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Abstract 

Alzheimer’s disease (AD) is the most common cause of dementia, affecting an estimated 

7 million adults over the age of 65 in the United States, and the number of cases is projected to 

nearly double over the next 25 years as the population ages. This irreversible neurodegenerative 

disorder is characterized by progressive cognitive decline and loss of functional independence due 

to widespread neuronal degeneration. Although Aβ (Aβ) plaques and neurofibrillary tangles have 

been recognized as hallmark features of the AD brain, the intracellular mechanisms that link 

amyloid precursor protein (APP) processing to downstream neuronal dysfunction remain poorly 

understood. 

In addition to extracellular plaque accumulation, increasing evidence suggests that defects 

in endosomal trafficking and cellular metabolism play a critical role in AD pathogenesis. The 

exocyst complex is an evolutionarily conserved eight-protein tethering complex that mediates 

polarized vesicle trafficking and regulates the delivery of cargo such as APP to the plasma 

membrane. Disruption of exocyst function has been implicated in abnormal retention of APP 

within endosomes, promoting amyloidogenic cleavage and increased Aβ production. However, the 

extent to which exocyst dysregulation contributes downstream to metabolic dysfunction and tau 

pathology has not been fully defined. 

In this thesis, we have investigated whether targeting the exocyst complex could mitigate 

key cellular features associated with familial APP mutations. Using SH-SY5Y neuroblastoma cells 

differentiated into neuron-like cells, the effects of exocyst inhibition on endosomal morphology, 

APP processing, tau phosphorylation, transcriptomic changes, and metabolic dysfunction were 

studied. Cells expressing APP transgenes with Swedish and Indiana familial AD mutations were 
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compared to wild-type controls and treated either with shRNA targeting exocyst subunits or the 

small molecule exocyst inhibitor ES2. 

Endosomal swelling was assessed by immunofluorescence microscopy, while APP 

cleavage products and phosphorylated tau levels were quantified by Western blotting. Seahorse 

metabolic flux assays measured changes in mitochondrial respiration, and NanoString nCounter 

platform used to profile transcriptomic alterations associated with exocyst inhibition. 

The results of this work show that neuronal models expressing familial APP mutations in 

fact developed increased amyloidogenic processing, elevated tau phosphorylation, and impaired 

metabolic function compared to wild-type controls. Contrary to our original hypothesis, reduced 

endosomal signals were seen in the mutant models, possibly due to cellular stress causing the 

collapse of early endosomes. We also found that treatment with the small molecule exocyst 

inhibitor ES2 or shRNA knockdown of exocyst subunits did not reverse these phenotypes. Instead, 

exocyst disruption further exacerbated endosomal dysfunction, metabolic deficits, and tau 

pathology. Collectively, these findings suggest that the exocyst complex plays an essential role in 

maintaining neuronal homeostasis and that loss of exocyst function can amplify key pathological 

features associated with Alzheimer’s disease.  
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Introduction 

Background on Alzheimer’s Disease (AD)  

Alzheimer’s disease (AD) is the most common cause of dementia, affecting millions of 

older adults worldwide. It accounts for an estimated 60 to 80 percent of dementia cases and is a 

leading cause of disability and mortality among aging populations. In the United States, over 7 

million people aged 65 and older are currently living with Alzheimer’s dementia, and this number 

is projected to rise to nearly 13 million by 2050 as the population continues to age1. 

The disease develops slowly over many years. In early stages, individuals often experience 

mild memory lapses, such as difficulty recalling recent events or finding words. As the disease 

progresses, cognitive decline becomes more pronounced, affecting reasoning, judgment, and 

problem-solving abilities. People may become disoriented, struggle to recognize familiar places 

or faces, and have trouble completing routine tasks. In later stages, individuals lose the ability to 

communicate, require full-time care, and become increasingly vulnerable to infections and other 

complications2. Alzheimer’s disease is also associated with behavioral and psychological 

symptoms. Many patients develop depression, anxiety, irritability, or apathy. Others experience 

hallucinations, delusions, or agitation, which can create significant challenges for caregivers. Over 

time, these symptoms contribute to the loss of independence and increased need for long-term 

care3. 

The economic impact of Alzheimer’s disease is also substantial. In 2025, the annual cost 

of caring for individuals with Alzheimer’s and other dementias in the United States exceeded $380 

billion. This figure includes direct medical expenses, long-term care, and hospice services, but it 

does not account for the immense value of unpaid care provided by family members, which 
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represents an additional estimated $340 billion in economic contributions each year1. Caregivers 

often experience high levels of stress, depression, and financial strain. Many are forced to reduce 

their work hours or leave their jobs to provide care. As the prevalence of Alzheimer’s increases, 

these pressures are expected to grow, placing further demands on health systems and 

communities4. 

Despite decades of research, there is no cure for Alzheimer’s disease. Approved 

medications can temporarily improve symptoms or slow their worsening in some individuals, but 

they do not stop disease progression. The combination of high prevalence, rising costs, and limited 

 

Figure 1. Projected number of individuals aged 65 and older in the United States living 

with Alzheimer’s dementia. The graph illustrates estimates of disease prevalence by age group 

over the next four decades1. 
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treatment options makes Alzheimer’s disease one of the most critical public health challenges of 

this century5. 

Molecular Pathology of AD 

The pathology of Alzheimer’s disease is defined by structural and molecular changes that 

progressively damage the brain. The two most recognizable features are extracellular amyloid beta 

(Aβ) plaques and intracellular neurofibrillary tangles. These lesions are accompanied by synapse 

loss and neuroinflammation that together drive disease progression. 

Aβ plaques are dense deposits of insoluble fibrillar material that build up in the 

extracellular space around neurons. They consist mainly of aggregated Aβ peptides arranged in a 

beta-sheet conformation. Plaques are often surrounded by swollen axons and reactive glial cells. 

Although the exact relationship between plaque deposition and cognitive decline is complex, the 

accumulation of plaques is a defining hallmark of Alzheimer’s disease6. 

Neurofibrillary tangles are composed of hyperphosphorylated tau protein. Under normal 

conditions, tau binds to microtubules and stabilizes their structure, which is essential for axonal 

transport. In Alzheimer’s disease, abnormal phosphorylation causes tau to detach and misfold. 

Misfolded tau assembles into paired helical filaments that aggregate within neurons as tangles. 

The progression of tau pathology follows a predictable pattern described by Braak staging, 

beginning in the entorhinal cortex and hippocampus before advancing to association cortices. The 

density and distribution of tangles correlate closely with disease severity and cognitive decline7. 
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Figure 2. Healthy and Alzheimer’s disease neurons based on the tau hypothesis. In AD, tau 

becomes hyperphosphorylated, detaches from microtubules, and aggregates into neurofibrillary 

tangles, disrupting axonal transport and neuronal function8. 

Synaptic loss is an early and critical feature of Alzheimer’s disease. Postmortem studies 

have demonstrated that synaptic density is significantly reduced in the hippocampus and cortex. 

This loss disrupts the connections between neurons and contributes directly to memory deficits 

and other cognitive symptoms9. Neuroinflammation develops as microglia and astrocytes respond 

to amyloid accumulation and neuronal injury. While microglia can help clear Aβ in early disease 

stages, prolonged activation leads to sustained release of pro-inflammatory cytokines and reactive 

oxygen species. This chronic inflammatory environment damages neurons, promotes tau 

pathology, and accelerates disease progression10. 

Together, these processes create a network of interacting pathology. Aβ accumulation 

promotes tau aggregation. Tau pathology impairs axonal transport. Inflammation further amplifies 
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neuronal dysfunction and loss. This combination of lesions ultimately results in progressive brain 

atrophy and the cognitive decline characteristic of Alzheimer’s disease. 

APP Processing in Neurons 

The amyloid precursor protein (APP) is a type I transmembrane glycoprotein expressed 

widely in the central nervous system. It is present at high levels in neurons, where it contributes to 

normal cellular functions, including synapse formation, neurite outgrowth, and cell adhesion. APP 

is encoded on chromosome 21, which partly explains the early development of amyloid pathology 

in individuals with Down syndrome who have an extra copy of this chromosome6. 

APP can be processed through two major pathways: non-amyloidogenic and 

amyloidogenic. The non-amyloidogenic pathway is considered the typical processing route. In this 

pathway, APP is cleaved within the Aβ domain by alpha-secretase, an enzyme belonging to the 

ADAM (a disintegrin and metalloprotease) family. This cleavage produces soluble APP-alpha, 

which is secreted into the extracellular space and thought to have neuroprotective functions. The 

remaining membrane-bound C-terminal fragment is then further processed by gamma-secretase, 

releasing a small p3 peptide that does not aggregate11. 

