et al., 2014). Although the secretion of 

proteopathic Tau was previously linked to Golgi fragmentation resulting from prolonged 

neuronal hyperactivity (Mohamed et al., 2017), using the Tau split-luciferase assay, we did 

not find that reducing the levels of α-COP significantly affected secretion of oligomerized 

Tau.

This report is the first to characterize AD-associated mutations in α-COP, and recent reports 

found significant increased risk for AD conferred by small nucleotide polymorphisms in 

additional COPI subunits as well (Bettayeb et al., 2016b; Yang et al., 2019). We predicted 
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that if the AD-associated amino acid changes in α-COP resulted in dominant-negative 

changes, the mutants would phenocopy a COPA knockdown. In our assays, we find that 

expression of the R260C and T146A α-COP variants result in opposing changes in APP and 

Tau dynamics compared with conditions of low α-COP, indicating that they may retain 

canonical COPI coatomer function. The idea that the R260C and T146A variants retain 

normal α-COP function was further supported by our finding that they appear to 

successfully complex with endogenous COPI coat members as evidenced by their ability to 

coprecipitate members from both halves of the COPI coatomer. As they do not phenocopy 

COPA knockdown in our assays of APP and Tau processing, we can infer that the R260C 

and T146A mutations confer a toxic gain of function that is not tolerated in neuronal cells. 

In future studies, it will be critically important to perform proteomic experiments to 

determine which novel interactions may be present to mediate this apparently increased 

toxicity.

Recently, a third pathogenic Alzheimer’s axis has been identified. Whole genome 

sequencing studies identified variants in Trem2 (Triggering Receptor Expressed on Myeloid 

cells 2) that increase the risk of developing AD (Jonsson et al., 2013), whereas other Trem2 

mutations cause frontotemporal dementia (Le Ber et al., 2014) or Nasu-Hakola syndrome 

(Paloneva et al., 2002). Conversely, a missense mutation (S144G) may be protective against 

AD (Ulrich et al., 2017). A recent publication demonstrated that knockdown of δ-COP 

resulted in accumulation of mutant Trem2 in the ER-Golgi intermediate compartment 

(ERGIC) because of failure of COPI coatomer to return the protein to its normal steady-state 

ER localization (Sirkis et al., 2017). These data indicate that in addition to impacting the 

trafficking and processing of APP and Tau, modulating COPI coatomer function could also 

impact the processing and trafficking of Trem2, which could potentially be helpful or 

harmful depending on the point of AD pathogenesis.

4. Materials and methods

4.1. Cell culture

N2a, SH-SY5Y, and Biosensor cells were maintained in high- glucose DMEM with 10% 

fetal bovine serum and Normocin. All transfections were performed using Polyethylenimine 

(PEI) at a ratio of 1 μg DNA/2 μg PEI, and cells were transected overnight in serum-free 

DMEM.

4.2. Selection of stable APP695 cell lines and APP isoform expression analysis

An expression vector was obtained from Dr Nigel Hooper (University of Manchester), 

encoding the 695 amino acid isoform of human APP as well as a hygromycin resistance 

gene (APP695-IRES-Hygro). The vector was transfected into N2a and SH-SY5Y cells. Cells 

were transfected with PEI, and hygromycin was added 48 hours after transfection at a 

concentration of 100 μg/mL. After 10 days of selection, single clones were isolated, and 

APP695 expression was confirmed by Western blot with antibody 22C11 (EMD Millipore). 

For analysis of APP isoform expression in SH-SY5Y, total RNA was isolated from whole 

cells using the PureLink RNA Micro Kit (Invitrogen 12183016), then converted to 

complementary DNA using SuperScript-III (Invitrogen, 18080051). Primers were designed 
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to amplify from exon 6 to exon 9 and were able to identify APP695, APP751, and APP770 

(hAPP exon 6F 5″-AGG AAC CCT ACG AAG AAG CC-3″ hAPP exon 9R 5′-ATT CTC 

TCT CGG TGC TTG GC).

