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ABSTRACT

Alzheimer’s disease and 

Niemann-Pick type C disease 

modeling using human brain organoids

Seung-Eun Lee

Major of Veterinary Pathobiology and Preventive Medicine,

Department of Veterinary Medicine,

Graduate School of Seoul National University

Supervisor: Kyung-Sun Kang, D.V.M., Ph.D.

Alzheimer’s disease (AD) and Niemann-Pick type C disease (NPC) 

are progressive neurodegenerative diseases, and although many studies have 

been conducted, the mechanism or effective treatment for the cause of the 

diseases have not been elucidated. Despite multiple attempts on developing 

treatments by several pharmaceutical companies, current treatments do not 

target the disease directly but only show the effects of relieving symptoms. 

One of the reasons for this failure is the lack of experimental models that 

mimics human physiology and the biological changes that occur during the 

onset and progression of diseases in a human brain. Therefore, it is 
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necessary to develop a new model capable of mimicking actual human brain 

physiology. 

Recently, two-dimensional (2D) induced neural stem cell models 

derived from patient somatic cells are used as a screening platform for 

disease research and drug development. In addition, as mini-brain organoids 

with a three-dimensional (3D) structure that can structurally and functionally 

mimic the human brain by utilizing the self-organizing ability of stem cells 

have been developed, disease modeling and drug screening are actively 

progressing. Therefore, these studies intend to present a therapeutic platform 

for AD and NPC disease ranging from 2D cell models to 3D organoids to 

verify pathological characteristics, causes, and drug effects of cells of 

pathological phenomena.

In the first chapter of this study, familial AD patient’s 

fibroblast-derived induced neural stem cells (iNSCs) were used to study 

mitochondrial dysfunction phenotypes contributing to the early pathology of 

AD. I represented that the accumulation of C-terminal fragments (APP-CTFs) 

generated in the amyloidogenic pathway of amyloid precursor protein (APP) 

was associated with mitochondrial homeostasis inhibition and mitophagy 

dysfunction. In addition, since the accumulation of APP-CTF is due to the 

γ-secretase blockade and occurs in PSEN-deficient cells, PSEN knockout 

cells were generated from normal induced neural stem cells through gene 

editing technology. As a result, PSEN1 and PSEN2 knockout-induced neural 

stem cells showed not only decreased mitochondrial function and mitophagy 

inhibition, but also decreased neuronal differentiation in 2D neuron and 3D 

organoids. 

In the second chapter of this study, 3D brain organoids derived 

from the patient's iNSCs were established to represent disease-specific traits 
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and apply for drug screening. I confirmed that size, cell proliferation, and 

neuronal differentiation were downregulated in NPC organoids compared to 

wild-type organoids, while the cell death increased. I also represented that 

the lysosomal cholesterol accumulation in NPC organoids was highly related 

to the impairment of autophagy. These pathological phenotypes observed in 

NPC organoids were rescued by treatment with 2-hydroxypropyl-β

-cyclodextrin (HPBCD) and Valproic acid (VPA), which are known to be 

effective candidates for NPC disease. Therefore, in this study, NPC brain 

organoids were established for the first time to verify various phenotypes 

and drug efficacy of the disease treatments.

Organoids are applicable not only to disease modeling, but also to 

the study of pathogenic mechanisms and transmission routes of virus 

infection. In the third chapter of this study, I represented that zika virus 

infection increase AD phenotype. I confirmed that continuous ER stress was 

observed in brain organoids with zika virus, and as a result, the level of 

amyloid beta (Aβ) and phosphorylated tau protein was increased by BACE 

and GSK3β. Virus infection can be one of the risk factors for AD, and it 

has been proven that zika virus infection can trigger AD pathological 

features in brain organoids. 

Through the results of these studies, I generated AD and NPC 

patient-derived induced neural stem cells and brain organoids as the disease 

research platform. In these models, I confirmed the mitochondrial 

dysfunction related to the early pathology of the disease and the increased 

AD pathological characteristics by zika virus infection. In addition, lysosomal 

storage disease-related characteristics and drug efficacy were confirmed in 
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NPC brain organoids. Taken together, I present the mechanism study and 

drug screening platform by establishing models from 2D induced neural 

stem cells to 3D brain organoids of AD and NPC diseases.

Keywords: Alzheimer's disease, Niemann-Pick disease type C, Zika virus,    

          Brain organoid, Induced neural stem cells, Autophagy,           

          Mitophagy, ER stress, Amyloid beta, Tau protein

Student number : 2017-22989
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LITERATURE REVIEW

A. Autophagy and Neurodegenerative Disease

Misfolded and aggregated protein are one of the most common 

pathological features of many neurodegenerative disorders, including 

Alzheimer’s disease (AD), Parkinson’s disease (PD) and Amyotrophic lateral 

sclerosis (ALS) (Guo et al. 2018; Nixon 2013). Misfolded and aggregated 

pathogenic proteins, including amyloid beta in AD and alpha-synuclein in 

PD, are associated with corresponding protein aggregations localized in 

different cellular environments and subcellular compartments. Pathological 

abnormalities are caused by specific genetic mutations that cause dominant 

familial type or autosomal dominant forms of neurodegenerative disease, and 

various mechanisms leading to impaired protein stability contribute to the 

protein aggregations in neurodegenerative disease (Aguzzi and O'Connor 

2010).

Autophagy is a process of intracellular degradation in lysosomes 

(Das, Shravage, and Baehrecke 2012). Autophagy has an important role in 

protein homeostasis and cell survival, as fatty acids and amino acids are 

used from the degradation of cellular components and can be recycled to 

produce adenosine triphosphate (ATP) (Mizushima 2007). Autophagy has 

three types (Figure 1): macroautophagy, microautophagy and 

chaperone-mediated autophagy (Mizushima and Komatsu 2011). 

Macroautophagy is described by the formation of autophagosomes, 

double-membrane vesicles that aggregate long-lived proteins or organelles 

and fuse with lysosomes. Microautophagy is defined as the process of direct 

integration of cytoplasmic contents into lysosomes by surface infilteration. 

Chaperone-mediated autophagy is a lysosomal dependent process through the 
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direct translocation of proteins into lysosomes (Tekirdag and Cuervo 2018). 

Autophagy prevents aggregate-protein accumulation associated with the 

pathogenesis of various neurodegenerative disease such as alpha-synuclein in 

PD, amyloid beta in AD and mutant TAR DNA-binding protein 43 

(TDP-43) in ALS (Guo et al. 2018) (Table 1). If autophagy is suppressed, 

the clearance of these substrates will be obstructed, but the activation of 

process may induce the clearance of toxic proteins. Lysosomal dysfunction 

in neural cells is associated with cell death mechanisms and 

neurodegeneration. Increased genetic and molecular biological evidence 

suggests the dysfunction of autophagic endosomal-lysosomal processes during 

the onset of neurodegenerative diseases (Wolfe et al. 2013).

Although is normally considered a non-selective process, wherease 

several organelles including endoplasmic reticulum, mitochondria, 

peroxisomes, and ribosomes are selectively degraded. Among them, 

mitophagy, which is an autophagic removal process for the mitochondria 

quality control. Impaired mitochondria may induce oxidative stress and cell 

death. Since mitochondria quality control is essential process for cell 

survival, mitophagy that selectively removes the damaged and aged 

mitochondria is important and requires coordinated function of mitochondria 

and cytoplasmic proteins (Zhang 2013). PTEN-induced putative kinase 

protein 1 (PINK1) and Parkin-mediated ubiquitination process is well-known 

mitophagy process (Ashrafi and Schwarz 2013). PINK1 is stabilized in 

mitochondria in response to low membrane potential, ubiquitinating MFN1, 

MFN2, VDAC, TOMs and MIRO and recruiting Parkin capable of inducing 

mitophagy. Controlling mitophagy may to maintain cell survival and function 

(Ma et al. 2020). 
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Table 1. Summarized list of neurodegenerative diseases associated with 

        defective autophagy. 

Autophagy defect in neurodegenerative diseases including Alzheimer's disease 

(AD), Parkinson’s disease (PD), Amyotrophic lateral sclerosis (ALS) and 

Niemann-Pick type C (NPC). This table is organized by transcribing the data 

from Nixon et al. (2013)
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Figure 1. Three types of autophagic pathways.

1) Macroautophagy: Aggregated proteins are isolated with other cytosolic 

components and organelles in the formation of autophagosome which is a 

double-membrane-bound vesicle. Degradation occurs when the autophagosome 

fuse with lysosomes. 2) Chaperone-mediated autophagy: A very specific 

subset of soluble cytoplasmic proteins with target motifs is recognized by the 

heat shock cognate protein of 70 kDa (HSC70) chaperone and is selectively 

degraded in the lysosomes. 3) Microautophagy: Intrusions on the surface of 

lysosomes capture cytoplasmic substances containing proteins and internalize. 

This figure is modified from Cuervo et al. (2011)
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B. ER stress and Neurodegenerative Disease

Endoplasmic reticulum (ER) is the cellular compartment for the 

quality control of protein folding and translocation of synthesis of all 

secretary proteins (Hartl, Bracher, and Hayer-Hartl 2011).  ER function can 

be altered under the influence of many different conditions, and aberrant 

aggregation of misfolded proteins accumulated within the ER characterize 

several pathological conditions (Remondelli and Renna 2017). Genetic 

mutations can cause protein misfolding and malfunction, leading to 

dysfunction of the normal protein folding and cytoplasmic or ER-resident 

protein folding machines. Cells respond to ER stress by activating a 

signaling pathway group called Unfolded Protein Response (UPR) that aims 

to restore ER and cellular homeostasis for cell survival (Sitia and Braakman 

2003). UPR activates protein folding regulation by upregulating ER 

chaperones, intracellular transporters, and ER enzymes to prevent protein 

aggregation and remove misfolded proteins that can impair cell function 

(Zhao and Ackerman 2006). At the same time, UPR temporarily 

downregulates the rate of protein turnover, limiting the overload of unfolded 

proteins entering ER. In addition, UPR promotes ER protein synthesis and 

regulates rotation of misfolded protein via ER-related proteolysis (ERAD) 

pathways. Conversely, persistent ER stress induces cell death via 

UPR-dependent apoptotic signaling (Alfano et al. 2019).

Protein unfolding is an initial event to induce neurodegenerative 

diseases, commonly called as protein misfolding disorders (PMDs) (Figure 

2). For example, phosphorylated tau protein and β-amyloid (Aβ) in AD, α

-synuclein (α-syn) in PD, ZNF and TAR DNA-binding protein 43 (TDP43) 

in ALS, spinal cerebellar ataxias and prion proteins (PrP) in 

Creutzfeldt-Jakob disease (CJD), and expanded polyglutamine (poly-Q) traits 

in Huntington disease (HD) contributes to the pathogenesis of ER stress 
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(Lindholm, Wootz, and Korhonen 2006 and Remondelli, Paolo and Maurizio 

Renna 2017). Especially, the progressive aggregation and misfolding protein 

can induce to the loss of function in the brain, which could contribute to 

the neurodegenerative disease. 

Figure 2. Schematic diagram representing ER stress in the pathogenesis of    

         neurodegenerative diseases. 

Genetic mutation and multiple stimuli induce the aggregation and misfolding 

protein, resulting in different types of aggregates for different 

neurodegenerative diseases. Prologned ER stress induce sustained activation of 

apoptotic UPR signaling, leading to neuronal death, neuroinflammation and 

synaptic dysfunction. This figure is modified from Remondelli et al. (2017)
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C. Alzheimer’s Disease

Alzheimer's Disease (AD) is one of the progressive 

neurodegenerative diseases that slowly destroys nerve cells and brain region 

related to memory, including entorhinal cortex and hippocampus (Bu, Rao, 

and Wang 2016). Currently more than 55 million people worldwide have 

AD including other dementia, and there are nearly 10 million cases 

increasing every year (Monterey et al. 2021). 

AD is mainly classified by early-onset Alzheimer’s disease (EOAD) 

which is an uncommon form of dementia, and late-onset Alzheimer’s disease 

(LOAD) which is the most common form of disease. EOAD can be due to 

mutations in one of three genes related to Presenilin 1 (PSEN1), Presenilin 

2 (PSEN2) and Amyloid beta precursor protein (APP) (Lanoiselee et al. 