The amyloidogenic pathway begins with cleavage by beta-secretase (BACE1). This 

enzyme cuts APP at the N-terminus of the Aβ sequence, generating a soluble APP-beta fragment 

and a membrane-bound C99 fragment. The C99 fragment becomes the substrate for gamma-

secretase, which cleaves it within the transmembrane region to produce Aβ peptides of various 

lengths12. 
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Figure 3. Schematic of APP processing pathways. In the anti-amyloidogenic pathway (left), 

α- and γ-secretase generate APPsα, p3, and AICD. In the amyloidogenic pathway (right), β- and 

γ-secretase produce APPsβ, Aβ peptides, and AICD13. 

Gamma-secretase is a multi-subunit complex composed of presenilin (the catalytic core), 

nicastrin, Aph-1, and Pen-2. It cleaves C99 imprecisely, resulting in Aβ peptides ranging from 38 

to 43 amino acids. Among these, Aβ40 is the most abundant isoform, while Aβ42 is less prevalent 

but more prone to aggregate. The relative increase in Aβ42 compared to Aβ40 is considered a 

critical factor in amyloid plaque formation14. 

Several mutations in the APP gene alter the balance between these pathways. The Swedish 

mutation (KM670/671NL) increases beta-secretase cleavage efficiency, leading to greater 

production of all Aβ species. The Indiana mutation (V717F) shifts gamma-secretase cleavage to 

favor longer peptides like Aβ42. These mutations accelerate plaque formation and are linked to 

autosomal dominant early-onset Alzheimer’s disease15. In normal physiology, Aβ is continuously 

produced and cleared through enzymatic degradation and transport out of the brain. Enzymes such 

as insulin-degrading enzyme help maintain low steady-state levels. When production exceeds 
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clearance, Aβ begins to accumulate and deposit extracellularly. Over time, aggregation leads to 

the formation of plaques that are a central pathological feature of Alzheimer’s disease16. 

Understanding how APP is processed has been central to the development of experimental 

therapies aimed at reducing Aβ production. Inhibitors of beta-secretase and gamma-secretase have 

been tested in clinical trials to block the amyloidogenic pathway, although most have faced 

challenges related to toxicity and limited cognitive benefit. Ongoing research continues to explore 

how modulating APP cleavage can lower amyloid burden without disrupting essential neuronal 

functions. 

Endosomal Dysfunction  

Endosomal trafficking is essential for maintaining neuronal homeostasis. Neurons rely on 

efficient transport and recycling of membrane proteins, receptors, and lipids to support synaptic 

function and nutrient uptake. In Alzheimer’s disease, endosomal and lysosomal pathways become 

disrupted early in the disease process, leading to characteristic morphological and functional 

abnormalities. 

One of the most consistent findings in Alzheimer’s pathology is the enlargement of early 

endosomes in vulnerable neuronal populations, particularly in cortical and hippocampal pyramidal 

cells. These changes have been observed in both sporadic and familial forms of the disease, as well 

as in individuals with Down syndrome, who invariably develop amyloid pathology by mid-life17. 

Morphological studies have demonstrated that enlarged endosomes can be detected before overt 

plaque deposition, suggesting that defects in endosomal trafficking may play a central role in 

initiating disease-related changes. 
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APP and its processing enzymes are trafficked through endosomal compartments. BACE1 

is most active in acidic environments such as early and recycling endosomes. As APP is 

internalized from the plasma membrane, it enters these compartments, where it becomes a 

substrate for amyloidogenic cleavage. Disruption of endosomal maturation and sorting increases 

the likelihood of APP encountering BACE1, favoring Aβ production18. This complex is an 

important regulator of endosomal protein sorting, as it mediates retrieval of cargo proteins from 

endosomes back to the trans-Golgi network or the cell surface. Retromer dysfunction impairs the 

recycling of key cargo, including APP and receptors involved in synaptic transmission19. 

We previously investigated endosomal phenotypes in SH-SY5Y neurons expressing 

mutant APP (mutAPP) and found that Rab5-positive early endosomes were significantly enlarged 

compared to wild-type cells, consistent with APP-induced trafficking defects (Figure 4). 

Interestingly, knockdown of Exoc5, a component of the exocyst complex, reduced Rab5 signal 

intensity and appeared to reverse endosomal swelling. This suggested that exocyst disruption 

might influence early endosomal dynamics in the context of APP overexpression, though the 

underlying mechanism remains unclear. These findings support the idea that altered vesicle 

tethering or trafficking may contribute to APP-induced endosomal dysfunction. 
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Figure 4. Exocyst inactivation rescues Rab5+ endosomal enlargement caused by β-CTF.  

(A) Representative immunostaining of Rab5, an early endosome marker (red), in wild type SH-

SY5Y cells, SH-SY5Y expressing mutAPP, and SH-SY5Y cells expressing mutAPP and 

shExoc5. (B) Measurement of corrected total cell fluorescence (CTCF) for Rab5 staining 

confirmed endosomal swelling with mutAPP expression, which was reduced with Exoc5 

knockdown. Group values were compared with one-way ANOVA with post-hoc Tukey test. 

Endosomal abnormalities also impair neurotrophic signaling, leading to synaptic 

vulnerability and degeneration. Accumulation of undegraded material within endosomes and 

lysosomes can further trigger cellular stress responses. These trafficking defects create a feedback 

loop that worsens amyloid pathology. Increased retention of APP in early endosomes promotes β-

secretase cleavage, producing more Aβ. Accumulating peptides and damaged proteins overwhelm 

degradative pathways, which in turn exacerbates dysfunction. Over time, this contributes to 

synaptic loss, dendritic degeneration, and progressive neuronal death20. 

Metabolic Dysfunction 

Neurons are highly dependent on efficient energy metabolism to maintain membrane 

excitability, support synaptic transmission, and regulate intracellular transport. Disruptions in 

metabolic processes can reduce cellular resilience and contribute to neurodegeneration. In 

Alzheimer’s disease, evidence suggests that amyloid precursor protein (APP) processing can 

directly impair mitochondrial respiration and energy production21. 
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Studies have shown that increased amyloidogenic processing of APP alters mitochondrial 

function and lowers ATP availability. Aβ peptides can accumulate within mitochondria and 

interfere with the activity of electron transport chain complexes, reducing oxidative 

phosphorylation efficiency22. As energy deficits develop, neurons become more susceptible to 

additional stressors that promote dysfunction and cell death. 

APP-related metabolic disturbances can also trigger transcriptional changes in pathways 

involved in glucose utilization, oxidative stress responses, and cell survival. These transcriptional 

shifts can be detected using targeted gene expression profiling platforms such as NanoString 

nCounter. Identifying changes in metabolic gene networks provides insight into how APP 

mutations disrupt cellular homeostasis. Mitochondrial impairment and bioenergetic failure are 

likely to contribute to synaptic deficits observed in Alzheimer’s disease. To evaluate these effects 

in experimental models, Seahorse metabolic flux analysis can be used to measure key parameters 

such as oxygen consumption rate and glycolytic capacity. These assays provide a quantitative 

assessment of mitochondrial respiration and glycolysis, allowing for detection of early metabolic 

dysfunction before overt cell loss occurs. 

Because bioenergetic failure often precedes apoptosis or necrosis, metabolic dysfunction 

can be an important driver of neuronal vulnerability. In cellular models expressing APP mutations 

associated with familial Alzheimer’s disease, evidence of impaired respiration and altered 

expression of metabolic regulators supports the idea that disrupted energy homeostasis contributes 

to neurodegeneration. Investigating these metabolic changes helps clarify the link between APP 

processing and neuronal viability. 
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Past Therapeutic Strategies and Unmet Needs 

Despite decades of research, there are still no disease-modifying treatments for 

Alzheimer’s disease. Most approved therapies focus on temporary symptom management rather 

than slowing or stopping neurodegeneration. The lack of effective interventions highlights the 

complexity of Alzheimer’s pathology and the need for new approaches. 

Early therapeutic strategies primarily targeted Aβ accumulation. Beta-secretase (BACE1) 

inhibitors were developed to block the initial cleavage of APP and reduce Aβ production. While 

these compounds lowered amyloid levels in the brain, several clinical trials failed to demonstrate 

cognitive benefit and were stopped due to adverse effects, including liver toxicity and worsening 

cognitive decline23. 

Gamma-secretase inhibitors were also pursued with the goal of reducing Aβ generation. 