4.3. Selection of stable shRNA and CRISPR expression lines

For knockdown of murine COPA or GFP control, shRNA expression vectors were obtained 

from the Mission shRNA collection in the pLKO.1 vector backbone (SHC005 and 

TRCN0000313323, respectively). Forty-eight hours after transfection, transfected cells were 

selected by culturing in media containing puromycin (1–2 μg/mL), and colonies were 

isolated to generate clonal lines, which were screened by Western blot to identify lines with 

stable decrease in α-COP protein. CRISPR vector in the pLentiCRISPRv2 backbone 

targeting exon 5 of the human COPA gene was obtained from Genscript (gRNA sequence 

ATGATCAGACCATCCGAGTG). SH-SY5Y and HEK-293T Biosensor cells were 

transfected with either pLentiCRISPRv2 with a scrambled gRNA 

(GTATTACTGATATTGGTGGG). Forty-eight hours after transfection, transfected cells were 

selected by culturing in media containing puromycin (1–2 μg/mL), and colonies were 

isolated to generate clonal lines, which were screened by Western blot to identify lines with 

stable decrease in α-COP protein.

4.4. APP expression, trafficking, and cleavage

For visualization of mature and immature forms of full-length APP, cells were lysed for 20 

minutes on ice in 150 mM NaCl, 50 mM Tris, and 1% Triton-X and clarified by 

centrifugation at 16,000 rpm. Protein concentration of the clarified lysate was determined 

using a BCA assay (Pierce BCA Kit, catalog # 23,225). Lysates were then added to 2X 

Laemmli buffer and separated by SDS page on 4%–12% gradient Bis-Tris gels and 

transferred to PVDF membrane. After blocking in TPST with 5% milk, the membranes were 

probed overnight with antibody 22C11 (EMD Millipore MAB348, 1:1000) or antibody 

E8B3O for the detection of human APP in mouse cells (Cell Signaling Technologies, 

#29765, 1:1000). The ratio of immature to mature APP was calculated by gel densitometry 

using ImageJ on 3 separate blots, and error bars show the standard error of the mean. To 

determine the amount of APP present at the cell membrane, PM proteins were labeled with 

cell impermeant biotin using Sulfo-NHS-SS-Biotin as previously described (Huang, 2012). 

After isolation of biotinylated proteins with streptavidin beads, beads were boiled in 2X 

Laemmli, and Western blotting was performed as described previously. Aβ−42 levels were 

measured by ELISA using the LEGEND MAX ELISA kit (BioLegend #842401) to detect 

human and combined Aβ−42 or the Amyloid beta 42 Mouse ELISA kit (Invitrogen 

#KMB3441) for the detection of murine Aβ−42 in N2a cells. For the detection of internal 

Aβ−42, cells were lysed in 150 mM NaCl, 50 mM Tris with 1% Triton-X and diluted 1:5 

before use. Aβ−42 concentrations were normalized to total cell lysate protein to control for 

differences in plating density. SH-SY5Y cells stably expressing full-length human APP695-

GV and Gal4-luciferase were obtained from Dr Saunders (Temple University). Stable lines 

expressing COPA CRISPR and control vectors as well as AD-associated COPA mutants 

were selected as described previously. Once knockdown of α-COP and expression of mutant 

α-COP proteins were confirmed, the luciferase assay was performed using the Luciferase 

Assay System (Promega, E1500). Cells were plated in 7 cm tissue culture dishes and lysed 
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in 700 μL Cell Lysis Buffer (CLB, provided with kit). For assays measuring gamma-

secretase cleavage using the C99-GV vector, cells were transiently transfected using PEI 

with the C99-GV, the Gal4-luciferase reporter, and pRenilla. Forty-eight hours after 

transfection, luciferase activity was measured using the Promega Dual-Glo assay kit as 

directed (Promega, #E2920) and normalized to renilla.