2017). Most mutations in these genes increase the level of amyloid beta 42, 

which is principal component of amyloid plaques (Cacace, Sleegers, and Van 

Broeckhoven 2016). Most cases of AD are included in the sporadic AD, in 

which environmental and genetic differences as risk factors. One of the 

greatest genetic risk factors in LOAD is APOE4 which is one of the four 

alleles of apoliprotein E (Ulland and Colonna 2018). In the brain, APOE is 

primarily produced by astrocytes, as a transporter of major cholesterol and 

other lipids that support neuronal homeostasis, synaptic integrity. Growing 

evidence has represented in animal models and post-mortem human brains 

that APOE4 is implicated in several aspects of AD pathogenesis (Yamazaki 

et al. 2019). Recent studies have represented that several single nucleotide 

polymorphisms (SNPs) in genes encoding protein with immunomodulatory 

roles such ad TREM2, phospholipase Cγ2 (PLCG2), and CD33 are now 

associated with an increased risk of LOAD (Gratuze, Leyns, and Holtzman 

2018). Recent genome-wide association studies (GWASs) have represented 

hundreds of high-risk genes developing LOAD (Fernandez et al. 2019). 

Amyloid beta (Aβ) plaques, and phosphorylated tau protein (p-Tau) 



22

tangles are hallmarks of AD. Aβ is produced by APP via the proteolytic 

process with β- and g-secretases (Chen et al. 2017). APP can be cleaved via 

two ways including amyloidogenic process and non-amyloidogenic process 

(Figure 3). In amyloidogenic pathway, APP is first cleaved by β-secretase, 

producing soluble APP fragments (sAPP) and C-terminal fragment β (CTFβ, 

C99), and C99 is next cleaved by g-secretase, generating APP intracellular 

domain (AICD) and Aβ (Sun, Chen, and Wang 2015). In non-amyloidogenic 

pathway, APP is first cleaved by a-secretase to generate soluble APPa

fragments (sAPPa) and C-terminal fragment a (C83), which is cleaved by 

g-secretase to produce non-toxic elements, P3 (Sun, Chen, and Wang 2015). 

The other hallmarks of AD are abnormally phosphorylated Tau protein. The 

hyper-phosphorylated tau protein not only loses tau function that promotes 

microtubule assembly and stabilization, but also results in pathological tau 

isolation of normal tau, MAP1A/MAP1B and MAP2 and gains toxic 

functions that results in microtubule inhibition and decomposition (Figure 4) 

(Iqbal et al. 2005).  
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Figure 3. Proteolytic processing of APP.

Proteolytic pathway of APP in the non-amyloidogenic processing and 

amyloidogenic processing. Non-amyloidogenic pathway represent the sequential 

processing of sAPPa and CTFa (C83) by a-secretase cleavage, and then 

CTFa (C83) is cleaved by g-secretase to generate P3. Amyloidogenic pathway 

is carried out by the sequential cleavage by β-secretase and g-secretase, 

conducting Aβ and APP intracellular domain (AICD). This figure is modified 

from Chen et al. (2017)
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Figure 4. Mechanism of neurofibrillary degeneration.

Major steps in the mechanism of neurofibrillary degeneration of abnormally 

phosphorylated tau protein. This figure is modified from Iqbal et al. (2005)
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D. Niemann-Pick Disease Type C

Niemann-Pick disease type C (NPC) is a rare genetic lysosomal 

lipid storage disorder, with an incidence of 1 in 100,000 to 120,000 live 

births. Individuals with NPC disease have mutation in one of two genes, 

NPC1 (95% cases) or NPC2 (5%) (Vanier 2010). The clinical 

characterization of types NPC1 and NPC2 is similar because each gene is 

involved in the excretion of cholesterol and other lipids from late endosomes 

or lysosomes (Vance and Karten 2014). NPC1 has 13 transmembrane 

domains and sterol sensing domains that binds sterol, including cholesterol. 

NPC2 is a small soluble protein critical for cholesterol transport from 

intra-lysosomal vesicle membrane to the N-terminal domain of NPC1 

(Millard et al. 2005). NPC1 N-terminal domain (NTD) interacts with the 

membrane domain as it transports bound cholesterol to the lysosomal 

membrane via the endosomal/lysosomal system (Figure 5) (Kwon et al. 2009 

and Shammas et al. 2019).

In the brain of NPC patients, neuronal loss and gliosis features of 

NPC are found in the frontal and temporal cortices, hippocampus, amygdala, 

thalamus, and substantia nigra, particularly Purkinje cells of the cerebellum 

(Tang, Li, and Liu 2010). The clinical spectrum of NPC ranges from a 

disorder of rapid death in neonates to chronic neurodegenerative disease of 

adult onset. Life expectancy for patients varies from a few days to over 60 

years of age, and most cases of death occur between 10 and 25 years of 

age (Figure 6) (Vanier 2010). NPC is a highly heterogeneous disease that 

occurs over a wide range of ages with a broad spectrum of phenotypes 

including hepatosplenomegaly, cerebellar ataxia, and dementia (Mengel et al. 

2013). There is no effective treatment for NPC, but Miglustat (Zavesca) is 

approved for the treatment of progressive neurological symptoms and works 

by inhibiting glucosylceramide synthetase, which is involved in the first 
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stage in the synthesis of most glycoside lipids (Pineda, Walterfang, and 

Patterson 2018).  

Figure 5. Mechanism of NPC1 and NPC2 in cholesterol export.

The process of NPC1 and NPC2 in cholesterol export from late endosome 

and lysosome (LE/L). NPC2 delivers unesterified cholesterol from the 

membrane of internal vesicles of lysosomes to the cholesterol-binding region 

of NPC1. This figure is modified from Kwon et al. (2009)  
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Figure 6. Systemic and Neurological involvement in NPC.

Schematic expression with special emphasis on the incidence and age of the 

first neurological symptom in NPC. This figure is modified from Vanier et 

al. (2010)



28

E. in vitro models for neurological disease

  :2D and 3D systems using stem cells

Neurodegenerative Disease affects brain cells in various regions, 

including the substantia nigra, hippocampus, prefrontal cortex, and striatum  

(Slanzi et al. 2020). The characterization of neurodegenerative diseases 

indicates the heterogeneity problems from structural deformation to 

abnormalities with neurosynaptic activity in the brain. This complexity of the 

brain makes it hard to understand the exact mechanisms of 

neurodegenerative diseases. 

Advances in in vitro modeling have made it possible to carry out 

neurological disease studies using stem cells instead of brain tissue. 

Reprogramming technology provides powerful tools to study the mechanisms 

of cell fate determination and model many kinds of neurodegenerative 

diseases using patient’s derived somatic cells (Table 2)  (Moradi et al. 

2019). Direct lineage conversion from human somatic cells into induced 

neural stem cells (iNSCs) can differentiate into neural lineages such as 

neurons, astrocytes, and oligodendrocytes (Yu et al. 2015). In addition, 

pluripotent stem cells offer the potential to induce different types of neurons 

and provide the possibility to investigate dysfunctions associated with 

different types of cells (Slanzi et al. 2020; Moradi et al. 2019). Thus, the 

advent of reprogramming technologies has made it possible to model 

diseases using patient-derived somatic cells. 

Stem cells are capable to differentiate into cells of various organs 

through self-renewal ability. Significant advances in 2D and 3D culture 

technology have made it possible for patient-derived stem cells to produce 

various types of these organisms in vitro (Figure 7) (Nam et al. 2020; Shou 

et al. 2020). Because in vitro differentiation protocols are usually made to 

mimic human developmental processes, organ formation of patient-derived 
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stem cells can provide important information for a variety of developmental 

diseases (Sun et al. 2021). Instead of using animal models, human stem 

cell-based in vitro modeling could be particularly helpful in evaluating 

neurodegenerative diseases due to significant differences between human and 

animal brains in developmental processes and the structures. 

       2D monolayer cell culture for neurodegenerative diseases has 

contributed to a better understanding. However, in the analysis of 

mechanisms related to neurological diseases, these methods are still 

insufficient to recapitulate the complexity of the human brain. In addition, 

traditional 2D cell culture has provided valuable insights into the major 

pathophysiological pathways associated with neurodegenerative diseases, but 

their application to clinical trials remains limited (Sun et al. 2021). 

Using self-organization abilities of stem cell technology, many 

researchers have sequentially generated and imiproved 3D brain organoids. 

One of the first studies to achieve the generation of brain organoids was 

reported by Lancaster et al. in 2013 (Lancaster et al. 2013a). This protocol 

begins at the stage of producing embryoid bodies (EB) from iPSC or ESC. 

All EB has a potential to induce three germ layers, including ectoderm, 

mesoderm, and endoderm. Because brain tissue originates from the ectoderm, 

EB is differentiated in neural induction media to induce neuroectoderm state. 

Differentiated EBs are subsequently embedded in Matrigel droplets, providing 

structural support for the growth of complex structures. Embedded EBs then 

begin to form neuroepithelial budding containing fluid-filled cavities 

reminiscent of ventricles. Finally, organoids are transferred to a rotating 

orbital shaker or bioreactor to improve oxygen and nutrient supply. Brain 

organoids begin to show neuronal differentiation one month after culture. In 

the next one to two months, brain organoids gradually expand and thicken, 

forming various brain regions such as forebrain, hippocampus, choroid 

plexus, and retina. Furthermore, sevral studies also have produced human 
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brain organoids from pluripotent stem cells without Matrigel embedding

(Sloan et al. 2018; Lancaster et al. 2017). During the orgnoid culture, many 

types of growth factors and small molecules are usually added with neural 

induction media, which induce hPSCs to form specific structures in brain 

organoids. Therefore, brain organoids which recapitulate the human brain 

have a potential to be a powerful tool for exploring the mechanisms of 

brain development and neurological disorders (Figure 8). 
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Figure 7. In vitro disease modeling.

Combination of reprogramming and genome editing from normal and patient 

somatic cells. 2D cortical neuron and 3D brain organoid recapitulate diverse 

phenotypes of neurodevelopment and neurogenerative diseases. Genome-editing 

of iPSCs represents pathogenic mutation or correction of mutation, which 

enables to understand the pathogenic mechanism and therapeutic strategies. 

This figure is modified from Nam et al. (2020)
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Table 2. Summarized list of neurodegenerative diseases models using human 

iPSC.

Main findings of 2D and 3D human induced pluripotent stem cell-derived 

models for AD, PD and ALS. This table is organized by transcribing the 

data from Centeno et al. (2018)
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Figure 8. Schematic of the generation and application of brain organoids.

ESC from human embryonic tissue and iPSC from human somatic cells 

aggregated into embryoid bodies (EBs) and are placed in neural induction 

media to induce neuroectoderm. The differentiated EBs are transferred to 

matrigel droplets to extend neuroepithelial cortex. These tissues are cultured 

in a spinning bioreactor for further maturation and preservation. Brain 

organoids can be modelled as neuropathological phenotypes such as 

neurodegenerative disease, neuroinflammation, tumors, microcephaly and 

infectious disease to explore mechanisms and identify the effective treatments. 

This figure is modified from Sun et al. (2021).



34

GENERAL PURPOSE

Although various animal models have provided important clues about 

disease mechanism study and potential drug targets, they do not recapitulate 

many hallmarks and physiological condition of disease. Recent stem cells 

technologies allowed us to study neurodevelopmental process and disease 

mechanisms using 2D and 3D in vitro models. Hence, various enhancement 

models have been suggested to study neurodegenerative disease in the 

condition which is resembled to human brain. In present study, I targeted 

neurodegenerative disease, associated with AD and NPC using 2D models of 

iNSCs and 3D models of brain organoids. Furthermore, I examined what 

happens when a virus is infected in the human brain using brain organoids 

system.   
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CHAPTER I

Accumulation of APP-CTF induces 

mitophagy dysfunction in the iNSCs model of 

Alzheimer’s disease1)

* This chapter is reproduced from: Seung-Eun Lee†, Daekee Kwon, Nari 

Shin, Dasom Kong, Nam Gyo Kim, Hee-Yeong Kim, Min-Ji Kim, Soon 

Won Choi and Kyung-Sun Kang*. Cell death discovery (2022) 8(1), 1-10. ©

Springer Nature
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1.1 INTRODUCTION

Alzheimer's disease (AD) is a progressive neurodegenerative 

pathology defined as the accumulation of hyperphosphorylated tau (p-tau) 

protein aggregates within neurons and extracellular amyloid beta (Aβ), a 

product of amyloid precursor protein (APP) processing (De Strooper and 

Karran 2016). Mutations in the APP, Presenilin 1 (PSEN1) and Presenilin 2 

(PSEN2) genes are known to be a cause of early-onset forms of 

Alzheimer’s disease, termed familial Alzheimer’s disease (fAD) (Lanoiselee 

et al. 2017). APP can be cleaved in two different pathways, amyloidogenic 

and nonamyloidogenic. Under normal physiological conditions, APP can be 

processed by α- and γ-secretases. However, during amyloidogenic pathway, 

APP is sequentially cleaved by β- and γ-secretases to produce N-terminal 

fragment of APP (sAPPβ) and C-terminal fragments (CTFβ, C99), and C99 

further processes Aβ38, Aβ40, and Aβ42 fragments, which are the major 

pathologies of AD (Weggen and Beher 2012).