However, gamma-secretase is responsible for cleaving many other substrates, such as Notch 

receptors involved in cell signaling. Inhibition of this enzyme led to dose-limiting toxicities, 

including gastrointestinal disturbances and skin cancers, and ultimately prevented the approval of 

these compounds for clinical use24. 

More recently, monoclonal antibodies have been developed to bind and remove Aβ. These 

immunotherapies include aducanumab, lecanemab, and donanemab. Some trials have shown 

reductions in amyloid plaque burden measured by PET imaging, but cognitive outcomes have been 

mixed or modest. For example, while aducanumab received accelerated FDA approval, concerns 

about the clinical significance of its effects and potential side effects such as amyloid-related 

imaging abnormalities have limited its widespread adoption5. Other efforts have targeted tau 

pathology through kinase inhibitors and anti-tau antibodies. These approaches are still in early 
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development, and results to date have not demonstrated clear cognitive improvement in large 

trials25. 

The limited success of therapies that target amyloid or tau directly suggests that additional 

pathways may contribute to disease progression. Recent research has focused on inflammation, 

synaptic dysfunction, endosomal trafficking, and metabolic alterations as alternative therapeutic 

targets. However, translating these discoveries into effective treatments has proven challenging. 

Overall, the failure of many amyloid- and tau-directed therapies underscores the need to explore 

new strategies. Targeting upstream mechanisms that influence multiple aspects of pathology may 

offer a more effective approach. Investigating processes such as vesicle trafficking and cellular 

metabolism could reveal novel intervention points to slow or prevent disease progression. 

The Role of the Exocyst Complex in Aβ Production  

The exocyst is an evolutionarily conserved, multi-subunit protein complex that regulates 

targeted vesicle trafficking in eukaryotic cells. It was first characterized in yeast as a mediator of 

exocytosis, where it directs secretory vesicles to specific sites on the plasma membrane. In 

mammalian cells, the exocyst plays diverse roles in membrane addition, cell polarity, cytokinesis, 

and receptor recycling26. 

The exocyst is composed of eight subunits (Exoc1–Exoc8) that assemble into two 

functional subcomplexes. Subcomplex 1 (Exoc1–Exoc4) associates with secretory vesicles, while 

Subcomplex 2 (Exoc5–Exoc8) interacts with Rab GTPases to define docking sites at the plasma 

membrane. The exocyst facilitates the tethering of vesicles prior to SNARE-mediated fusion 

events. In neurons, where polarized trafficking is essential for maintaining synaptic function and 

plasticity, the exocyst is highly enriched at axons, dendrites, and growth cones27. 
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Figure 5. The exocyst complex mediates vesicle targeting prior to SNARE-mediated 

fusion. This diagram illustrates how the assembled exocyst holocomplex tethers vesicles to the 

target membrane, directing them to the site of exocytosis where fusion is completed by the 

SNARE machinery. 

Preliminary data from our laboratory suggests that exocyst-mediated trafficking 

contributes to the regulation of amyloid precursor protein (APP) delivery, internalization, and 

recycling. APP is synthesized in the endoplasmic reticulum, transported through the Golgi, and 

delivered to the plasma membrane. From the cell surface, APP undergoes endocytosis into early 

endosomes, where β-secretase cleavage generates amyloid-beta peptides. Disruption of proper 

sorting between these compartments increases the likelihood of amyloidogenic processing and 

amyloid-beta accumulation28. 

Recent work has shown that loss or inhibition of exocyst subunits can increase APP 

retention within endosomes, promoting amyloidogenic cleavage and contributing to endosomal 

enlargement, one of the earliest pathological changes seen in Alzheimer’s disease17. For example, 



19 

silencing of EXOC5 or pharmacologic disruption of exocyst assembly has been associated with 

impaired recycling of APP and higher levels of Aβ production in neuronal models29.  

 

Figure 6. Exoc5 and APP co-localize in a punctate pattern in differentiated SH-SY5Y 

neurons. Representative immunofluorescence image showing differentiated SH-SY5Y cells 

stained for Exoc5 (green), APP (red), and nuclei (blue, DAPI). Higher magnification of the 

boxed region reveals areas of co-localization (yellow) between Exoc5 and APP puncta along 

the neuronal processes. This pattern suggests spatial overlap between the exocyst complex and 

APP-containing vesicles under basal conditions. Scale bar = 5 μm. (Brent Fujimoto, 2019.) 

 

 

Figure 7. Exoc5 knockdown reduces Aβ40 secretion and partially rescues endosomal 

swelling in SH-SY5Y neurons expressing mutant APP. (A) ELISA quantification of Aβ40 

levels in conditioned media collected over 24 hours. MutAPP-expressing cells secreted 

significantly more Aβ40 than WT controls. Treatment with the γ-secretase inhibitor DAPT or 

knockdown of Exoc5 both significantly reduced Aβ40 secretion in MutAPP cells. (B) 

Quantification of Rab5 signal (CTCF per cell) from immunofluorescence images as a marker 
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of early endosome swelling. MutAPP cells exhibited significantly higher Rab5 signal 

compared to WT, consistent with enlarged early endosomes. Exoc5 knockdown in MutAPP 

cells led to a partial reduction in Rab5 signal, though this change was not statistically 

significant. 

 

Supporting this hypothesis, immunofluorescence staining in differentiated SH-SY5Y 

neurons showed that Exoc5 and APP co-localize in a punctate pattern throughout neurites, 

suggesting spatial overlap between the exocyst and APP-containing vesicles (Figure 6). Additional 

data from our lab demonstrate that SH-SY5Y cells overexpressing mutant APP (Swedish/Indiana) 

secrete significantly higher levels of Aβ compared to WT cells, and this effect is partially reversed 

by shRNA-mediated knockdown of Exoc5 (Figure 7). Knockdown also resulted in accumulation 

of full-length APP in lysates and a reduction in β-cleaved APP fragments (bCTFs), supporting a 

role for Exoc5 in regulating APP trafficking and processing. These findings provide preliminary 

evidence that the exocyst may contribute directly to APP distribution and amyloidogenic output in 

neurons. 

These observations suggest that the exocyst is not merely a general trafficking regulator 

but may play a specific role in maintaining APP homeostasis and preventing excessive 

amyloidogenic processing. 
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Approach and Specific Aims 

Experimental Approach 

This study employed five differentiated SH-SY5Y neuronal cell lines and treatment 

conditions designed to model disease-relevant changes and experimental interventions. Wild-type 

(WT) SH-SY5Y cells differentiated under standard conditions served as a baseline reference to 

define normal APP trafficking, endosomal morphology, and metabolic function. SH-SY5Y cells 

expressing APP transgenes with the Swedish (KM670/671NL) and Indiana (V717F) familial AD 

mutations (MutAPP) were used as a disease model characterized by increased β-secretase cleavage 

and greater production of aggregation-prone Aβ42 peptides30. 

To assess whether exocyst disruption alters these pathogenic processes, two 

complementary strategies were applied. Genetic knockdown of Exoc5 (MutAPP+ShExoc5) was 

used to reduce expression of a critical exocyst subunit involved in vesicle tethering. This approach 

provided a chronic, cell-intrinsic model of exocyst loss. In parallel, pharmacological inhibition 

was performed using Endosidin2 (ES2), a small molecule inhibitor that prevents exocyst complex 

assembly by targeting EXOC7031. ES2 allowed acute disruption of exocyst function without 

altering gene expression. Comparison of these two approaches enabled evaluation of whether 

genetic and chemical inhibition produce similar effects on APP processing and neuronal 

phenotypes. As a reference control, treatment with a β-secretase inhibitor (BACEi) was included 

to directly block amyloidogenic cleavage of APP and reduce Aβ levels independently of trafficking 

mechanisms33. BACEi treatment served as a benchmark for comparison with exocyst-targeted 

interventions. 
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This experimental framework enabled direct comparison of WT, MutAPP, and exocyst-

disrupted cells in terms of endosomal morphology, amyloid-beta production, tau phosphorylation, 

mitochondrial respiration, and transcriptomic changes. By integrating genetic and pharmacologic 

exocyst inhibition alongside disease and pharmacologic controls, this design allowed rigorous 

testing of the hypothesis that the exocyst complex is a critical regulator of APP processing and a 

contributor to the cellular vulnerability observed in Alzheimer’s disease. 

Specific Aims 

Question 1: Does inhibiting the exocyst complex reverse early endosomal swelling associated 

with increased β-secretase cleavage of APP? 

Aim 1: Investigate whether exocyst inhibition can restore normal endosomal morphology in 

neurons that overproduce Aβ. 