4.5. Tau proteopathic seeding

Biosensor HEK-293T cells were obtained from Dr Cristian Lasagna-Reeves. Cells were 

transfected with either shRNA against human COPA or COPA CRISPR, and clones with 

reduced α-COP protein expression were selected with puromycin. The source of Tau see 

material was brain homogenate mouse brain lysate from transgenic mice overexpressing 

human Tau (PS19 P301S) in TBS (without detergent) diluted to a final protein concentration 

of 6.6 μg/μL. Cells were plated on collagen-coated coverglass for 24 hours, then exposed to 

brain lysate combined with Lipofectamine 2000 at 1 μg protein/mL for 24 hours. Cells were 

incubated in fresh media for an additional 24 hours, then rinsed with phosphate-buffered 

saline and fixed for 5 minutes in 4% PFA before mounting with Prolong Gold (with DAPI). 

Ten random fields were captured for each condition, and a blinded observer counted the 

percentage of cells with GFP-positive puncta per image. This experiment was performed 3 

times.

4.6. Tau oligomerization

Split-luciferase Tau vectors were provided by Dr Henri Huttunen, the University of Helsinki. 

Stable cell lines described previously (N2a and SH-SY5Y) were plated in 7 cm dishes and 

transiently transfected overnight with 3.5 μg Tau-Gluc1 and Tau-Gluc2 using PEI. After the 

overnight transfection, the media were changed to high-glucose DMEM with no Phenol Red 

(Gibco 21063029). Forty-eight hours after media change, the cells were lysed in 700 μL 

PLB, and luciferase activity was determined using the Dual-Luciferase assay kit (E1910). 

The same kit was used to determine luciferase activity in the cell culture supernatant. Media 

were harvested and spun at 1000 rpm for 5 minutes, then equal amounts of media and 

Passive Lysis Buffer (provided) were combined, and luciferase activity determined as 

recommended by the product insert. The ratio of cell culture media luciferase intensity was 

divided by the luciferase signal in the whole cell lysate to calculate the percent Tau released. 

We note that although the split luciferase in this assay reporter is Gaussia luciferase and 

should therefore be compatible with kits that provide coelenterazine as the substrate, we 

were only able to observe consistent luciferase activity using the Promega Dual-Luciferase 

kits with both the luciferase assay buffer and the stop and glow substrate present.

4.7. Measuring ER stress

To induce ER stress, N2a cells were treated with Thapsigargin (100 nM for 6 hours) as a 

positive control. Total RNA was isolated using TRIzol reagent and the PureLink Micro kit 

(Invitrogen, #12183016) followed by conversion to complementary DNA using the iScript 

system (Biorad #1708840). Quantitative RT-PCR was performed with iQ SYBR green 

supermix reagent (Biorad #1708880). Primers for transcripts reflecting ER stress induction 

were previously published (Oslowski and Urano, 2011), and β-actin was used as the control.
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4.8. Kainate receptor trafficking assay

N2a cells were transfected with a previously characterized myc-tagged kainate receptor 

subunit (myc-KA2) combined with either mCherry or α-COP expression vectors 

(Vivithanaporn et al., 2006). Forty-eight hours posttransfection, cell surface proteins were 

labeled with cell-impermeant Sulfo-NHS-SS-Biotin as described previously. Biotinylated 

proteins were isolated with magnetic Streptavidin beads and eluted by boiling in 2x Laemli 

buffer. Total cell lysates and the biotinylated cell surface fraction were analyzed by Western 

blot with anti-Myc antibody (clone 9E10). HRP-conjugated streptavidin was used as a 

loading control for the cell surface fraction, and β-actin was used as a loading control for the 

whole cell lysates.

4.9. Statistical significance

For pair-wise comparisons, statistical significance was determined by Student’s t-test. For 

comparison of multiple groups, ANOVA was performed with post-hoc Tukey’s t-test. 