        In recent decades, most Alzheimer’s disease research has focused 

on Aβ, a final product of APP processing, which has a neurotoxic effect in 

the brain, and most clinical trials have targeted Aβ. However, only a few 

studies have shown that CTF accumulation in APP processing is neurotoxic 

and causes synaptic loss, leading to long-term memory impairment in several 

AD models (Jiang et al. 2019; Kametani and Haga 2015; Kaur et al. 2017). 

Transgenic mice expressing C99 fragments or injected with CTFβ showed 

impaired synaptic plasticity, long-term memory and astrogliosis 

(Berger-Sweeney et al. 1999; Xu et al. 2016). The accumulation of CTFs is 

also detected in human cerebrospinal fluid (CSF), and the level of CTFs is 

higher in AD patients who have PSEN1 mutations. It is also suggested that 

CTFs could be a potential diagnostic biomarker as an early 

neuropathological feature for AD.
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        Mitochondria are basic organelles that perform multiple important 

functions in various cellular processes. Many neural activities consume 

energy in the brain, and mitochondria are the major energy source that 

provides ATP through oxidative phosphorylation to maintain normal neuronal 

function and activity. To date, many studies have been established on 

impaired energy metabolism in the brains of AD patients. Consistent with 

the observation that damaged energy metabolism continues prior to the 

clinical onset of AD, abnormal mitochondrial has been established as an 

early sign of proceeding AD and contributing to the progression of the 

disease (Swerdlow 2018). Most AD-related mitochondrial dysfunction 

involves impaired oxidative phosphorylation (OXPHOS) activity, decreased 

ATP levels and increased ROS levels (Ohta and Ohsawa 2006).            

        Mitochondrial homeostasis is controlled by mitophagy, a selective 

autophagy mechanism for eliminating damaged or functionally altered 

mitochondria (Ye et al. 2015; Pickles, Vigie, and Youle 2018). One of the 

major processes of mitophagy is the PTEN-induced kinase 1 (PINK1)/E3 

ubiquitin ligase (Parkin)-mediated pathway, where Parkin is recruited to the 

mitochondria and modulates mitochondria dynamics and their degradation 

through autophagy (Martin-Maestro et al. 2017). After mitochondrial damage, 

PINK1 recruits Parkin to produce polyubiquitinated proteins of autophagy 

adapter, including sequestosome-1 (SQSTM1/p62) (Harper, Ordureau, and 

Heo 2018). Furthermore, interaction with microtubule-associated protein 1 

light chain 3 (LC3) mediates the engulfment of cytosolic cargo such as 

damaged organelles into autophagosomes for a final recycling step by fusion 

with lysosomes (Shaid et al. 2013).

        Recently, AD-related mitophagy failure has been reported based on 

the accumulation of autophagic vesicles linked to Aβ and pTau (Cummins et 

al. 2019; Fang et al. 2019; Hu et al. 2016; Kerr et al. 2017). Moreover, it 

has also been demonstrated that intraneuronal APP-CTFs trigger early 
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neurotoxicity, mitochondrial abnormalities, and mitophagy dysfunction in 

3xTg-AD mice and sporadic AD patients (Vaillant-Beuchot et al. 2021; 

Lauritzen et al. 2016; Lauritzen, Pardossi-Piquard, et al. 2019). PSEN is one 

of the γ-secretase complexes involved in the amyloid cascade (Zhang et al. 

2014), and the effect of APP-CTFs accumulation related to PSEN function 

has not yet been demonstrated.

        To investigate whether the effects of APP-CTFs accumulation on 

mitophagy in Alzheimer’s disease were related to PSEN mutation, I 

generated induced neural stem cells (iNSCs) from fAD patient-derived 

fibroblasts, as described in previous study (Yu et al. 2015). Because 

terminally differentiated neurons derived from the iNSC lineage are very 

useful for understanding the pathophysiological mechanisms of many 

neurodegenerative diseases (Sung et al. 2017), I generated AD patient iNSCs 

to study pathological mechanism of AD. AD patient-iNSCs harboring fAD 

mutation showed a defect in the degradation step of autophagy associated 

with APP-CTFs accumulation, leading to the accumulation of dysfunctional 

mitochondria, which was consistent with mitophagy impairment. I also 

demonstrated mitochondrial dysfunction and impaired autophagy in the 

absence of PSEN using gene editing in iNSCs to verify the critical role of 

PSEN in AD. Taken together, this study investigates the mitochondrial 

function and mitophagy associated with APP-CTFs, which could underlie 

early-stage features of AD pathology using patient-derived iNSCs and PSEN 

KO-iNSCs.
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1.2 MATERIALS AND METHODS

1.2.1 iNSCs culture

Human iNSCs were used as reprogrammed cell lines, as described 

in previous study. The commercial cell line hDFs was obtained from Life 

Technologies. These cells were cultured on PLO/FN-coated dishes and 

maintained in NSC maintenance media containing a 1:1 mixture of ReNcell 

media (Millipore, USA) and KnockOut DMEM/F-12 supplemented with 

StemPro NSC SFM Supplement (Gibco/Life Technologies, USA) with 

(Sigma–Aldrich, Saint Louis, Missouri) and EGF (Sigma). 

1.2.2 2D neuron differentiation

5,000 cells of iNSCs per well were seeded onto PLO/FN-coated 

coverslips in 24-well plates, and the NSC maintenance medium was 

exchanged for random differentiation. After 3 days of random differentiation, 

the neuron differentiation media was added and sustained for 7 days. The 

neuron differentiation medium contained a 1:1 mixture of neurobasal medium 

(Gibco) and DMEM/F12 medium supplemented with B27 (Gibco), GMAX, 

brain-derived neurotrophic factor (BDNF; PeproTech, USA), glial cell 

line-derived neurotrophic factor (GDNF; PeproTech), forskolin (Sigma) 

retinoic acid (RA) (Sigma) and ascorbic acid (Sigma). 

1.2.3 Generation of WT and AD fibroblast-derived iNSCs

The use of human fibroblasts for cellular reprogramming was 

approved by the Institutional Review Board. On the day before transduction, 

AD fibroblasts (AG09035) (Coriell) were plated on 24-well tissue culture 

dishes. On the next day, virus added to the AD fibroblasts and spinfection 

was performed at 800 x g for 60 min at 20℃. After transduction, the AD 

fibroblasts were incubated in DMEM/F12 (Life Technologies) containing 
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20% (v/v) fetal bovine serum (Life Technologies), and 1x primocin 

(InvivoGen, San Diego, CA, USA) for 3 days. On the third day, transduced 

cells were seeded onto Matrigel (Corning, NY, USA) coated 6-well plates 

(Life Technologies). After cell attachment, the medium was changed with 

NSC medium (StemPro NSC medium with 1 x supplement, 1 x primocin, 

20 ng/mL basic fibroblast growth factor (bFGF), and 20 ng/mL epidermal 

growth factor (EGF). On day 14-21, iNSC colonies were mechanically 

picked and cultured on Matrigel coated plate.

1.2.4 Generation of PSEN double knock-out iNSCs

Using the pCas-Guide CRISPR vector (OriGene, USA) as a 

backbone, a CRISPR vector for knocking out the PSEN1 and PSEN2 gene 

was cloned. Guide RNA sequences were ACCCCAGGGTAACTCCCGGC 

(PSEN1) and CATCATGATCAGCGTCATCG (PSEN2). In order to produce 

PSEN double knock-out iNSCs, PSEN2 knockout iNSCs were produced and 

PSEN1 was additionally knock-out sequentially. For gene knockout, 

CRISPR/Cas9 plasmid vector for PSEN knockout were electroporated in 

iNSCs using the Neon transfection system (Life Technologies). After the 

electroporation, iNSC was cultured for 1-2 weeks to form colony and a 

sequencing was performed for each colony. Sequencing was carried out in 

the order of genomic DNA preparation, PCR, sequencing, and analysis.

1.2.5 Western blotting

The protein samples were prepared with the protein lysis buffer 

Pro-prep (Intron Biotechnology, Korea), and mitochondrial fraction was 

isolated using a mitochondria isolation kit (Thermo Scientific, USA) 

according to the manufacturer’s specifications. The protein concentration was 

determined using bovine serum albumin (BSA) as the standard (Bio-Rad 

Laboratories, Hercules, USA). The proteins were separated via 10 or 15% 
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sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and 

transferred to nitrocellulose membranes. After blocking with 3% bovine 

serum albumin in Tris-buffered saline with Tween (TBST: 20 mM Tris-HCl 

[pH 7.6], 137 mM NaCl, 1% Tween 20), the blots were probed overnight 

at 4 °C with the primary antibodies. The secondary antibodies, horseradish 

peroxidase (HRP)-conjugated antibodies (1:2000; Invitrogen, USA), were 

incubated with the membranes at room temperature for 1 hour and detected 

using an enhanced chemiluminescence (ECL) detection kit (GE Healthcare 

Life Science, UK). The primary antibodies used are listed in the Table 1.1.

1.2.6 Quantitative reverse transcription-PCR (RT–qPCR)

Total RNA was extracted from cultured cells using TRIzol reagent 

(Invitrogen) following the manufacturer’s protocol. One microgram of RNA 

was reverse transcribed to first-strand cDNA using Superscript™ III reverse 

transcriptase (Invitrogen). For quantitative real-time PCR, relative mRNA 

levels were produced using SYBR-Green PCR Master Mix (Applied 

Biosystems, USA), and an ABI 7300 sequence detection system and the 

supplied software were used. The expression of each gene was normalized 

to that of the housekeeping gene, GAPDH. The primer sequences of each 

gene were described as follows: SOX2 (F: 5’- TGG CGA ACC ATC TCT 

GTG GT-3’ R: 5’-CCA ACG GTG TCA ACC TGC AT-3’), PAX6 (F: 

5’-CCA GGG CAA TCG GTG GTA G-3’ 5’-R: ATC GTT GGT ACA 

GAC CCC CT-3’), NESTIN (F: 5’- CAG CGT TGG AAC AGA GGT 

TGG-3’ 5’-TGG CAC AGG TGT CTC AAG GGT AG-3’

1.2.7 Immunocytochemistry

For immunostaining, cells were fixed with 4% paraformaldehyde at 

room temperature for 15 min, permeabilized with 0.25% Triton X-100 in 

PBS for 10 minutes and blocked with 5% normal goat serum for 1 hour at 
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room temperature. The cells were then stained with specific primary 

antibodies at 4℃ for overnight. Subsequently, Alexa 488- or 594-labeled 

secondary antibodies (Invitrogen) were stained at room temperature for 1 

hour, nuclei were stained with Hoechst 33258 for 5 minutes and images 

were produced using a confocal microscope (Nikon, Eclipse TE200).

1.2.8 MitoTracker & ER-Tracker

All iNSCs were seeded at a density of 1 × 105 cells per well in a 

24-well PLO-FN-coated plate before the experiments with MitoTracker and 

ER-Tracker (Invitrogen). All steps followed the manufacturer’s protocol. 

Briefly, iNSCs were added to the stock solution of MitoTracker or 

ER-Tracker in 10 ml prewarmed media, giving final concentrations of 100 

nM and 50 nM. After staining, cells were fixed with 3.7% formaldehyde at 

37°C for 10 minutes, permeabilized and stained with DAPI solution for 

nuclear staining.

1.2.9 ATP production assay

After cell lysis was deproteinized for sample preparation, ATP 

reaction mixtures and ATP measurements were performed using the ATP 

colorimetric/fluorescence assay kit (BioVision) as described in the 

manufacturer's protocol. The ATP content was measured by running an 

in‐ternal standard. Absorbance was measured at OD 570 nm with a 

spectrophotometer in a microplate reader.