Hypothesis: The exocyst complex regulates endosomal trafficking and modulates β-secretase 

cleavage of APP, which in turn influences Aβ (Aβ) production. 

Approach: To test this hypothesis, SH-SY5Y human neuronal cell lines expressing an APP 

transgene with Swedish and Indiana familial AD mutations will be used to assess endosomal 

morphology. Exocyst function will be inhibited using targeted knockdown or chemical inhibitors. 

Endosomal swelling will be evaluated by fluorescent microscopy staining for early endosomal 

markers, and changes in APP processing will be measured by Western blotting. 

Question 2: Does exocyst inhibition reduce amyloidogenic APP processing and prevent 

downstream tau hyperphosphorylation? 

Aim 2: Determine whether blocking exocyst function alters tau phosphorylation in neurons with 

elevated amyloidogenic APP processing. 
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Hypothesis: The exocyst complex regulates key signaling pathways that control tau 

phosphorylation, and its dysregulation contributes to abnormal tau phosphorylation. 

Approach: Experiments will use the same SH-SY5Y cell model as in Aim 1. Exocyst function 

will be disrupted by knockdown or pharmacological inhibition. Western blotting will be used to 

measure tau phosphorylation levels and assess the activity of relevant signaling pathways 

implicated in tau regulation. 

Question 3: Can exocyst inhibition reverse transcriptomic and metabolic abnormalities associated 

with increased amyloidogenic APP processing? 

Aim 3: Examine whether blocking exocyst function restores normal gene expression and 

mitochondrial metabolism in APP mutant neurons. 

Hypothesis: Increased amyloidogenic processing leads to transcriptomic and metabolic 

abnormalities, and if the exocyst is essential for APP trafficking, its inhibition will rescue these 

deficits. 

Approach: To test this hypothesis, RNA sequencing (NanoString) will be used to profile 

transcriptomic changes in neuronal models from Aims 1 and 2, treated with exocyst knockdown 

or inhibitors. Seahorse metabolic flux analysis will measure mitochondrial respiration and 

glycolytic function. Any significant alterations will be correlated with changes in neuronal 

phenotypes and markers of cellular stress. 
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Methods 

Culture and Differentiation of SH-SY5Y Human Neuroblastoma Cells  

SH-SY5Y human neuroblastoma cells were maintained in a mixture consisting of equal 

parts Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum 

(FBS), 1% Penicillin-Streptomycin (Pen-Strep), and 1% GlutaMAX (Gibco). Cultures were grown 

at 37 °C in a humidified incubator with 5% CO₂, and the medium was refreshed regularly. When 

cell monolayers reached approximately 80% confluency, they were detached using 0.25% trypsin 

and passaged. For long-term storage, cells were frozen in a complete medium containing 10% 

dimethyl sulfoxide (DMSO) and stored in liquid nitrogen tanks. Cell numbers were estimated by 

counting with a hemocytometer before reseeding for experiments. 

For neuronal differentiation, cells underwent an 18-day protocol adapted from Shipley. 

Differentiation began with serum reduction and the application of retinoic acid (RA) to promote 

neuronal characteristics. During the first 7 days, the cells were cultured in Medium 1, consisting 

of Eagle’s Minimum Essential Medium (EMEM) with 2.5% heat-inactivated FBS, 1% Pen-Strep, 

1% GlutaMAX, and freshly added RA at a final concentration of 10 µM on each day of media 

change. Medium 1 was replaced every other day. 

On day 8, the culture medium was switched to Medium 2, composed of EMEM with 1% 

heat-inactivated FBS, 1% Pen-Strep, 1% GlutaMAX, and 10 µM RA added immediately before 

the medium exchange. From day 10 onward, the cells were maintained in Medium 3, consisting 

of Neurobasal medium without phenol red or glutamine, supplemented with 1X B-27, 1X N-2, 1% 

Pen-Strep, 1X GlutaMAX, and brain-derived neurotrophic factor (BDNF). This medium was 

changed every other day until differentiation was completed or until the cells were harvested for 
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downstream assays. Cells typically developed longer, more elaborate neurite processes between 

days 21 and 25 of the differentiation period and were sometimes maintained in differentiation 

conditions beyond this interval, depending on experimental requirements. 

Immunofluorescent Staining of Cells 

Immunocytochemistry was carried out on differentiated SH-SY5Y cells that were first 

fixed with 4% paraformaldehyde (PFA) and then permeabilized using 0.1% Triton X-100 in 

phosphate-buffered saline (PBS) for 10 minutes at room temperature. After fixation and 

permeabilization, the cells were rinsed with PBS and incubated in a blocking solution containing 

0.1% bovine serum albumin (BSA) in PBS. Samples were kept at 4°C in blocking buffer until 

staining was performed. 

Primary antibodies were diluted 1:100 in 1% BSA in PBS unless noted otherwise and 

applied to the cells for 1 hour at room temperature. Following primary antibody incubation, the 

cells were washed with 0.1% BSA in PBS. Fluorescently labeled secondary antibodies were 

diluted 1:1000 in 1% BSA and added for 1 hour at room temperature. 

Final washes were performed in PBS containing 1X DAPI for nuclear staining, incubated 

for 5 minutes. After washing, the cells were mounted using a solution of 90% glycerol and 10% 

water. This protocol was adapted from Lee et al. (2016). Confocal imaging was conducted on a 

Leica THUNDER Live Cell 3D Microscope using epifluorescence settings, through the JABSOM 

Microscopy and Imaging Core Facility. 

Fluorescence quantification was performed in ImageJ. Individual cells were manually 

outlined as regions of interest (ROIs) in the Rab5a channel. For each ROI, mean fluorescence 
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intensity and area were measured. Background fluorescence was determined by measuring the 

mean intensity of a cell-free area within the same field of view. Corrected total cell fluorescence 

(CTCF) was calculated by subtracting background signal from the raw measurement and 

normalizing by cell area, as follows: 

𝐶𝑇𝐶𝐹 =  
𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 − (𝐴𝑟𝑒𝑎 𝑜𝑓 𝑅𝑂𝐼 ×  𝑀𝑒𝑎𝑛 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒)

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑅𝑂𝐼
 

At least 30 cells per condition were analyzed. 

Cytotoxicity Assay  

All SH-SY5Y cell lines, including WT, MutAPP, MutAPP treated with ES2 

(MutAPP+ES2), and MutAPP with Exoc5 knockdown (MutAPP+ShExoc5), were seeded in 

triplicate on six separate 12-well plates at a density of 9 × 10⁴ cells per well. Differentiation was 

initiated the following day for all plates. On days 18, 21, 25, 27, 30, and 33 of differentiation, one 

plate was collected for analysis of cell growth using crystal violet staining. 

For each time point, wells were rinsed once with 1X PBS and then incubated for 10 minutes 

with 100 µL of 0.5% crystal violet solution prepared in a mixture of methanol and water. After 

staining, the crystal violet solution was discarded, and each well was washed three times with 1 

mL of deionized water to remove excess dye. 

Plates were then placed in a 37ºC incubator without lids for approximately 20 minutes to 

allow complete drying. To solubilize the stained cells, 1 mL of 1% SDS prepared in Milli-Q water 

was added to each well. Absorbance readings were measured at 555 nm using the SpectraMax 

Plate Reader to quantify relative cell growth. 
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Amyloid Beta (Aβ) ELISA Assays 

Media was collected from differentiated SH-SY5Y cell cultures after 72 hours of 

incubation. Samples were centrifuged at 1,000 x g for 10 minutes at 4 °C to remove cellular debris 

and stored at −80 °C until analysis. 

Quantification of human Aβ 1–40 (Aβ40) and Aβ 1–42 (Aβ42) was performed using the 

Human Aβ40 ELISA Kit (Invitrogen, #KHB3481) and the Human Aβ43 ELISA Kit (Invitrogen, 

#KHB3441), respectively, according to the manufacturer’s instructions. Before measurement, all 

reagents and samples were equilibrated to room temperature. Standards were reconstituted and 

serially diluted to generate standard curves covering the recommended dynamic range. For each 

assay, 50 µL of sample or standard was added to the pre-coated 96-well capture antibody plate in 

duplicate wells. Plates were incubated at room temperature for 2 hours on a microplate shaker set 

to 400 rpm. 

Following incubation, wells were washed three times with 1X Wash Buffer prepared from 

the supplied concentrate. Next, 50 µL of the detection antibody was added to each well and 

incubated for 1 hour at room temperature with gentle shaking. Wells were washed three additional 

times, and 50 µL of HRP-linked secondary antibody was added. After 30 minutes of incubation at 

room temperature, plates were washed four times with Wash Buffer. 