Statistical significance was determined as p < 0.05.
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Fig. 1. 
Depletion of α-COP alters processing of APP in SH-SY5Y cells. (A) RT-PCR using primers 

anchored in Exon 6 and Exon 9 amplifies 3 splice isoforms of human APP. Cells stably 

expressing APP695-IRES-Hygro express predominantly the 695 isoform (bottom band). (B) 

Western blot shows decreased levels of α-COP protein in the COPA CRISPR clones (lanes 

2ò4) compared with controls. (C) Western blotting using the 22C11 antibody detects an 

increase in immature APP in COPA CRISPR clone compared with controls. (D) Quantitative 

densitometry from 3 separate Western blots shows a statistically significant increase in the 

ratio of immature/mature APP in COPA CRISPR cells compared with control. Error bars 

show standard error of the mean, and asterisk denotes statistical significance p < 0.05.
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Fig. 2. 
Depletion of α-COP alters processing of APP in N2a cells. (A) Representative Western blot 

from whole cell N2a lysates after puromycin selection and clonal isolation. Blotting with H3 

antibody shows decreased levels of α-COP protein compared with β-actin loading controls. 

(B) Representative Western blot of whole cell lysate blotted with antibody 22C11 to 

visualize mature and immature forms of APP695 shows increased levels of immature APP695 

in cells with stable knockdown of COPA. (c) Blotting of whole cell lysates and streptavidin-

isolated proteins cell surface protein with human-specific APP antibody (E8B3O) shows 
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decreased APP695 at the plasma membrane in COPA knockdown cells compared with 

controls. Blotting with HRP-conjugated Streptavidin confirms even loading of the cell 

surface proteins.
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Fig. 3. 
Depletion of α-COP reduces the release of APP fragments. (A) Combined results of ELISA 

measurements of murine Aβ−42 in N2a cells show decreased Aβ−42 in cell culture media 

from a clonal line with stable expression of shRNA against COPA (shCOPA) compared with 

a control clone expressing shRNA against GFP (shGFP). Similar results were detected from 

a clonal line of N2a cells expressing stably expressing human APP695 in addition to the 

shRNA. Combined results of ELISA measurements of Aβ−42 in SH-SY5Y cells show a 

similar significant decrease in Aβ−42 from cells where the level of α-COP protein has been 

reduced by CRISPR editing of the COPA gene. (B) This graph depicts the combined results 

of multiple luciferase assays in SH-SY5Y cells expressing a reporter plasmid to measure the 

formation of the AICD following cleavage of APP695 by γ-secretase. Reducing α-COP 

protein by CRISPR gene editing resulted in decreased luciferase signal compared with 

control cells expressing the pLentiCRISPRv2 with a nonspecific gRNA. (C) Quantitative 

RT-PCR shows that reducing the levels of α-COP in the presence of APP695 induces modest 

ER stress compared with controls. Error bars represent standard error of the mean, and 

asterisk denotes statistical significance p < 0.05. n.s. = not significant.
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Fig. 4. 
Depletion of α-COP alters Tau pathology in cells. (A) The Tau biosensor reporter line shows 

minimal fluorescence under control or mock transfection conditions, but when transfected 

with brain exosomes from symptomatic Tau P301S mice (5 μM), a strong FRET signal is 

produced, reflecting aggregation of the Tau-CFP and Tau-YFP proteins (inset). Treatment 

with wortmannin or okadaic acid increased background fluorescence comparably to the 

DMSO control (bottom row) and did not induce aggregation of the split- fluorescent Tau, 

indicating that Tau aggregation can only be induced by externally seeded Tau aggregates. 

Astroski et al. Page 23

Neurobiol Aging. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(B) Western blot of whole cell lysate from Tau biosensor cells demon-strates that in cells 

stably expressing an shRNA against human COPA as well as in a second clone expressing 

the COPA CRISPR guide, α-COP protein levels are reduced compared with pLKO controls. 

Blotting with an antibody against GFP confirms that the split-fluorescent Tau is expressed at 

comparable levels in all clones. β-actin was used as a loading control. (C) When transfected 

with equal amounts of proteopathic Tau seeds, we find reduced FRET signal in cell lines 

with decreased levels of α-COP. (D) Co-transfection of N2a cells with Tau-Gluc1 and Tau-

Gluc2 yields a roughly 10-fold increase in luciferase intensity compared with control cells 

transfected with Tau-Gluc1 alone. Treatment with either wortmannin or okadaic acid 

significantly increased the luciferase intensity produced by cells transfected with both Tau-

Gluc1 and Tau-Gluc2 above baseline luciferase levels (p < 0.05 by Student’s t-test). (E) 