1.2.10 Statistical analysis

The values of all data are expressed as the means ± SD. The 

statistical significance of differences was determined using GraphPad Prism 

version 9.0 (GraphPad Software, San Diego, CA, USA). For statistical 

analysis of experiments, two-tailed Student's t-test or one-way ANOVA 
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followed by Bonferroni's test for multiple groups was used, as indicated in 

the figure legends. All samples were randomly selected and analyzed.

Table 1.1 Antibody information

Name Species Dilution Vendor Catalog #
APP-CTF mouse 1:500 biolegend 802803

APP Rabbit 1:500 Cell signaling #2452

Parkin mouse 1:1000 Merck Milipore MAB5512

PINK1 Rabbit 1:1000 Novus BC100-494

HSP60 Rabbit 1:1000 Cell signaling #12165

NESTIN mouse 1:1000 Millipore MAB5326

SOX2 Rabbit 1:1000 Merck ab5603

Ki67 Rabbit 1:500 abcam ab15580

TUJ1 mouse 1:500 Biolegend 801202

LC3 Rabbit 1:500 Novus NB100

P62 mouse 1:500 BD bioscience 610832

Ubiquitin Rabbit 1:200 abcam ab7780

LAMP1 Mouse 1:500 Santa Cruz SC-20011

Neurofilament Mouse 1:500 Cell signaling #2836

MAP2 Mouse 1:500 Merck MAB3418

β-actin mouse 1:1000 Cell signaling #4967

PSEN1 Rabbit 1:1000 Cell signaling #5643

PSEN2 Rabbit 1:1000 Cell signaling #9979

OXPHOS mouse 1:1000 abcam ab110411
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1.3 RESULTS

1.3.1 Characterization of AD patient iNSCs.

Mitochondrial abnormalities of oxidative phosphorylation (OXPHOS) 

of electron transport have been reported to be associated with AD. To 

investigate whether mitochondrial function is dysregulated in AD neurons, I 

established iNSC-derived neuronal cultures using a familial AD cell line. To 

identify the characteristics of the generated iNSCs, the relative transcription 

levels of NSC markers including PAX6, SOX2 and NESTIN, in WT- or 

AD-iNSCs were determined (Figure 1.1A). The expression levels of NSC 

markers were also confirmed by immunostaining of SOX2 and NESTIN 

(Figure 1.1B). I examined the cumulative population doubling level of WT- 

and AD-iNSCs through continuous passaging from day 3 to day 18. 

Although there was no difference in marker expression between WT- and 

AD-iNSCs, the proliferation rate in AD-iNSCs were decreased compared to 

WT-iNSCs (Figure 1.2A-B). Cell proliferation was slightly decreased in 

AD-iNSCs compared to WT-iNSCs. In addition, to evaluate the multipotency 

of iNSCs, WT- and AD-iNSCs were differentiated for 7 days in neuronal 

media, and I confirmed neurons as evidenced by the expression of the 

neuron-specific class III beta-tubulin marker (TUJ1) (Figure 1.1C). 
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Figure 1.1 Characterization of WT- and AD-iNSCs.

(A) mRNA expression of neural progenitor-related markers using qRT–PCR. 

The relative expression levels of SOX2, PAX6 and NESTIN in WT-hDFs, 

AD-hDFs, WT-iNSCs and AD-iNSCs. (B) Immunostaining of NESTIN 

(green) and SOX2 (red) in WT- and AD-iNSCs. Nuclei were detected with 

DAPI. Scale bar, 10 µm. (C) Immunostaining of TUJ1, an early neuron 

marker, in WT- and AD-iNSCs. Statistical analysis was performed by 

Student’s t-test. *P < 0.05, **P < 0.01 and ***P < 0.001. The results are 

presented as the means ± SD



46

Figure 1.2 Proliferation rate of WT- and AD-iNSCs.

(A) Morphology of WT- and AD-iNSCs in 2D culture and neurosphere 

formation. (B) Cumulative population doubling level (CPDL) of WT- and 

AD-iNSCs through continuous passaging from day 3 to day 18. 
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1.3.2 Altered localization and dysfunction of mitochondria in AD patient 

iNSCs.

After that, to uncover the molecular cause of mitochondrial 

dysfunction in AD, I examined OXPHOS activity in neuronal mitochondrial 

function in AD patient cells. The levels of mitochondrial complex subunits 

III and V were decreased in AD-iNSCs-derived neurons compared to WT 

neurons (Figure 1.3A-B). In agreement with dysfunctional ATP synthase, the 

level of ATP production was downregulated in AD-iNSCs, as shown by the 

reduced ATP production (Figure 1.3C). Altered mitochondrial function can 

be suggested by ER-mitochondria apposition (Area-Gomez et al. 2012). The 

location of dysregulated mitochondria was assessed by measuring the 

colocalization of ER and mitochondria. All mitochondria and the ER were 

tracked using MitoTracker and ER-Tracker (Figure 1.3D). The colocalization 

of mitochondria and ER was increased in AD-iNSCs compared to 

WT-iNSCs (Figure 1.3E). Thus, the altered localization of mitochondria and 

decreased OXPHOS level were indicative of mitochondria dysfunction in 

AD-iNSCs. 
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Figure 1.3 Mitochondria abnormalities in AD-patient iNSCs.

(A) Western blotting of mitochondrial oxidative phosphorylation subunits 

(OXPHOS) in total cell extraction of WT- and AD-iNSCs using OXPHOS 

cocktail antibodies. (B) Quantification of the levels of ATP5A, UQCRC2, 

SDHB, COX II and NDUFB8 in WT- and AD-iNSCs. (C) The level of 

ATP production in WT-and AD-iNSCs. (D) Mitochondrial and ER 

distribution of WT-and AD-iNSCs stained with MitoTracker and ER-Tracker. 

(E) Quantification of colocalization using Image J in WT- and AD-iNSCs.

Statistical analysis was performed by Student’s t-test. *P < 0.05, **P < 0.01 

and ***P < 0.001. The results are presented as the means ± SD
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1.3.3 APP-CTFs accumulation in AD-patient iNSCs altered mitochondrial 

function.

Several studies have reported that APP-CTFs accumulation could 

represent to an etiological trigger of AD pathology (Lauritzen, Becot, et al. 

2019; Garcia-Ayllon et al. 2017; Lauritzen, Pardossi-Piquard, et al. 2019). In 

particular, it has been reported that APP-CTFs could be responsible for 

mitochondrial alterations and dysfunction (Vaillant-Beuchot et al. 2021; 

Lauritzen et al. 2016). First, I confirmed the level of APP-CTFs 

accumulation in whole lysates as well as the mitochondrial fraction (Figure 

1.4A). The level of CTFs in AD was upregulated in both the total lysis and 

mitochondrial fractions (Figure 1.4B). I also demonstrated that the staining 

of APP-CTFs colocalized with the mitochondria protein HSP60 in AD-iNSCs 

compared to WT-iNSCs (Figure 1.4C-D). After that, to examine whether 

APP-CTFs are involved in mitochondrial dysfunction, I confirmed the level 

of oxidative phosphorylation after γ-secretase inhibition with DAPT 

treatment. All OXPHOS complex levels were downregulated after APP-CTFs 

accumulation induced by the γ-secretase inhibitor (Figure 1.4E-F). These data 

demonstrate that APP-CTFs accumulation in mitochondria dysregulates 

mitochondrial function. 
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Figure 1.4 APP-CTFs accumulation is related to mitochondrial dysfunction.

(A) Western blotting of APP and mitochondrial marker HSP60 in whole cell 

extraction and mitochondrial fraction. Full-length APP and APP-CTFs 

detected with APP-Cter antibody. HSP60 and Lamin A/C antibodies were 

used as loading controls for whole cell extraction and mitochondrial 

fractions, respectively. (B) The quantification of APP, APP-CTFs and HSP60 

in total extraction and mitochondrial fractions. (C) Immunostaining of WT- 

and AD-iNSCs using APP-Cter and HSP60 antibodies. Nuclei was stained 

with DAPI. Scale bars, 10 µm. (D) The quantification of colocalization area 

using Image J in WT- and AD-iNSCs. (E) Western blotting of OXPHOS in 

vehicle-or γ-secretase inhibitor treated WT- and AD-iNSCs using OXPHOS 
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cocktail antibodies. (F) Quantification of the levels of ATP5A, UQCRC2, 

SDHB, COX II and NDUFB8 in WT- and AD-iNSCs treated vehicles (-) or 

γ-secretase inhibitor. Statistical analysis was performed by Student’s t-test. 

n.s: not significant, *P < 0.05, **P < 0.01 and ***P < 0.001. The results are 

presented as the means ± SD
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1.3.4 Mitophagy failure in AD-patient iNSCs is related to APP-CTFs 

accumulation.

Dysregulation of autophagy is associated with AD and involves the 

accumulation of misfolded proteins and damaged organelles, including 

mitochondria (Ghavami et al. 2014). Perturbation in autophagy is measured 

by the synthesis and degradation of autophagosomes. While the elevation in 

the levels of p62 in cultured AD-iNSCs may be indicative of autophagy 

failure, it was necessary to examine this possibility using an autophagic flux 

assay (Loos, du Toit, and Hofmeyr 2014). I examined autophagic flux using 

bafilomycin A1 (Baf A1), which inhibits lysosomal acidification and 

degradation and increases LC3-II accumulation. I also assessed whether 

autophagy induction can be restored in AD-iNSCs after treatment with the 

autophagy inducer, mTOR-dependent rapamycin. In the absence conditions, I 

observed that the steady-state levels of LC3-I were slightly decreased, while 

p62 was elevated in AD-iNSCs compared to WT-iNSCs (Figure 1.5A-B). 

The levels of LC3-II and p62 in AD-iNSCs were increased compared to 

those in WT-iNSCs after the presence of Baf A1 for 6 hours. These results 

indicate that LC3-II and p62 accumulation is caused by impaired degradation 

of autophagosomes. To assess whether LC3 is positively associated with the 

autolysosome structure, I examined the staining of LC3 and LAMP1 (Figure 

1.5C). The positive colocalization area of LC3 and LAMP1 was decreased 

in AD-iNSCs compared to WT-iNSCs. 

Next, to identify whether APP-CTFs accumulation in AD-iNSCs triggers 

mitophagy failure in AD-iNSCs, AD-iNSCs were treated with chemical 

blockade of γ-secretase for 24 hours (Figure 1.5D). First, DAPT-treated cells 

showed increases in LC3-II, p62 and the LC3-II/LC3-I ratio compared to 

vehicle-treated cells, indicating a defective degradation according to 

APP-CTFs accumulation (Figure 1.5E). AD-iNSCs treated with DAPT also 

showed defective mitophagy priming with significant increases in Parkin and 
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PINK1 levels in AD-iNSCs (Figure 1.5F). In addition, there was a 

significant increase in the mitochondrial protein HSP60 in DAPT-treated 

AD-iNSCs and an increase in APP-CTFs, demonstrating mitophagy failure 

according to APP-CTFs accumulation (Figure 1.5F). I also demonstrated by 

immunofluorescence analysis whether APP-CTFs colocalize with the 

mitochondrial protein HSP60 in vehicle- and DAPT-treated AD-iNSCs 

(Figure 1.5G). I confirmed that γ-secretase inhibition enhanced the 

colocalization of APP-CTFs and HSP60 in AD-iNSCs, indicating an 

accumulation of APP-CTFs in mitochondria. Additionally, I examined the 

accumulation of p62 and Ubiquitin in mitochondria as well as the 

recruitment of Parkin in mitochondria though immunofluorescence staining. 

The expression levels of p62 (Figure 1.6A), Parkin (Figure 1.6B), and 

Ubiquitin (Figure 1.6C) in mitochondria were increased in AD-iNSCs, 

showing damaged mitochondria that cannot be recycled due to a lack of 

degradation process by mitophagy. I also confirmed the reduced 

colocalization of mitochondria with lysosomes in DAPT-treated AD-iNSCs 

compared to vehicle-treated cells, suggesting that for defective degradation 

process in lysosome (Figure 1.5H-I). These results demonstrated that 

APP-CTFs were present in the mitochondrial compartment, indicating that 

APP-CTFs contribute to mitochondria dysfunction and defective degradation 

process of mitophagy. 
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Figure 1.5 APP-CTFs accumulation triggers mitophagy dysfunction in 

AD-patient iNSCs.

(A) Representative western blotting showing LC3 and p62 expression in 

WT- and AD-iNSCs treated or not with bafilomycin or rapamycin for 6 h. 