Signal was developed by adding 100 µL of TMB Substrate Solution to each well and 

incubating for 15 minutes in the dark. The reaction was stopped with 100 µL of Stop Solution. 

Absorbance was measured at 450 nm using a SpectraMax plate reader.  
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Western Blot Protocol  

Cell lysates were prepared using a RIPA buffer supplemented with protease and 

phosphatase inhibitors. Protein concentrations were determined with a bicinchoninic acid (BCA) 

assay (Pierce). Based on the most dilute sample, protein amounts were estimated to allow equal 

loading across all conditions, typically between 15–30 µg per lane. Equal amounts of protein 

were mixed with Laemmli Sample Buffer containing beta-mercaptoethanol (BME). Samples 

were heated at 100ºC for 5 minutes and then rapidly cooled on ice. 

Prepared samples were loaded into Mini-PROTEAN TGX precast 4–20% gradient 

polyacrylamide gels (Bio-Rad). A total of 2 µL of Precision Plus Dual Color Protein Standard 

(Bio-Rad) was loaded alongside the samples as a molecular weight reference. Electrophoresis 

was performed at 90 V for the initial 30 minutes, followed by 110 V for an additional 45 minutes 

to resolve proteins. 

Proteins were transferred to nitrocellulose membranes using a semi-dry transfer system 

set to 25 V for 30 minutes. Membranes were blocked for at least 1 hour at room temperature in 

5% non-fat milk prepared in PBST. Blots were then incubated with primary antibodies diluted 

1:1000 in 5% BSA in 0.1% PBST for 24–72 hours at 4ºC. 

After primary incubation, membranes were washed and incubated with LI-COR IR-

labeled secondary antibodies diluted 1:10,000 in 5% non-fat milk in 0.1% PBST for 1 hour at 

room temperature. Signal detection was performed on a LI-COR Odyssey CLx imaging system, 

and band intensities were quantified using Image Studio software. 
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RNA Extraction Protocol & NanoString  

Total RNA was extracted from SH-SY5Y human neuroblastoma cells using the Quick-

RNA Miniprep Plus Kit (Zymo Research, R1057) following the manufacturer’s protocol with 

minor modifications. Cells were first washed with ice-cold PBS to remove residual media. Lysis 

was performed by directly adding the provided RNA Lysis Buffer to each culture dish (300µL per 

well of a 12-well plate) and pipetting up and down several times to ensure complete 

homogenization. The lysate was transferred to a Zymo-Spin III-H Column in a collection tube and 

centrifuged briefly to remove insoluble debris. 

The flow-through was mixed with an equal volume of 100% ethanol by pipetting 

thoroughly to precipitate RNA. The mixture was then transferred to a Zymo-Spin IC Column 

placed in a new collection tube and centrifuged to bind RNA to the column matrix. Columns were 

washed with 400 µL RNA Wash Buffer and centrifuged again to remove contaminants. To further 

purify the RNA, 80 µL of DNA Digestion Buffer containing DNase I was applied directly onto 

the column matrix and incubated at room temperature for 15 minutes to digest genomic DNA. 

After digestion, the columns were washed sequentially with 400 µL RNA Prep Buffer and twice 

with 700 µL RNA Wash Buffer, centrifuging after each wash step. A final wash with 400 µL RNA 

Wash Buffer was performed, followed by centrifugation at maximum speed for 2 minutes to dry 

the column thoroughly. 

Purified RNA was eluted by applying 50 µL of DNase/RNase-Free Water directly onto the 

column matrix and centrifuging at ≥10,000 x g for 30 seconds into a clean RNase-free tube. The 

extracted RNA samples were subsequently sent to the Genomics and Bioinformatics Shared 

Resource, and RNA concentrations were measured using a NanoDrop spectrophotometer and 



30 

profiling was conducted using the NanoString nCounter Neuropathology Panel (XT-CSO-

HNROP1-12). 

Seahorse Metabolic Assay 

For assessment of mitochondrial respiration, SH-SY5Y cells were seeded in Agilent 

XF96 cell culture microplates at a density appropriate for differentiation and maintained for 25 

days under neuronal differentiation conditions as described previously. After the differentiation 

period, plates containing wild-type, MutAPP, MutAPP+ES2, and MutAPP+ShExoc5 cell lines 

and Seahorse XF analysis were conducted in collaboration with Dr. Mariana Gerschensen’s lab.  

A mitochondrial stress test was performed using the Agilent Seahorse XFe96 Analyzer 

and the Mito Stress Test Kit, following the manufacturer’s protocol. The assay measured oxygen 

consumption rates under basal conditions and following sequential injections of oligomycin, 

FCCP, and rotenone/antimycin A. Raw data were returned to our group, and all normalization 

and data analysis were conducted independently. 
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Results  

Microscopy Analysis of Rab5a to Assess Endosomal Changes in APP-Mutant Neurons 

 Immunofluorescent staining was performed on differentiated SH-SY5Y neuronal cultures 

to evaluate the distribution and relative abundance of Rab5a as a marker of early endosomal 

compartments. Cells were counterstained with DAPI to visualize nuclei. The experimental 

conditions included wild-type (WT), mutant APP-overexpressing (MutAPP), MutAPP combined 

with Exoc5 knockdown (MutAPP+ShExoc5), and MutAPP treated with either Endosidin2 (ES2) 

or BACE inhibitor. Following fixation and permeabilization, cultures were probed with primary 

antibody targeting Rab5a and imaged by confocal microscopy. 

When imaged, WT cells demonstrated punctate Rab5a immunoreactivity distributed 

throughout the cytoplasm and extending into neuritic projections (Figure 1A). MutAPP cells 

exhibited a visibly reduced Rab5a signal intensity with fewer and smaller puncta, consistent with 

depletion of Rab5a-positive structures (Figure 1C). MutAPP+ShExoc5 cells displayed a similar 

reduction in Rab5a labeling compared to WT (Figure 1B). Treatment with ES2 or BACE inhibitor 

did not restore Rab5a intensity or puncta size relative to the MutAPP condition (Figures 1D, 1E). 

Quantification of corrected total cell fluorescence (CTCF) was performed across all groups 

to assess integrated Rab5a signal (Figure 1F). WT cells showed significantly higher Rab5a CTCF 

compared to both MutAPP (p < 0.0001) and MutAPP+ShExoc5 cells (p < 0.01). No statistically 

significant differences were observed between WT and MutAPP cells treated with ES2 or BACE 

inhibitor, nor between MutAPP and MutAPP+ShExoc5 conditions. 
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Figure 8. Immunofluorescent staining of differentiated SH-SY5Y neurons probed for 

Rab5a (green) and counterstained with DAPI (blue). WT cells show punctate Rab5a 

distribution throughout the soma and neurites. MutAPP and MutAPP+ShExoc5 cells exhibit 

visibly reduced Rab5a signal intensity and fewer puncta. Treatment with Endosidin2 (ES2) or 

BACE inhibitor does not restore Rab5a labeling compared to MutAPP.  
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These imaging experiments were performed in multiple rounds, during which several 

technical issues were encountered. In early rounds, prolonged delays between staining, mounting, 

and image acquisition, often exceeding two weeks, led to visible degradation of fluorescence signal 

over time. In some fields, cell overconfluency further complicated interpretation due to 

overlapping cell bodies and increased autofluorescence. Additionally, we observed that expression 

of the shRNA construct in the MutAPP+ShExoc5 line had diminished over time, likely due to loss 

of selection pressure. Subsequent rounds of imaging were conducted using reselected 

MutAPP+ShExoc5 cells to restore knockdown efficiency and minimize variability in signal 

interpretation. 

 

Determining Phenotypic Onset Timing Post-Differentiation via Biomass Quantification 

 After initial immunofluorescence experiments to assess endosomal swelling, a crystal 

violet assay was performed to evaluate whether structural or viability-related phenotypes would 

emerge at later stages of differentiation. This follow-up experiment was designed based on early 

findings suggesting that day 18 may be too early to capture significant dysfunction across cell 

lines. Optical density measurements were collected on days 18, 21, 25, and 27 and normalized to 

each cell line’s day 18 value to assess relative biomass changes over time. Because SH-SY5Y cells 

are post-mitotic following differentiation, increases in biomass were interpreted as a reflection of 

neurite outgrowth and cytoplasmic expansion rather than cell proliferation. 