Transient transfection of stable N2a cell lines with the Tau split-luciferase reporter shows 

decreased luciferase signal after COPA knockdown compared with controls indicating a 

reduction in levels of Tau oligomerization. Error bars represent standard error of the mean, 

and asterisk denotes statistical significance p < 0.05.
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Fig. 5. 
AD-associated mutations in α-COP. (A) Sequence alignment shows conservation of T/S at 

amino acid position 146 and R at amino acid position 260 in a variety of organisms. (B) A 

representative Western blot of whole cell lysate (inputs) from cells transfected with either 

mCherry (control) or tagged human α-COP expression vectors (wild-type = WT) shows the 

expression of tagged α-COP vectors is approximately equal. Immunoprecipitation followed 

by Western blot analysis shows that both WT and AD-associated α-COP can co-

immunoprecipitate members of the COPI complex. (C) Cells were transfected with myc-
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tagged kainate receptor (myc-KA2) in the presence of either an mCherry control or FLAG-

tagged α-COP expression vectors. Wild-type, R260C (ΔR), and T146A (ΔT) all equally 

reduced the levels of myc-KA2 detected at the membrane.
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Fig. 6. 
AD-associated mutations in α-COP affect APP processing. (A) Whole cell lysate from N2a 

cells expressing APP695 and α-COP vector probed with antibody E8B3O to visualize human 

APP695. When plasma membrane proteins were isolated by streptavidin pull-down after 

labeling with cell impermeant biotin, there was reduced plasma membrane–resident APP in 

the presence of R260C (ΔR) or T146A (ΔT) α-COP compared with control cells expressing 

APP695 alone or APP695 and α-COP wildtype (WT). The lower portion of the blot was 

probed with streptavidin-HRP as a loading control for biotinylated proteins. (B) ELISA 

quantification of Aβ−42 levels in cell culture supernatant shows increased release of Aβ−42 

in the presence of R260C or T146A α-COP compared with wild-type or controls whether 

measuring murine Aβ−42 in N2a cells, combined Aβ−42 in N2a-APP695 or human Aβ−42 

in SH-SY5Y cells. (D) α-COP expressing N2a cells transfected with APP-C99-GV and 

Gal4-luciferase show increased luciferase signal in the presence of R260C or T146A α-

COP, indicating increased formation of AICD. (E) SH-SY5Y cells stably expressing a full-
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length APP γ-secretase reporter also show increased luciferase signal when expressing 

R260C or T146A α-COP, indicating increased formation of AICD. Error bars represent 

standard error of the mean. Asterisk denotes statistical significance p < 0.05.
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Fig. 7. 
AD-associated mutations in α-COP promote pathologic changes in Tau. (A) N2a cells 

expressing R260C or T146A α-COP show increased luciferase signal relative to controls 

when transfected with a split-luciferase Tau reporter, indicating an increase in Tau 

aggregation. (B) Expression of R260C or T146A α-COP in N2a cells results in an increased 

ratio of external aggregated Tau to internal aggregated Tau as expressed by the ratio of cell 

supernatant luciferase to whole cell lysate luciferase, indicating that cells expressing AD-

associated α-COP mutations release increased amounts of potentially proteopathic 

aggregated Tau. (C) Western blot analysis of N2a cells stably expressing shRNA against 

either GFP or COPA or stably expressing α-COP (wildtype, R260C or T146A). Cells were 

transfected with Tau-Gluc 1 and Tau-Gluc2, and the blot was probed with antibody against 

human Tau. Expression of the split Tau reporter is roughly equal, and differences do not 

account for the increased luciferase activity seen when the reporter was expressed in the 

presence of R260C or T146A α-COP. (D) Quantitative RT-PCR was used to measure 

indicators of ER stress, using thapsigargin treatment as a positive control. Expression of 
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R260C and T146A α-COP caused significant increases in ATF4 and Grp94 compared with 

cells expressing wild-type α-COP or mCherry controls. Error bars represent standard error 

of the mean. Asterisk denotes statistical significance p < 0.05.
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