(B) Quantification of LC3-II, LC3-II/LC3-I, and the p62 ratio in WT- and 

AD-iNSCs with respect to control iNSCs under vehicle-treated conditions. 

(C) Representative images showing LC3 and LAMP1 in WT- and 

AD-iNSCs under basal conditions. (D) Representative western blotting 

showing APP, APP-CTFs, LC3, p62, Parkin, PINK1, HSP60, and β-actin 

expression in AD-iNSCs treated or not with DAPT for 24 h. (E) 

Quantification of autophagy-related markers, including LC3 and p62, in the 

presence of DAPT relative to vehicle treatment. (F) Quantification of 
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APP-CTFs and mitophagy-related markers, including Parkin, PINK1, and 

HSP60, in the presence of 10 µM DAPT relative to vehicle treatment. (G) 

Representative z-stack images showing APP-CTF in green and HSP60 as a 

mitochondrial membrane marker in red in AD-iNSCs treated with 10 µM 

DAPT for 24 h. Scale bars, 20 µm. (H) Representative images showing 

LAMP1 (Lysosome marker) and MitoTracker (Mitochondria marker) in 

AD-iNSCs treated or not with DAPT for 24 h. Scale bars, 10 µm. (I) 

Quantification of colocalization area with LAMP1 and MitoTracker. 

Statistical analysis was performed by Student’s t-test. n.s not significant, *P < 

0.05, **P < 0.01 and ***P < 0.001. The results are presented as the means ± SD.
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Figure 1.6 AD-patient iNSCs display mitophagy failure phenotypes.

(A) Representative images of WT- and AD-iNSCs stained with anti-p62 

(green) and anti-HSP60 (red). (B) Representative images of WT- and 

AD-iNSCs stained with anti-Parkin (green) and anti-HSP60 (red). (C) 

Representative images of WT- and AD-iNSCs stained with anti-Ub (green) 

and anti-HSP60 (red). Scale bars, 10 µm.
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1.3.5 Generation of PSEN KO-iNSCs and characterization

Mutations in the Presenilin genes (PSEN1, PSEN2) are associated 

with the major cause of familial Alzheimer’s disease(Lanoiselee et al. 2017). 

APP is a major substrate of γ-secretase, which is critically involved in AD, 

and APP-CTFs are a direct substrate of γ-secretase that accumulates when 

γ-secretase activity is blocked. To further investigate whether 

mitochondrial-associated deficiency appears in the absence of PSEN in 

WT-iNSCs and to exacerbate the production of APP-CTFs from the cleavage 

of APP, I generated PSEN1/PSEN2 knockout iNSCs using CRISPR/Cas9 

(Figure 1.7A-B). Heterozygously targeted PSEN1 and PSEN2 iNSCs were 

confirmed by sequencing (Figure 1.8A-B). To assess the characterization of 

neural stem cell, I carried out immunofluorescence staining using antibodies 

against SOX2 and NESTIN in WT- and PSEN KO-iNSCs (Figure 1.7C). 

Although the proliferation rate was decreased compared to WT-iNSCs, the 

cells could be maintained neural stem cell characterization (Figure 1.9A-B). I 

next performed western blotting to examine whether ablation of each exon 

leads to removal of protein level, PSEN1 and PSEN2, respectively. The 

protein level of both PSEN1 and PSEN2 was rarely expressed in PSEN 

knockout-iNSCs, but APP-CTFs were expressed resulting the blockade of 

γ-secretase activity (Figure 1.7D). In addition, western blotting of OXPHOS 

was performed to demonstrate whether the absence of PSEN can induce 

mitochondrial dysfunction in PSEN KO-iNSCs. The findings demonstrated 

that PSEN is involved in mitochondrial OXPHOS, in agreement with the 

downregulation of mitochondrial complex subunits. The levels of all 

mitochondrial complex subunits (I, II, III, IV and IV) were decreased 

compared to those in WT-iNSCs (Figure 1.7E-F). The downregulated result 

in PSEN KO-iNSCs was similar when γ-secretase activity was blocked with 

pharmacological inhibitors in WT- and AD-iNSCs.
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Figure 1.7 Deletion of PSEN and altered mitochondrial function in PSEN 

KO-iNSCs.

(A) Schematic diagram showing the sgRNA target site for the generation of 

human PSEN1 knockout iNSCs by the CRISPR/Cas9 system. (B) Schematic 

diagram showing the sgRNA target site for the generation of human PSEN2 

knockout iNSCs by the CRISPR/Cas9 system. (C) Representative images 

showing SOX2 and NESTIN in WT and PSEN KO-iNSCs. Scale bars, 50 

µm. (D) The levels of PSEN1, PSEN2 and APP-CTFs in iNSCs after PSEN 

deletion. (E) Western blotting of OXPHOS WT- and PSEN KO-iNSCs using 

OXPHOS cocktail antibodies. (F) Quantification of the levels of ATP5A, 

UQCRC2, SDHB, COX II and NDUFB8 in WT and PSEN KO-iNSCs. 

Statistical analysis was performed by Student’s t-test. *P < 0.05. The results 

are presented as the means ± SD.
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Figure 1.8 The genomic DNA sequence of PSEN1 and PSEN2 knockout 

iNSCs.

(A) The genomic DNA sequence of PSEN1 knockout iNSCs. Targeting 

guide RNAs are shown in the yellow part of this panel. Sanger sequencing 

of PSEN1 knockout iNSC clones identified two deletions in exon 4 of 

PSEN1. Allele 1 is a 1-bp exonic deletion, and allele 2 is a 1-bp insertion. 

(B) The genomic DNA sequence of PSEN2 knockout iNSCs. Targeting 

guide RNAs are shown in the yellow part of this panel. Sanger sequencing 

of PSEN2 knockout iNSC clones identified two deletions in exon 6 of 

PSEN2. Allele 1 is a 1-bp exonic insertion, and allele 2 is a 7-bp deletion.
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Figure 1.9 Proliferation rate of WT- and PSEN KO-iNSCs.

(A) Morphology of WT- and PSEN KO-iNSCs in 2D culture and 

neurosphere formation. (B) Cumulative population doubling level (CPDL) of 

WT- and PSEN KO-iNSCs through continuous passaging from day 3 to day 

18.
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1.3.6 APP-CTFs accumulation is associated with mitophagy failure in PSEN 

KO-iNSCs.

Damaged mitochondria are usually degraded through selective 

elimination by a specific autophagy process known as mitophagy. I also 

investigated the contribution of APP-CTFs accumulation to mitophagy in 

PSEN KO-iNSCs with APP-CTFs. The basal levels of LC3 and p62 were 

notably elevated in PSEN KO-iNSCs compared to WT-iNSCs (Figure 

1.10A). My data showed a decrease in LC3-I but significant increases in 

LC3-II and the LC3-II/LC3-I ratio, indicating a defect in the clearance 

process of basal autophagy (Figure 1.10B). In addition, western blotting 

analysis showed significantly increased levels of Parkin and PINK1 in PSEN 

KO-iNSCs compared to WT-iNSCs (Figure 1.10C). To examine degradation 

dysfunction, I addressed the colocalization of LC3 and LAMP1 in 

WT-iNSCs and PSEN KO-iNSCs (Figure 1.10D). Reduced colocalization of 

LC3 with lysosomes was observed in PSEN KO-iNSCs compared to 

WT-iNSCs. Indeed, the accumulation of LC3-I, LC3-II and p62 together 

with Parkin and PINK1 in PSEN KO-iNSCs suggests that PSEN is critically 

involved in mitochondrial clearance. Next, I analyzed the amounts of 

APP-CTFs in the mitochondrial area after treatment with protonophore 

carbonyl cyanide m-chlorophenyl hydrazone (CCCP), which is the 

mitochondrial respiratory uncoupler that affects mitophagy (Figure 1.10E). In 

western blotting analysis, both iNSCs were treated with CCCP, and the level 

of the degradation phase of autophagy was analyzed to assess whether the 

clearance process was altered in PSEN KO-iNSCs (Figure 1.10F). The 

protein level of LC3-II was decreased in both WT and PSEN KO-iNSCs 

compared to vehicle-treated cells, whereas the level of p62 was increased in 

PSEN KO-iNSCs but not in WT-iNSCs (Figure 1.10G). Additionally, I 

examined the expression of p62 and Ubiquitin in mitochondria as well as 

the recruitment of Parkin in mitochondria through immunofluorescence 
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staining. I confirmed the slightly increased expression and colocalization of 

mitochondrial localization of p62 (Figure 1.10H), Parkin recruitment (Figure 

1.10I) and Ubiquitin (Figure 1.10J). Increased expression levels of p62 in 

PSEN KO-iNSCs reveal damaged mitochondria that cannot be recycled due 

to defects in the degradation process by mitophagy. These results indicate 

diminished mitophagy flux, where autophagosome synthesis was decreased 

and degradation was also decreased only in PSEN KO-iNSCs. Accordingly, 

PSEN has a crucial role in the control of mitophagy flux, and APP-CTFs 

may have a deleterious effect on this process.
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Figure 1.10 APP-CTFs accumulation triggers mitophagy failure in PSEN 

KO-iNSCs.

(A) Representative western blotting showed mitophagy-related proteins, 

including LC3, p62, Parkin, PINK1, and HSP60, in WT- and PSEN 

KO-iNSCs. (B) Protein levels of LC3 and p62 in WT- and PSEN 

KO-iNSCs. (C) Protein levels of Parkin, PINK1, and HSP60 in WT- and 

PSEN KO-iNSCs. (D) Representative images showing LC3 and LAMP1 in 

WT- and PSEN KO-iNSCs under basal conditions. (E) Representative images 

of APP-CTFs and HSP60 protein in the absence or presence of CCCP (20 

μM). Scale bars, 10 µm. (F) Representative western blot of LC3 and p62 in 

vehicle- or CCCP (20 μM)-treated WT- and PSEN KO-iNSCs. (G) 
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Quantification of the levels in the absence or presence of CCCP. (H) 

Representative images of WT- and PSEN KO-iNSCs stained with anti-p62 

(green) and anti-HSP60 (red). (I) Representative images of WT- and PSEN 

KO-iNSCs stained with anti-Parkin (green) and anti-HSP60 (red). (J) 

Representative images of WT- and PSEN KO-iNSCs stained with anti-Ub 

(green) and anti-HSP60 (red). Scale bar, 10 µm. Statistical analysis was 

performed by Student’s t-test. n.s not significant, *P < 0.05 and **P < 0.01. 

The results are presented as the means ± SD.
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1.3.7 Neuronal differentiation was downregulated in PSEN KO-iNSCs.

It is known that PSEN plays a significant role in neuronal 

differentiation. Therefore, I examined the effect of neuronal differentiation in 

the absence of the PSEN gene using 2D and 3D modeling. In the 2D 

differentiation model, I induced iNSCs to differentiate into neurons followed 

by a differentiation protocol as described in the Methods. After 7 days of 

differentiation, the immunofluorescence levels of NF and MAP2 were 

drastically decreased in PSEN KO neurons compared to WT neurons (Figure 

1.11A-B). Western blot analysis revealed that PSEN KO neurons exhibited 

substantially decreased levels of mature neuronal markers (NF and MAP2) 

compared with WT neurons (Figure 1.11C-D). However, there was no 

difference in the level of the immature neuron marker TUJ1. Finally, to 

estimate the neural level in the 3D organoid model, I followed the 3D 

culture protocol as described in the Methods section for 28 days (Lee et al. 

2020). Immunostaining analysis indicated that the number of neural 

progenitor markers was similar in WT and PSEN KO organoids, but the 

neuronal level was markedly reduced in PSEN KO-iNSCs-derived organoids 

(Figure 1.11E-F). These results indicate that PSEN is an important factor in 

neuronal function as well as in the clearance process of cells.
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Figure 1.11 Neuronal differentiation was downregulated in 2D and 3D 

cultures of PSEN KO-iNSCs.

(A) Representative images showing NF (neurofilament) in WT- and PSEN 

KO-iNSCs and quantification of the expression levels after neuronal 

differentiation for 7 days. Scale bars, 50 µm. (B) Representative 

immunofluorescence images showing MAP2 in WT- and PSEN KO-iNSCs 

and quantification of the expression levels after neuronal differentiation for 7 

days. Scale bars, 50 µm. (C) Relative levels of proteins implicated in 

neuronal markers in WT- and PSEN KO-iNSCs after neuronal differentiation 

for 7 days. (D) Quantification of the levels of TUJ1, NF and MAP2. (E) 

Representative immunofluorescence images showing the neural progenitor 

markers (NESTIN, Ki67) in WT and PSEN KO organoids at day 28. Scale 

bars, 50 µm. (F) Representative immunofluorescence images showing NF in 

WT and PSEN KO organoids at day 28. Scale bars, 50 µm. Quantification 



67

of the protein levels in PSEN KO organoids compared to WT organoids. 