WT cells demonstrated the greatest biomass accumulation over time, increasing to 

approximately 208% of baseline by day 21, peaking at 280% by day 25, and reduced to 237% by 

day 27. MutAPP cells displayed a reduced growth trajectory, reaching only 99% by day 21, 133% 

by day 25, and 167% by day 27. MutAPP+ShExoc5 cells showed the most impaired growth, with 
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biomass values declining from 82% at day 21 to 63% at day 25 and 57% by day 27, suggesting 

progressive cellular dysfunction or structural instability. MutAPP+ES2 cells showed a moderate, 

intermediate phenotype with biomass reaching 103% by day 21, 135% by day 25, and 155% by 

day 27. These results guided the selection of day 25 as the primary time point for subsequent 

experiments, including ELISAs, western blots, and Seahorse metabolic assays, as this time frame 

best captured diverging phenotypes between cell lines. 

 

Figure 9. Crystal violet assay measuring relative biomass over time in differentiated SH-

SY5Y cell lines. Values were normalized to each cell line’s day 18 measurement. WT cells 

showed the greatest biomass increase, while MutAPP+ShExoc5 displayed the most impaired 

growth. Data represent mean ± SEM of triplicates. 

 

Using ELISA to Evaluate the Impact of APP Mutations and Exocyst Disruption on Aβ 

Secretion 

Quantification of secreted Aβ42 by ELISA assessed the impact of pathogenic APP 

overexpression and exocyst modulation on amyloidogenic processing in differentiated SH-SY5Y 
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neurons. As anticipated, MutAPP cells produced significantly higher levels of Aβ42 compared to 

WT, consistent with increased cleavage of APP through the amyloidogenic pathway. Treatment 

with the BACE inhibitor led to a marked reduction of Aβ42 secretion, supporting effective 

pharmacologic inhibition of β-secretase activity in this model. In contrast, partial knockdown of 

Exoc5 did not reduce Aβ42 accumulation and appeared to further elevate peptide levels relative to 

untreated MutAPP cells, suggesting that exocyst disruption may exacerbate amyloidogenic APP 

processing rather than attenuate it. The observation that Endosidin2 treatment also failed to 

decrease Aβ42 secretion indicates that pharmacologic inhibition of exocyst function alone is 

insufficient to reverse the pathogenic APP phenotype.  

 

Figure 10. Concentration of secreted Aβ42 measured by ELISA in differentiated SH-SY5Y 

cell lines after 72 hours. MutAPP cells show significantly increased Aβ42 compared to WT. 

BACE inhibitor treatment markedly reduced Aβ42 levels, while Exoc5 knockdown further 

elevated secretion relative to MutAPP alone. Endosidin2 treatment did not significantly decrease 

Aβ42. Bars represent mean concentrations; p-values as indicated.  

 

To further evaluate the effects of exocyst disruption on amyloidogenic APP processing, 

Aβ40 levels were also measured by ELISA in the same SH-SY5Y cell lines. MutAPP cells secreted 
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significantly higher concentrations of Aβ40 compared to WT controls (p < 0.0001), consistent with 

enhanced amyloidogenic cleavage. Interestingly, treatment with Endosidin2 resulted in a modest 

but statistically significant reduction in Aβ40 secretion relative to untreated MutAPP cells (p < 

0.01), while partial Exoc5 knockdown did not produce a significant change. Although Aβ40 levels 

trended lower in the MutAPP+ShExoc5 group, high variability between replicates may have 

obscured meaningful differences.  

 

Figure 11. Concentration of secreted Aβ40 in SH-SY5Y neuronal cultures after 72 hours, 

measured by ELISA. MutAPP cells exhibited significantly higher Aβ40 levels compared to 

WT. Treatment with Endosidin2 (ES2) led to a modest but significant reduction in Aβ40 

secretion, while Exoc5 knockdown did not significantly alter Aβ40 levels relative to MutAPP. 

Bars represent mean concentrations; p-values as indicated. 

 

Western Blot Analysis of Alzheimer’s-Related Markers: pTau and Nrf2 

Western blotting was conducted to evaluate levels of phosphorylated tau (pTau) and 

nuclear factor erythroid 2–related factor 2 (Nrf2) across four SH-SY5Y neuronal cell conditions: 

wild-type (WT), mutant APP-expressing (MutAPP), Exoc5 knockdown (ShExoc5), and MutAPP 

treated with Endosidin 2 (ES2). 
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Figure 12. Western blot analysis of phosphorylated tau (pTau) and Nrf2 expression in SH-

SY5Y neuronal cells. (A) Representative Western blots of phosphorylated tau (pTau), Nrf2, 

and β-actin in SH-SY5Y cells under four conditions: WT (SH-SY5Y), mutant APP (MutAPP), 

MutAPP with Exoc5 knockdown (MutAPP+shEXOC5), and MutAPP treated with Endosidin 2 

(MutAPP+ES2). (B) Quantification of Western blot signal intensity normalized to β-actin. pTau 

levels were significantly elevated in MutAPP cells relative to WT (*p < 0.05), and remained 

high in the shEXOC5 condition. ES2 treatment resulted in a downward trend in pTau, but this 

was not statistically significant. Nrf2 expression remained unchanged in MutAPP and shEXOC5 

conditions but was significantly increased following ES2 treatment (**p < 0.01). Statistical 

analysis was performed using one-way ANOVA with Tukey’s post hoc test. Data represent mean 

± SEM from three biological replicates. 

As shown in Figure 12, pTau was detected at the expected molecular weight (~75–100 

kDa) in all conditions. Quantification revealed a significant increase in pTau levels in MutAPP 

cells compared to WT (p < 0.05). This elevation was further increased in the MutAPP+shEXOC5 
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group, although the difference relative to MutAPP alone was not statistically significant. 

Interestingly, ES2 treatment partially reduced pTau levels compared to the untreated MutAPP 

group, though this reduction also did not reach significance. For Nrf2, a clear band around ~75 

kDa was present in all samples. Quantified signal intensities indicated that Nrf2 expression 

remained low and unchanged in WT, MutAPP, and MutAPP+shEXOC5 groups. However, a 

significant increase in Nrf2 levels was observed in the MutAPP+ES2 condition relative to all other 

groups (p < 0.01). 

All densitometric values were normalized to β-actin as a loading control. Statistical 

comparisons were performed using one-way ANOVA with Tukey's post-hoc test. Together, these 

data suggest that while APP mutations drive tau hyperphosphorylation, partial modulation may be 

achieved through pharmacological or genetic manipulation of the exocyst complex. Notably, ES2 

treatment appears to restore Nrf2 levels, suggesting a possible protective effect against oxidative 

stress.  

Transcriptional Profiling to Identify Molecular Pathways Exacerbated by Exocyst 

Knockdown 

Nanostring RNA expression profiling was performed to assess transcription of genes 

involved in neurodegeneration, apoptosis, and inflammatory signaling in differentiated SH-SY5Y 

neurons across multiple experimental conditions. For each of the four cell lines, WT, MutAPP, 

MutAPP+ShExoc5, and MutAPP+ES2, three independent biological replicates were analyzed at 

day 33.  

Despite normalization to housekeeping genes, there was notable variability in overall RNA 

counts, particularly in WT1, WT2, and Mut2, as seen in the initial heatmap (Figure 13). These 
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samples showed consistently lower signal across the transcriptome, which may have limited 

statistical power and contributed to many observed differences not reaching significance. Still, 

several transcriptional trends stood out and may be worth further investigation. 

 

 
 

Figure 13. Whole-transcriptome heatmap of raw mRNA expression counts across 12 

samples. The five experimental conditions are wild-type (WT), mutant APP (Mut), shExoc5, and 

MutAPP treated with Endosidin 2 (ES2). Each row represents a gene, and each column represents 

an individual biological sample. Green indicates upregulated expression, while red indicates 

downregulation. Notably, WT1, WT2, and Mut2 showed markedly lower overall transcript counts 

compared to the other samples, suggesting possible technical variability or RNA quality issues in 

those replicates. Data shown are raw, non-normalized counts. 

Only a small number of differentially expressed genes (DEGs) were detected between WT 

and MutAPP cells, with just three genes significantly upregulated and none downregulated. This 

suggests that APP overexpression alone does not drastically alter the transcriptome under these 

conditions. In contrast, comparison between MutAPP and MutAPP+shExoc5 revealed a 

substantial number of transcriptional changes. A total of 205 genes were significantly upregulated 

and 14 downregulated, indicating that loss of Exoc5 function strongly affects gene expression in 

APP-overexpressing neurons. The ES2 treatment group showed more moderate changes, with 15 

genes upregulated and none downregulated compared to MutAPP. Heatmaps of normalized gene 
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expression confirmed these findings. WT and MutAPP samples displayed similar expression 

patterns, while the shExoc5 group showed widespread changes in gene expression. The ES2 group 

appeared to fall between the MutAPP and shExoc5 groups, showing both overlap and distinct 

patterns. 

Figure 14. Differentially expressed genes (DEGs) identified between conditions using 

normalized mRNA counts. The bar graph below visualizes the results of upregulated and 

downregulated DEGs between the four conditions. Very few DEGs were found between WT and 

MutAPP (3 upregulated), suggesting minimal transcriptional disruption from APP overexpression 

alone. In contrast, Exoc5 knockdown (MutAPP vs shExoc5) resulted in a large number of DEGs 

(205 upregulated, 14 downregulated), indicating broad transcriptional changes. ES2 treatment 

(MutAPP vs ES2) also showed some differential expression, though to a much lesser extent (15 

upregulated). 
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Figure 15. Heatmap showing normalized mean gene expression values for each condition. 

Expression was normalized using housekeeping genes and averaged across biological replicates. 

Red indicates lower expression, green indicates higher expression. While gene expression profiles 

between WT and MutAPP were largely similar, substantial differences were observed in the 

shExoc5 group, indicating broad transcriptional changes following Exoc5 knockdown. The ES2 

condition showed a mixed profile, with some overlap with both MutAPP and shExoc5. 

 

 

Specific genes linked to AD-relevant pathways were significantly altered in the 

MutAPP+shExoc5 group. Caspase-3 (CASP3), a key executioner in apoptotic pathways, was 

upregulated approximately 3.5-fold compared to MutAPP alone. Toll-like receptor 4 (TLR4), 

which plays a role in innate immunity and neuroinflammation, increased more than 2.5-fold. 

TRPV1, a calcium-permeable ion channel associated with oxidative stress and age-related 

degeneration, was also significantly upregulated. Histone deacetylase 2 (HDAC2), a 

transcriptional repressor that regulates synaptic plasticity and memory, was nearly doubled in the 

knockdown condition. These findings are consistent with earlier viability assays, which showed 

increased cytotoxicity in the shExoc5 condition, and suggest that exocyst disruption may worsen 

key stress pathways in APP-expressing neurons. Expression of APP itself was significantly 
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increased in MutAPP cells compared to WT, confirming that the overexpression system functioned 

as intended. 

 

 

Figure 16. Nanostring analysis of gene expression in MutAPP and MutAPP+ShExoc5 cells 

at day 33. RNA counts for some selected genes related to amyloid processing, apoptosis, 

inflammation, and synaptic function are shown. APP expression was significantly upregulated in 

MutAPP cells compared to WT, confirming successful overexpression.  

 

In the MutAPP+ES2 group, several genes involved in synaptic signaling and calcium 

handling were significantly upregulated compared to untreated MutAPP cells. These included 

STX1B, CACNA1D, and CACNA1C. Interestingly, TLR4 expression was significantly reduced 

in the ES2-treated group compared to both MutAPP and shExoc5, suggesting a possible anti-

inflammatory effect. These transcript-level changes point to distinct effects of genetic versus 
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pharmacologic exocyst inhibition, with shExoc5 producing pro-apoptotic and inflammatory 

changes, and ES2 showing more targeted modulation of synaptic and immune-related gene 

expression. 

Using Seahorse Mito Stress Tests to Evaluate APP-Linked Mitochondrial Deficits  

 To assess mitochondrial function in SH-SY5Y-derived neurons, we performed two 

independent Seahorse XF Mito Stress Tests (Panels A and B). This was our first time applying 

Seahorse assays to differentiated neurons, which required several protocol adjustments. Unlike 

proliferative cell lines such as HepG2, SH-SY5Y neurons were plated onto Seahorse plates at the 

start of a 25-day differentiation protocol. Because growth rates vary over this extended period and 

cells cannot be reseeded before the assay, we were unable to standardize the cell number per well. 

Post-assay normalization using protein, DNA, or direct cell counts was also not possible due to 

widespread cell detachment and death following the mitochondrial stress test. As a workaround, 

all mitochondrial parameters were normalized to each well's basal OCR, under the assumption that 

basal OCR approximated relative viable cell number.Wells with poor drug responses or low basal 

OCR were excluded from the analysis. 
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Figure 17. Mitochondrial respiration is impaired in MutAPP SH-SY5Y cells and not 

rescued by ES2 treatment (Round #1). (A) OCR traces over time from Seahorse Mito Stress 

Test performed on SH-SY5Y cells (WT, MutAPP, ES2-treated MutAPP) and HepG2 cells as a 

control. Key mitochondrial inhibitors were injected at indicated time points to assess baseline 

respiration, ATP production, maximal respiration, and proton leak. (B) Quantification of ATP 

production shows a significant reduction in MutAPP cells compared to WT (****p < 0.0001), 

with no significant rescue in ES2-treated cells. (C) Maximal respiration is significantly increased 

in MutAPP cells compared to WT (*p < 0.05), but not different from ES2-treated cells. (D) 

Proton leak is elevated in MutAPP cells (**p < 0.01), with no rescue observed in ES2-treated 

cells. Data are shown as mean ± SEM. Statistical comparisons were made using one-way 

ANOVA with Tukey’s post hoc test. 

Panel A (Round #1): APP Expression Impairs Mitochondrial Function, ShExoc5 Not Tested 

All neuronal lines (WT, MutAPP, and ES2) responded to the three drug injections as 

expected, with oligomycin reducing OCR, FCCP increasing it, and rotenone/antimycin A 



45 

suppressing it completely. All neuronal groups showed more modest FCCP peaks. ShExoc5 was 

excluded from this round due to complete cell death prior to assay. 

ATP-linked respiration was significantly reduced in MutAPP neurons relative to WT (p < 

0.0001), consistent with the hypothesis that pathogenic APP impairs ATP generation. However, 

ES2-treated neurons did not rescue this phenotype and showed ATP levels comparable to or 

slightly lower than MutAPP, which contradicted the hypothesis that exocyst inhibition would 

restore ATP production. MutAPP neurons showed significantly reduced maximal respiration 

compared to WT (p < 0.05), as predicted. However, ES2 treatment did not restore maximal 

respiration to WT levels. This suggests that pathogenic APP disrupts mitochondrial reserve 

capacity, and exocyst inhibition does not rescue this defect. Contrary to expectations, MutAPP 

neurons had significantly lower proton leak than WT (p < 0.01), suggesting that APP mutation 

may be associated with tighter mitochondrial membrane potential or reduced uncoupling. ES2-

treated cells showed no significant difference from MutAPP, contradicting the hypothesis that ES2 

would reduce excess leak.  
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Figure 18. Exoc5 knockdown does not rescue mitochondrial deficits in MutAPP SH-SY5Y 

cells (Round #2). (A) OCR traces from a second round of Seahorse Mito Stress Test on SH-

SY5Y cells (WT, MutAPP, ES2-treated MutAPP, and shExoc5 knockdown), along with HepG2 

controls. (B) ATP production was mildly but significantly reduced in MutAPP cells compared 

to WT (*p < 0.05), with no improvement in ES2 or shExoc5 conditions. (C) HepG2 cells 

exhibited significantly higher maximal respiration compared to all SH-SY5Y lines (****p < 

0.0001), but no significant differences were found among SH-SY5Y groups. (D) Proton leak 

was increased in HepG2 cells (*p < 0.05), but no significant differences were observed among 

SH-SY5Y groups. Data represent mean ± SEM. One-way ANOVA with Tukey’s post hoc test 

was used for statistical comparisons. 

Panel B (Round #2):  Addition of ShExoc5 Confirms Defects and Lack of Rescue 

To confirm and expand on the initial findings, a second round of Seahorse assays was 

conducted including the ShExoc5 knockdown condition, which was not viable in Round 1. All 

neuronal groups showed appropriate drug responses. FCCP induced a clear spike in all conditions. 
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ShExoc5 neurons were viable in this round and responded to the assay similarly to the other 

neuronal groups. 

ATP production remained significantly decreased in MutAPP neurons relative to WT (p < 

0.05), consistent with Round 1. Neither ES2 nor ShExoc5 restored ATP production, and both 

trended lower than WT. This directly contradicts the hypothesis that exocyst inhibition would 

reverse the mitochondrial impairment caused by APP. No significant differences were observed 

across WT, MutAPP, ES2, or ShExoc5 for maximum respiration. While MutAPP trended lower, 

this was not statistically significant in Round 2. Importantly, ShExoc5 did not show any rescue 

effect and appeared slightly worse than WT.  In both rounds, MutAPP showed lower proton leak 

than WT (p < 0.05 in Round 2), opposite to what was expected. ES2 and ShExoc5 treatments had 

no significant effect on proton leak, indicating that exocyst targeting did not alter this parameter. 