Statistical analysis was performed by Student’s t-test. n.s: not significant and 

*P < 0.05. The results are presented as the means ± SD.
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1.4 DISCUSSION

These investigations of modeling FAD with patient-specific iNSCs 

revealed relatively early pathological manifestations of AD associated with 

APP metabolism. My study focused on the effect of APP-CTFs in iNSCs 

derived from AD patient fibroblasts, and also investigated in PSEN 

KO-iNSCs. I demonstrated that mitochondrial dysfunction was upregulated in 

PSEN KO-iNSCs and AD patient-iNSCs compared to WT-iNSCs. 

Furthermore, APP-CTFs accumulation led to mitophagy defects, along with 

the failure of damaged mitochondrial clearance in both AD patient-iNSCs 

and PSEN KO-iNSCs. Accordingly, my data suggest that the measurement 

of APP-CTFs levels during APP metabolism could potentially be useful for 

the diagnosis of AD.

        My results regarding altered OXPHOS protein levels suggest 

mitochondrial dysfunction caused by molecular defects in OXPHOS. In 

previous reports, Aβ and p-Tau synergistically impaired mitochondrial 

function and energy homeostasis in vivo, resulting in the deregulation of 

complexes I and IV in OXPHOS (Rhein et al. 2009; Koopman et al. 2013). 

Aβ undermines several aspects of mitochondrial function, including electron 

transport chain (ETC), mitochondrial dynamics, ROS production, and 

mitochondrial transport (Misrani, Tabassum, and Yang 2021). The pathogenic 

forms of tau were also found to impair the complex of the mitochondrial 

respiratory chain, resulting in decreased ATP levels (Perez, Jara, and 

Quintanilla 2018). Previous results on altered protein and RNA expression of 

OXPHOS in AD patients reported that the OXPHOS pathway is one of the 

most significant factors and potential drivers of AD progression (Wang et al. 

2020). Using western blotting, I determined the differential expression of the 

mitochondrial genes NADH dehydrogenase (complex I), succinate ubiquinone 

oxidoreductase (complex II), ubiquinol cytochrome c oxidoreductase (complex 
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III), cytochrome oxidase subunit 1 (complex IV), and ATPase synthase 

(complex V) in AD-iNSCs. In addition, decreased OXPHOS levels were 

significantly downregulated in AD patient-iNSCs exposed to the γ-secretase 

inhibitor DAPT and PSEN KO-iNSCs, resulting in increased APP-CTFs 

expression. My result of decreased ATP production was demonstrated 

concomitant with the deregulation of OXPHOS levels. Decreased expression 

of OXPHOS complexes is related to deregulated mitochondrial ATP synthase 

activity because complexes I and IV are necessary for ATP production. 

OXPHOS levels were downregulated in PSEN KO-iNSCs, suggesting that 

PSEN is a critical factor for mitochondrial homeostasis.

        Altered mitochondrial-related factors cause defective mitophagy and 

autophagy in AD (Tran and Reddy 2020). Many studies have focused on 

defective mitophagy linked to Aβ and p-Tau (Fang et al. 2019). In this 

study, I demonstrated that APP-CTFs are closely related to mitophagy 

dysfunction, resulting in the failure to eliminate damaged mitochondria. 

Several studies have reported that CTFs of APP were neurotoxic, and 

transgenic mice expressing C99 or stereotaxically injected with APP-CTFs 

into the brain showed cortical atrophy, neurodegeneration, impairment in 

learning and memory (Berger-Sweeney et al. 1999; Vaillant-Beuchot et al. 

2021; Lauritzen et al. 2016; Lauritzen, Becot, et al. 2019). APP-CTFs 

accumulation was also detected in brain samples from mild cognitive AD 

patients and has been suggested as a potential biomarker for AD. Defective 

mitophagy phenotypes were examined in AD patients, and the PINK1-Parkin 

pathway was abrogated in PSEN KO-iNSCs, resulting in defective recycling 

of damaged mitochondria. Furthermore, marked increases in Parkin and 

PINK1 in mitochondria together with p62 and LC3-II in AD patient-iNSCs 

treated with γ-secretase inhibitor resulted in APP-CTFs accumulation. These 

results also suggest the risk of γ-secretase inhibitors as a therapeutic strategy 

for AD. This implies that targeting APP-CTFs with mitochondrial function 
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and mitophagy could be a beneficial approach for ameliorating the 

development of pathologies as well as a new diagnostic biomarker in AD.

        In summary, my findings indicate that iNSCs from FAD1 patients 

harboring PSEN1 mutations, and PSEN KO iNSC exhibit marked mitophagy 

failure as a result of exacerbated APP-CTFs accumulation in the neuronal 

model. Thus, these iNSC models could be a valuable tool to study AD 

pathology in further studies and therapeutic findings.



71

CHAPTER II

Human iNSC-derived brain organoid model of 

lysosomal storage disorder in Niemann-Pick 

disease type C2)

* This chapter is reproduced from: Seung-Eun Lee†, Nari Shin, Myung Geu

n Kook, Dasom Kong, Nam Gyo Kim, Soon Won Choi and Kyung-Sun

Kang*. Cell death & disease (2020) 11(12), 1-13. © Springer Nature
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2.1 INTRODUCTION

Niemann-Pick disease type C (NPC), is the rare neurodegenerative 

disease caused by mutations of NPC1 (~95%) and NPC2 (~5%) that lead to 

the progressive neurodegeneration of the central nervous system. NPC results 

from mutations in either NPC1 and NPC2 which are late 

endosomal/lysosomal membrane protein and soluble lysosomal proteins, 

respectivelyHoglinger et al. (2019); (Goldman and Krise 2010; Vanier and 

Millat 2003). Deficits of NPC1 protein result in impairment in regulation of 

cholesterol efflux and dysfunction of cholesterol homeostasis3. NPC patients 

exhibit progressive neurodegeneration including Purkinje cell death associated 

with motor impairment, problems with seizures and speech and early-onset 

dementia (Gelsthorpe et al. 2008; Sarna et al. 2003). The most prevalent 

mutation associated with juvenile-onset phenotype is NPC1I1061T, which 

represents 15-20% of all disease alleles (Vance 2006). The NPC1I1061T 

mutation disrupts NPC1 protein trafficking by promoting the ER-mediated 

degradation of the mutant protein. Previous studies have suggested that the 

NPC1 mutation is associated with the aberrant accumulation of unesterified 

cholesterol and sphingolipids, leading to neuronal failure, which contributes 

to lethality in NPC disease (Ko et al. 2001; Geberhiwot et al. 2018). 

Because neurodegeneration is the main feature of the disease, previous 

studies represented the neurodegenerative mechanisms using NPC1-deficient 

animal models (Kim et al. 2007; Yang et al. 2006). NPC−/− mice store 

abundant unesterified cholesterol in the nervous system and exhibit chronic 

neurodegeneration and eventually a shortened lifespan. In addition to studies 

using an in vivo model of NPC disease, I also applied an in vitro model 

system using induced neural stem cells (iNSCs). previous study optimized 

the generation of iNSCs from various human cell sources, including blood 

cells, mesenchymal stem cells and fibroblasts (Yu et al. 2015; Kim et al. 



73

2018; Kim et al. 2017; Kwon, Ahn, and Kang 2018). I investigated NPC 

disease with disease-specific iNSCs from patient-derived fibroblasts using two 

reprogramming factors, SOX and HMGA2 (Sung et al. 2017). NPC iNSCs 

exhibited cholesterol accumulation and neurological defects, representing the 

pathological characteristics of NPC disease. Although modeling NPC disease 

with iNSCs in 2D cell culture recapitulates the pathological characteristics of 

the disease, the analysis of the pathophysiology associated with the neuronal 

damage in the brain has been challenging due to the limited availability of 

human brain tissue. In addition, little is known about early brain 

development in patients with NPC disease because of the inaccessibility of 

human tissues. Therefore, modeling the human brain is inevitable for the 

investigation of NPC disorders.

        Recent advances in 3D organoid culture facilitate the probing of 

human development and the evaluation of therapeutic approaches in systems 

that are more physiologically relevant than animal and 2D cell culture 

models. These 3D organoid models recapitulate the complex cellular 

behaviors of the developing brain, allowing the study of diseases with 

fundamental neurodevelopmental mechanisms (Hogberg et al. 2013; Lancaster 

and Knoblich 2014b). In particular, brain organoids have been studied to 

develop models of Alzheimer’s disease, Parkinson’s disease, Miller-Dieker 

syndrome and frontotemporal dementia by recapitulating the important 

neuropathological hallmarks found in many neurodegenerative diseases (Wang 

2018; Kim et al. 2019; Lin et al. 2018). Thus, studies using disease-specific 

brain organoids provide an understanding of the pathological mechanisms 

leading to massive neuronal degeneration.

        To date, the underlying pathogenic mechanisms of NPC has not 

been explored using NPC brain organoids. To investigate which pathological 

phenotypes, such as cholesterol accumulation, affect neurodevelopment in 

vitro, I generated 3D brain organoids using NPC iNSCs. Indeed, NPC brain 
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organoids showed significantly reduced differentiation with increased 

cholesterol accumulation. Gene expression profiles showed that NPC brain 

organoids exhibited the pathological signatures observed in NPC patients. 

Here, I generated an NPC brain organoid model using human iNSCs 

harboring NPC1 mutations. To the best of my knowledge, this is the first 

report that presents the generation of brain organoids with human iNSCs 

derived from NPC patients.
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2.2 MATERIALS AND METHODS

2.2.1 iNSCs culture

iNSCs were used as reprogrammed cell lines, as described in 

previous study. Normal human fibroblasts (GM05659) and NPC patient 

fibroblasts (GM03123(NPC1P237S/I1061T), GM18453(NPC1I1061T/I1061T)) 

were obtained from Coriell Institute for medical research. These cells were 

maintained in neural stem cell maintenance media containing a 1:1 mixture 

of ReNcell media (Millipore, Burlington, Massachusetts) and KnockOut 

DMEM/F-12 supplemented with StemPro NSC SFM Supplement (Gibco/Life 

Technologies, St. Petersburg, FL, USA) with bFGF (Sigma-Aldrich, 

Saint-Louis, Missouri) and EGF (Sigma).

2.2.2 Organoid culture

On day 0 of organoid culture, the iNSCs were dissociated by 

Accutase (Gibco) to generate single cell suspensions. In total, 9000 cells 

were then plated in each well of an ultralow-binding 96-well plate (Corning, 

NY, USA) in NSC maintenance media. The neurospheres were incubated for 

3 days. On day 4 of the protocol, the neurospheres were transferred to 

droplets of Matrigel (Corning) by pipetting into cold Matrigel on a sheet of 

Parafilm with small, 3-mm dimples. These droplets were allowed to 

polymerize at 37°C and were subsequently removed from the Parafilm and 

grown in differentiation media containing a 1:1 mixture of DMEM/F12 and 

Neurobasal Medium with N2 supplement (Gibco), B27 supplement without 

vitamin A (Gibco), 2-mercaptoethanol, insulin (Sigma), GlutaMAX (Gibco) 

and MEM-NEAA (Gibco), following the protocol by Lancaster et al. After 3 

days of stationary growth, the tissue droplets were transferred to an orbital 

shaker containing differentiation media with B27 supplement with vitamin A 

(Gibco).
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2.2.3 Quantitative reverse transcription PCR (RT-qPCR) 

After 28 days of culture, total RNA was isolated from each 

organoid using TRIzol (Invitrogen, Carlsbad, USA) following the 

manufacturer’s suggestions, and cDNA was synthesized using Superscript 

reverse transcriptase (Invitrogen). Quantitative real-time PCR was performed 

using the SYBR Green PCR Master Mix (Applied Biosystems, Foster City, 

USA), and the mRNA expression of each gene was normalized to that of 

the housekeeping gene GAPDH. The primer sequences of each gene are 

demonstrated in Table 2.1. 

2.2.4 Western blot analysis 

Lysates were prepared from each organoid with Pro-prep protein 

lysis buffer (Intron Biotechnology Co., Republic of Korea). The protein 

samples were separated via 8-15% sodium dodecyl sulfate polyacrylamide 

gel electrophoresis and transferred to nitrocellulose membranes. The 

membranes were blocked with a 3% bovine serum albumin (BSA) solution, 

and the proteins on the membrane were incubated overnight at 4°C with 

primary antibodies. The primary antibodies used were TUJ1 (1:1000, 

Biolegend,801202), MAP2 (1:500, Merck, MAB3418), NF (1:1000, Cell 

Signaling, 2836s), ß-actin (1:1000, CST, 4967), cleaved-caspase3 (1:1000, 

CST, 9664S), Caspase3 (1:1000, CST, 9662), LC3 (1:1000, Novus, NB100), 

and P62 (1:500, BD Bioscience, 610832). The secondary antibodies used 

were horseradish peroxidase (HRP)-conjugated antibodies (Invitrogen, 

Carlsbad, USA; G21040 and G21234). The protein and antibody complexes 

were detected using an enhanced chemiluminescence (ECL) detection kit (GE 

Healthcare Life Science, Buckinghamshire, UK) and analyzed. 

2.2.5 Histology and Immunofluorescence

For the histological and immunohistochemical analyses, each sample 
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was fixed with 4% paraformaldehyde overnight at 4°C. The fixed tissues 

were washed with PBS, dehydrated by immersion in an increasing ethanol 

gradient, embedded in paraffin, and sectioned at a thickness of 7μm. The 

sections were stained with hematoxylin and eosin or used for 

immunohistochemical staining. For immunohistochemistry, the sections were 

boiled with antigen retrieval citrate buffer (10mM sodium citrate, pH 6.0) at 

85°C for 10 minutes and blocked with 5% normal goat serum (Zymed, San 

Francisco, USA) for 1 hour. The sections were stained with specific primary 

antibodies overnight at 4°C at the following dilutions: TUJ1 (1:500), NF 

(1:500), Ki-67 (1:500), MAP2 (1:500), Caspase3 (1:1000), and 

cleaved-caspase3 (1:500). Subsequently, the sections were incubated with 

Alexa 488- or 594-labeled secondary antibodies (Invitrogen) for one hour. 

For counterstaining, the nuclei were stained with DAPI (Zymed Laboratories 

Inc) and mounted with DAKO fluorescence mounting medium (Agilent 

Pathology Solutions). The relative immune-density of each expression after 

immunostaining was measured using NIH image J software. Randomly 

chosen regions were selected and images were analyzed.  

2.2.6 Clearing for 3D fluorescence images

The organoids were fixed in 4% paraformaldehyde at 4°C overnight 

and processed as described in the protocol of the CytoVista 3D Cell Culture 

Clearing/Staining Kit (Invitrogen). Following organoid clearing, the samples 

were stained with a number of different primary antibodies: TUJ1 (1:200) 

and SOX2 (1:200). For filipin staining, 50 μg/ml filipin (Cayman, Ann 

Arbor, MI, USA) was added in a permeabilization buffer at 37°C for one 

hour. For microscopic imaging and analysis, the CellInsight CX7 

High-Content Screening platform (Thermo Scientific) was used. 
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2.2.7 Cholesterol assay

5 organoids from both WT and NPC cultures, with an average 

weight of 10mg, were selected for sample preparation. The organoids were 

extracted with 200 µl of cholesterol lysis buffer (chloroform: isopropanol: 

NP-40 (7:11:0.1)) in a micro-homogenizer. After centrifuging the extract for 

5 minutes at 15,000 xg, the samples were incubated for five hours in a 

50°C heat block to remove the chloroform. Then, the dried lipids were 

dissolved in 200 µl of Cholesterol Assay Buffer by sonicating until 

homogeneous. To prepare the standard curve, the cholesterol assay kit (Bio 

Vision, Milpitas, CA) was used to dilute the cholesterol standard. After 

mixing the reaction reagents, they were incubated for one hour at 37°C in 

the dark. Then, the absorbance of each sample was measured at 570 nm in 

a microplate reader. The operators and investigators were blinded to the 

sample preparation throughout the process. 

2.2.8 Quantitative mRNA-sequencing analysis

Three individual organoids were collected from each group. The 

total RNA was isolated using TRIzol (Invitrogen) following the 

manufacturer’s protocol. The RNA quality control was performed by a 

Bioanalyzer 2100 system, and the RNA concentration was assessed using an 

ND-2000 spectrophotometer (Thermo Inc., DE, USA). For each sample, 

cDNA library and sequencing were performed using a QuantSeq 3’ 

mRNA-Seq Library Prep Kit (Lexogen, Inc., Austria) according to the 

manufacturer’s instructions. High-throughput sequencing was performed as 

single-end 75, ~10M read sequencing using NextSeq 500 (Illumina, INC., 

USA). ExDEGA (eBiogen, South Korea), an Excel-based differentially 

expressed gene analysis tool, was used to evaluate the DEGs. Gene ontology 

analysis was performed to determine the association of the gene products in 

terms of biological processes, KEGG pathways, and molecular functions. The 
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p-values and FDR were calculated and assigned to each gene, and genes 

with fold change ≥2 and FDR < 0.05 were considered DEGs. The clustering 

heatmaps were generated using meV software (TM4 Development Group, 

USA). The National Center for Biotechnology Information Gene Expression 

Omnibus (GEO) accession number for the RNA-seq data reported in this 

paper is GSE157676.  

2.2.9 Statistical analysis

The mean values of all the results are expressed as the mean ± 

SD. The statistical analyses were performed using GraphPad Prism version 

5.0 (GraphPad Software, San Diego, CA, USA). Two-tailed Student’s t-test 

or one-way ANOVA followed by Bonferroni’s test for multi-groups were 

used for the statistical analyses throughout the experiments. Every samples 

were selected randomly and analyzed. Every result presented as bar charts, 

the bar represents the mean, and error bars show the standard error of the 

mean (sem). Statistical significance is indicated in the figure legends.

Table 2.1 qPCR primers used for mRNA expression analysis
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2.3 RESULTS

2.3.1 Generation of brain organoids from iNSCs.

INSC lines from the fibroblasts of normal donors and NPC patients 

were previously established (Sung et al. 2017). To study the molecular 

mechanisms controlling NPC in a 3D environment, I first generated 

wild-type brain organoids from normal human iNSCs. I followed the 

protocol published by Lancaster et al (Lancaster and Knoblich 2014a) with 

minor modifications and created dense, 3D neural tissues from human iNSC 

lines. To generate brain organoids, an equal number of dissociated single 

cells were seeded to form neurospheres (Figure 2.1A). After the 

neurospheres were embedded in Matrigel, they displayed an expanded 

epithelium at day 6 and markedly increased in size after 28 days (Figure 

2.1B). The growth in the diameter of the organoids from day 3 to day 28 

was calculated. The average size of the organoids reached over 3 mm 

(Figure 2.1C). I observed that the mRNA expression of neuronal markers 

(NF and MAP2) was significantly increased until day 28 (Figure 2.1D). In 

contrast, the expression of neural progenitor markers (SOX2 and PAX6) was 

markedly decreased under the differentiation conditions beginning at day 6. 

To better visualize the whole-mount images of the 3D morphology, I 

performed immunostaining of WT organoids with TUJ1 and SOX2 clearing 

procedures on day 28 (Figure 2.1E). The precise 3D pattern of the structure 

was visualized in the external part of the brain organoids. Additionally, I 

also confirmed the expression of the mature neuronal markers TUJ1, NF and 

MAP2 in organoid sections by immunostaining at day 28 (Figure 2.1F).
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Figure 2.1 Generation of brain organoids from WT iNSCs. 

(A) Schematic of the method for the generation of WT organoids using 

iNSCs. (B) Bright-field images of the organoids at day 28 of maturation. 

Scale bars, 500μm. (C) Quantification of the diameter (mm) during the 

entire course of the brain organoid development under different culture 

conditions. The results are the mean ± SD. n=10 diameters of organoids 

were quantified per time point. (D) RT-qPCR analysis of neural progenitor 

cell markers, SOX2 and PAX6, an intermediate progenitor marker, TBR2, and 

neuron markers, TUJ1, MAP2, and NF, in the organoids at day 28. The data 

are normalized to iNSCs at D0. The results are the mean ± SEM. n=3 per 

sample (E) Clearing and immunohistochemistry revealed the whole-mount 

morphology with heterogeneous regions containing neural progenitors (SOX2, 

red) and neurons (TUJ1, green). Scale bars, 500μm. Zoom Scale bars, 60μ

m. (F) Immunohistochemical staining of serial sections for neuronal markers 

(TUJ1, MAP2, and NF) at day 28 of differentiation. Scale bars, 50μm.
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2.3.2 Characterization of NPC brain organoids. 

Next, I generated NPC brain organoids following the same 

procedure used to generate the wild-type organoids. Two NPC patients’ cell 

lines; GM03123 heterozygous for P237S and I1061T, and GM18453 

homozygous for I1061T, were used to generate NPC brain organoids. 

Compared to the wild-type organoids, the NPC brain organoids at day 28 

showed structural and molecular differences. At the early stages of NPC 

brain organoid generation, the organoids showed delayed formation of the 

expanded epithelium, and they exhibited a relatively small size after 28 days 

of culture (Figure 2.2A). NPC brain organoids from each patient, GM03123 

and GM18453, exhibited almost the same size and were much smaller than 

WT organoids. (Figure 2.2A-B). Next, I also examined the whole-mount 3D 

images to compare the structures of the wild-type and NPC organoids 

(Figure 2.3A). In contrast to the wild-type organoids, the NPC organoids 

were significantly smaller in size and showed significantly reduced expansion 

rates. I stained for phospho-vimentin, a marker of mitotic radial glial cells, 

at day 21 (Figure 2.3B). After 28 days, three different neural markers 

(TUJ1, MAP2, and NF) were expressed specifically in the outer region of 

the wild-type and NPC organoids using both GM03123 and GM18453 lines 

(Figure 2.4A-B). The NPC brain organoids displayed inhibited neural 

network formation, as indicated by the distribution of neural markers 

throughout the organoids. Accordingly, immunostaining analysis indicated that 

the number of cells positive for neural markers was remarkably reduced in 

the NPC organoids. I observed significant decreases in the proportions of 

TUJ1-positive cells, NF-positive cells and MAP2-positive cells. (Figure 

2.3C-D). To estimate whether neural differentiation is impaired at the protein 

level in the whole NPC organoids, I evaluated the expression of neuronal 

markers (NF, TUJ1 and MAP2). Western blot analysis revealed that the 

NPC organoids exhibited substantially decreased levels of neuronal markers 
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compared with the wild-type organoids at day 28 (Figure 2.3E-F). 

Altogether, the NPC brain organoids were characterized by a small size and 

by reduced neuronal differentiation.
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Figure 2.2 The size of brain organoids from WT- and NPC-iNSCs. 

(A) Bright-field images of WT organoids and NPC organoids at day 3, day 

6 and day 28.  (B) Quantification of diameter (mm) of WT and NPC 

organoids at days 28. Scale bars=500 μm. Results are mean ±SD. **p<0.01, 

***p<0.001. (n=15 per sample)
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Figure 2.3 Decreased neuronal markers in NPC organoids.

(A) Clearing and immunostaining with DAPI in the WT and NPC organoids 

at day 28. Scale bars, 500μm. (B) Immunostaining for mitotic radial glia 

(phospho-vimentin) in the outer region. Scale bars, 50μm. (C) Staining for 

neuronal markers (TUJ1, NF, and MAP2) in the WT and NPC organoids at 

day 28. Scale bars, 50μm. (D) The percentage of the total number of cells 

that expressed TUJ1, NF and MAP2 of the total number of DAPI-positive 

cells counted in each group was determined. (E-F) Western blot analysis and 

quantification of neuronal markers (TUJ1, NF, and MAP2) reveals a 

reduction in the NPC organoids on day 28. Every experiment was performed 

in triplicate. The results are the mean ± SD. *p<0.05, **p<0.01, and 

***p<0.001.
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Figure 2.4 Downregulated neuronal markers in NPC brain organoids.

(A) Immunostaining for neuronal markers (TUJ1, NF, and MAP2) in the 

WT and NPC organoids at day 28. Scale bars, 50μm. (B) Quantification of 

neuronal markers of each neuronal marker. Results are mean ±SD. **p<0.01, 

***p<0.001.
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2.3.3 Limited expansion ability of the NPC brain organoids.