These findings contradict the hypothesis that APP increases mitochondrial membrane damage or 

uncoupling. 
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Discussion 

AD is marked by the buildup of Aβ plaques, hyperphosphorylated tau tangles, and 

widespread metabolic and structural damage in neurons. Many of these changes are thought to 

begin with abnormal processing of APP, especially in familial AD cases caused by mutations like 

the Swedish and Indiana variants. In our differentiated SH-SY5Y model, overexpression of APP 

via the MutAPP line led to a strong increase in the secretion of both Aβ42 and Aβ40 peptides, as 

measured by ELISA. This matches what has been shown in past studies, where familial APP 

mutations increase β- and γ-secretase activity, resulting in higher levels of toxic Aβ30,34. When we 

knocked down Exoc5, both Aβ42 and Aβ40 levels dropped significantly. This suggests that the 

exocyst complex may help support or maintain amyloidogenic APP processing in this system. ES2 

treatment also led to a decrease in Aβ42 and Aβ40, although the changes were not statistically 

significant. However, some samples showed unusually high values, which could represent outliers. 

Removing these outliers or increasing the number of replicates in future experiments may help 

clarify whether the decrease with ES2 is real. Because ES2 is likely unstable in culture, future 

experiments should also include repeated dosing throughout the Aβ collection period to maintain 

sustained inhibition. 

High levels of Aβ are known to promote tau phosphorylation through the activation of 

kinases such as GSK3β and CDK5, disrupting microtubules and contributing to cell damage. This 

link has been demonstrated experimentally in the past. For example, one study showed that Aβ 

exposure increased phosphorylated tau via GSK3β activation using Western blot analysis35. Our 

western blots confirmed that pTau was elevated in MutAPP cells compared to WT, consistent with 

this mechanism. Interestingly, pTau was even higher in the MutAPP+ShExoc5 group, suggesting 

that while Aβ levels decreased, tau pathology may have worsened. Since we were not able to detect 
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total tau reliably due to non-specific or smeared bands, future studies should incorporate validated 

total tau antibodies to normalize pTau levels more accurately. This would improve the 

interpretation of how exocyst knockdown affects tau pathology. 

Endosomal abnormalities have also been widely reported in AD, especially in the context 

of APP overexpression. Enlarged Rab5-positive early endosomes have been found in AD brains 

and animal models, and similar enlargement has also been observed in Aβ-treated astrocytes, 

where exposure to Aβ42 protofibrils triggered the formation of large Rab5-positive vacuoles36. 

Based on this, we expected to see increased Rab5a signal in MutAPP cells, but instead found that 

Rab5a intensity was lower than in WT, with fewer and smaller puncta. Since these images were 

taken at day 18, it is possible that early endosome expansion had not yet occurred. Alternatively, 

the drop in Rab5a signal could reflect collapse or depletion of the endosomal system due to early 

cell stress. Future studies should perform imaging at later time points, such as day 25, when other 

markers of dysfunction and cell loss became more evident. Live-cell imaging could also help track 

Rab5a localization and dynamics over time. 

Mitochondrial dysfunction is another common feature of AD and is often triggered by Aβ 

accumulation. It can lead to reduced ATP production, increased oxidative stress, and eventually 

cell death. In our Seahorse assays, ATP production and maximal respiration were lower in 

MutAPP neurons compared to WT, consistent with impaired mitochondrial function. Proton leak 

was also reduced in MutAPP cells, which goes against some reports showing increased leak as a 

compensatory response. This may reflect a late stage of dysfunction where the mitochondrial 

membrane potential has already collapsed. Neither ES2 treatment nor Exoc5 knockdown rescued 

mitochondrial function. In fact, ATP production remained low or dropped further in these 
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conditions. Testing mitochondrial function at different stages of differentiation may help 

determine when these deficits emerge and whether they are reversible. Rescue experiments 

restoring Exoc5 expression may also clarify whether exocyst function supports mitochondrial 

homeostasis. 

Structural changes were revealed using crystal violet biomass assays. WT neurons grew 

steadily over time, while MutAPP cells showed reduced growth. The MutAPP+ShExoc5 group 

showed a decline in biomass starting from day 18, indicating that Exoc5 knockdown accelerates 

structural deterioration. To further investigate how Exoc5 knockdown affects APP-expressing 

neurons, we used Nanostring transcriptomic profiling. This was performed at day 33, as those were 

the only samples available at the time, although it would have been ideal to match the day 25 time 

point used in other experiments. In the MutAPP+ShExoc5 condition, we found upregulation of 

CASP3 (apoptosis), TLR4 (inflammation), TRPV1 (oxidative stress), and HDAC2 (transcriptional 

repression), all genes linked to neurodegenerative pathways. Notably, three of the samples had 

very low RNA counts, which may have limited the sensitivity of the analysis. Increasing replicate 

numbers in future experiments would likely improve data quality and might reveal more 

significantly upregulated or downregulated genes. 

Finally, while the SH-SY5Y model is useful for examining cellular mechanisms, it is still 

a simplified neuronal system. Future work should test whether the same exocyst-dependent effects 

appear in more disease-relevant models, such as iPSC-derived human neurons or AD mouse 

models. This would help determine if exocyst disruption has similar effects in more 

physiologically accurate contexts.  
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Conclusion 

 This study set out to investigate whether targeting the exocyst complex could mitigate 

cellular phenotypes associated with familial Alzheimer’s disease mutations in APP. Using a 

differentiated SH-SY5Y neuronal model, we looked at how genetic knockdown of Exoc5 or 

pharmacologic inhibition with Endosidin2 (ES2) impacted endosomal morphology, amyloid beta 

secretion, tau phosphorylation, gene expression, and mitochondrial function in the context of 

pathogenic APP overexpression. 

Contrary to our initial hypothesis, inhibition of the exocyst complex did not reverse APP-

driven phenotypes. Instead, our findings consistently pointed to a worsening of key markers of 

neuronal dysfunction. MutAPP-expressing neurons displayed early endosomal abnormalities, 

reduced Rab5a signal, and diminished growth and structural integrity over time. This was not 

alleviated by exocyst inhibition. In fact, partial knockdown of Exoc5 further impaired biomass 

accumulation and appeared to accelerate structural decline, while ES2 treatment had only slight or 

inconsistent effects. ELISA analysis revealed that secreted Aβ42 and Aβ40 levels were 

significantly elevated in MutAPP neurons. Exoc5 knockdown led to a significant reduction in both 

peptides, while ES2 treatment produced a similar trend, though the changes were not statistically 

significant. These results suggest that exocyst inhibition can reduce Aβ secretion, but it does not 

mitigate and may actually worsen other downstream pathologies. 

Western blot analysis of phosphorylated tau and Nrf2 expression further supported this. 

MutAPP cells showed visibly increased pTau levels relative to WT, and surprisingly, pTau was 

even higher in the MutAPP+ShExoc5 group despite the drop in Aβ. This suggests that exocyst 

dysfunction may worsen tau pathology perhaps through an Aβ-independent mechanism. Because 
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total tau could not be reliably detected with the antibodies used, future experiments should include 

validated total tau controls to improve interpretation. Nrf2 levels were mildly elevated in the ES2 

group, possibly reflecting a compensatory antioxidant response, but no significant differences were 

observed across treatment groups. 

Transcriptomic profiling showed that Exoc5 knockdown triggered upregulation of genes 

associated with apoptosis, inflammation, oxidative stress, and epigenetic repression. The increased 

expression of CASP3, TLR4, TRPV1, and HDAC2 in the knockdown condition emphasizes the 

potential of exocyst dysfunction to amplify multiple pathological pathways beyond APP 

metabolism. Mitochondrial stress tests confirmed that APP overexpression led to energetic deficits 

consistent with AD-related metabolic dysfunction, and neither ES2 nor Exoc5 knockdown 

improved these parameters. In some cases, these interventions further suppressed ATP-linked 

respiration, suggesting that exocyst inhibition adds further metabolic strain rather than alleviating 

it. 

All of these findings suggest that the exocyst complex plays an essential role in preserving 

neuronal homeostasis and that its disruption may worsen, rather than alleviate, the effects of 

amyloidogenic APP processing. Further work will be needed to better define the mechanistic 

relationship between exocyst function and APP trafficking, to guide future efforts to identify more 

precise points of intervention that preserve, rather than disrupt, critical trafficking pathways. 

 

 

\ 
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