The regulation of neural progenitor proliferation may contribute to 

the development of human-specific cortical pattern formation (Florio and 

Huttner 2014). To demonstrate that NPC brain organoids have limited 

growth potential, I examined the proliferative ability of the cells inside the 

organoids to determine the reason for the size difference between the WT 

and NPC organoids. I investigated the expression of the nuclear proliferation 

marker Ki-67 in the NPC brain organoids on day 28 (Figure 2.5A). The 

NPC organoids showed a significant decrease in the number of 

Ki-67-positive cells compared with the wild-type organoids, from 35% to 

15% (Figure 2.5B). I also found that the apoptotic indicator cleaved-caspase 

3 was abundant in the NPC organoids, suggesting that progressive cell death 

in the neuronal population is a clear pathological hallmark of many 

neurodegenerative diseases (Jellinger and Stadelmann 2000). The NPC 

organoids showed increased expression of the cellular apoptotic marker 

cleaved-caspase 3, which increased from 5% to 20% (Figure 2.5C-D). By 

Western blotting, I also confirmed a 1.5-fold increase in the pro-apoptosis 

marker in three independent NPC organoids (Figure 2.5E-F), suggesting that 

cell death is one of the factors that affects the difference in size between 

the wild-type and NPC organoids.
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Figure 2.5 NPC organoids showed decreased proliferation. 

Comparison of cellular proliferation and apoptosis in the WT and NPC 

diseased organoids at day 28. (A) Immunostaining for cell proliferation in 

the WT and NPC organoids on day 28 using antibodies against Ki-67. Scale 

bars, 50μm. Zoom Scale bars, 10μm. (B) The quantification of 

Ki-67-positive cells was conducted following the same method used in Fig. 

2d. (C) The WT and NPC organoids were stained on day 28 for the 

apoptosis marker cleaved-caspase3. Scale bars, 50μm. Zoom Scale bars, 

10μm. (D) The percentage of cleaved caspase-3-positive cells was 

upregulated in the NPC organoids compared with the WT organoids. (E) 

Western blot analysis and (F) quantification of cleaved caspase3 revealed an 

increase in the NPC disease organoids at day 28. n=3 per group. The 

results are the mean ± SD. n=3 per group. *p<0.05, **p<0.01, and 

***p<0.001.
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2.3.4 Cholesterol accumulation in NPC organoids.

Dysfunction in the NPC1 protein disrupts cholesterol efflux from the 

lysosome (Bi and Liao 2010). Thus, it is suggested that NPC1-mutant cells 

accumulate unesterified cholesterol in the endo-lysosomal system (Rosenbaum 

and Maxfield 2011). To demonstrate whether unesterified cholesterol 

accumulation occurs in NPC organoids, I examined the level of cholesterol 

by filipin staining, which has been widely used for NPC diagnosis(Vanier 

and Latour 2015). The whole-mount filipin staining of the NPC organoids 

was conducted with a clearing procedure at day 28 of culture (Figure 2.6A). 

To quantify unesterified cholesterol accumulation in organoids, I selected 

five brain organoids of similar weights from each group. Then, cholesterol 

accumulation in the WT and NPC organoids was quantified using a 

cholesterol assay kit (Figure 2.6B). The relative levels of unesterified 

cholesterol in the individual NPC organoids were 1.5-fold higher than those 

in the wild-type organoids. Lysosome-associated membrane protein 1 

(LAMP1) has been shown to regulate the stability of the lysosomal 

membrane (Cook, Row, and Davidson 2004). The NPC organoids contained 

LAMP1 puncta and exhibited a three-fold increase in the number of 

LAMP1-positive cells, indicating enlarged lysosomes (Figure 2.6C-D). 

Mutations of NPC1 results in the accumulation of unesterified cholesterol 

within late endosomes and lysosomes (Bi and Liao 2010). The level of 

unesterified cholesterol accumulation in lysosomal membrane was indicated 

by the co-localization of filipin and LAMP1 staining using z-stack confocal 

imaging (Figure 2.6E). In addition to the dysfunction of the NPC1 proteins, 

which leads to lysosomal accumulation of unesterified cholesterol, the 

pathological state of lysosomal storage diseases contributes to impaired 

autophagy (Lieberman et al. 2012). The lysosomal accumulation of 

unesterified cholesterol inhibits the autophagic flux and inhibits the fusion of 

autophagosomes (LC3) and lysosomes (Sarkar et al. 2013). Disruption of 
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autophagy was measured by the level of autophagosomes, which correlates 

with the autophagosome associated form of microtubule associated protein 1 

light-chain 3 (LC3II). To show the inhibition of autophagy in the NPC 

organoids, both the autophagy markers LC3-II (autophagosome) and p62 

(autophagy substrates) were examined in the NPC organoids (Figure 2.6F). 

LC3 and p62 were increased by 2.5-fold and 1.5-fold, respectively (Figure 

2.6G).
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Figure 2.6 Cholesterol accumulation in NPC organoids.

(A) Unesterified cholesterol accumulation was detected by filipin staining 

(blue) after clearing in the WT and NPC organoids at day 28. Nuclei 

stained with propidium iodide (red). Scale bars, 500μm. (B) Cholesterol 

levels in the WT and NPC organoids were quantified and normalized to 

those in the WT organoids. n=10 per group. (C) WT and NPC organoids at 

day 28 were stained for the lysosomal membrane marker LAMP1. Scale 

bars, 50μm. Zoom Scale bars, 10μm. (D) The relative number of 

LAMP1-positive cells was measured for quantification. (E) Co-localization 

staining of LAMP1 (lysosome marker) and filipin staining through z-stack 

confocal imaging. Scale bars, 20μm. (F-G) WT and NPC organoids were 

lysed and subjected to western blotting with LC3, P62 antibodies. n=3 per 

group. The results are the mean ± SD. *p<0.05, and **p<0.01
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2.3.5 Gene expression analysis of WT and NPC organoids.

I next analyzed whole-transcriptome RNA sequencing to identify the 

differences in the gene expression profiles of the NPC disease and control 

ner brain organoids. First, I identified a total of 1000 genes that were 

differentially expressed in the NPC brain organoids relative to the wild-type 

organoids at day 28. After 28 days of culture, there was a divergence 

between the NPC and wild-type organoids, suggesting differences in their 

gene expression profiles (Figure 2.7A). A total of 1000 genes quantified in 

all three samples were analyzed for gene ontology using the DAVID 

bioinformatics resources tool. The gene ontology analysis of the top 500 

genes that were upregulated in the wild-type organoids compared with the 

NPC disease organoids revealed that the top tissue expression profiles 

identified were predominantly associated with the brain (Figure 2.7B). I 

further analyzed the biological processes of the differentially expressed genes 

by mapping through DAVID analysis. Most of the genes in the data set 

mapped to vous system development, indicating that most of the genes are 

relevant to neuronal mechanisms (Figure 2.7C). Furthermore, most genes in 

the KEGG pathway were related to neuroactive ligand-receptor interactions 

(Figure 2.7D). Moreover, the top 20 genes among the 100 genes that were 

upregulated in the wild-type organoids compared to the NPC disease 

organoids encoded transcription factors, including NTF8, FES, MAP2, CHL1, 

and TAL1 (Figure 2.7E). The elevated expression of these genes showed that 

neuronal differentiation was increased in the wild-type organoids than in the 

NPC organoids. 
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Figure 2.7 Gene expression analysis of WT and NPC organoids.

(A) Differentially expressed genes in the WT and NPC organoids at day 28. 

Heat maps of the z-score values of RNA-Seq in the WT and NPC 

organoids on day 28. Three samples were prepared from each group. (B) 

Top five tissue with enriched expression of the top 1000 genes that were 

upregulated in the WT organoids compared with the NPC organoids at day 

28. (C) The top 10 highest ranked biological process categories were plotted 

according to P-value. (D) KEGG pathways were plotted by selecting the top 

9 terms ranked according to P-value. (E) Top 20 genes that were 

significantly upregulated in the WT organoids compared with the NPC 

organoids at day 28, presented as a heat map of z-score values. Three 

samples from each group are shown. 
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2.3.6 VPA treatment increases the number of neuronal-positive cells in NPC 

organoids.

Next, I investigated ability of pharmacological treatment to rescue 

the NPC pathological phenotypes in the 3D brain organoid cultures. I 

focused on treatment with one of the HDAC inhibitors, VPA, which is one 

of the best-known HDAC inhibitors in several clinical trials. I already 

described the therapeutic effects of VPA in the neural stem cells of a 

mouse model of NPC9. To evaluate the preventive effect of VPA on the 

NPC organoids, VPA was administered for a week starting at 3 weeks of 

culture. At day 28, I assessed the morphological and structural changes by 

3D confocal imaging. The VPA-treated organoids exhibited significantly 

increased size and pattern formation of the outer layer compared to the 

non-treated NPC organoids (Figure 2.8A). After treatment with VPA, the 

level of TUJ1-expressing cells increased and a similar number of 

TUJ1-positive neurons was observed in the VPA-treated NPC organoids 

compared to the wild-type organoids. To examine the rescue of neuronal 

differentiation, I investigated the changes in the neuronal marker (TUJ1 and 

NF) expression pattern after 7 days of VPA treatment (Figure 2.8B). At day 

28, the VPA-treated NPC brain organoids exhibited significantly upregulated 

in the neuronal (TUJ1 and NF) expression compared with the non-treated 

NPC organoids. TUJ1 and NF expression of VPA-treated organoids were 

detected in approximately 70% of the DAPI-stained cells. The percentage of 

TUJ1 and NF-expressing cells was significantly decreased to 10%, 20% in 

the NPC brain organoids (Figure 2.8C). Furthermore, I also tested HPBCD, 

a drug that is well-known as a cholesterol transporter to reduce cholesterol 

accumulation and is effective in prolonging survival in NPC animal disease 

model (Ory et al. 2017). HPBCD was effective in neuronal differentiation in 

NPC brain organoids using both GM03123 and GM18453 patients’ cells 

(Figure 2.9A-D). The effectiveness of both drugs, VPA and HPBCD, is 
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similar to neuronal differentiation in NPC brain organoids. Additionally, I 

performed Western blotting on whole-brain organoid lysates at day 28 to 

investigate the neuronal (TUJ1, MAP2 and NF) expression at the cellular 

level after VPA treatment of the NPC brain organoids. Interestingly, the 

VPA-treated NPC organoids significantly upregulated the expression level of 

TUJ1 compared to the nontreated NPC organoids and the WT organoids. 

Additionally, I performed Western blotting on whole-brain organoid lysates 

at day 28 to investigate the neuronal marker (TUJ1 and NF) expression at 

the cellular level. Similar to the previous immunostaining results, the 

expression level of both neuronal markers was dramatically decreased in 

NPC brain organoids, and significantly reversed after VPA treatment (Figure 

2.8D-E). To better identify the genes throughout the genome that are 

regulated by VPA treatment, I performed RNA sequencing of the 

VPA-treated and nontreated NPC organoids. I identified the top 5 biological 

processes associated with 1000 upregulated genes in the VPA-treated NPC 

organoids: regulation of cytosolic calcium ion concentration, axon guidance, 

cell-cell signaling, nervous system development and immune system (Figure 

2.10A). The molecular process analysis showed that the top 5 pathways 

associated with 1000 upregulated genes in the VPA-treated NPC organoids 

were calcium ion binding, growth factor activity, neuropeptide hormone 

activity, hormone activity and cytokine activity (Figure 2.10B). Additionally, 

the clustering of 50 genes related to neuronal function demonstrated 

significant differences between the VPA-treated and nontreated groups 

(Figure 2.10C). The expression of these genes in the VPA-treated NPC 

organoids was significantly rescued and was similar to that in the WT 

organoids. Therefore, I assumed that VPA potentially affects neuronal 

function in NPC. 
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Figure 2.8 VPA rescues neuronal differentiation in NPC organoids.

(A) Clearing and immunostaining for TUJ1 and SOX2 in the NPC 

organoids after treatment with 1 mM VPA for one week. Scale bars, 

500μm. Zoom Scale bars, 60μm. (B) Immunostaining for neuronal markers 

(TUJ1 and NF) in the sections from the NPC organoids and VPA-treated 

organoids on day 28. Scale bars, 50μm. Zoom Scale bars, 10μm. (C) The 

percentage of the total number of cells that expressed TUJ1 and NF of the 

total number of DAPI-positive cells counted in each group was determined. 

(D-E) Western blot analysis and quantification of TUJ1 and NF. n=3 per 

group. The results are the mean ± SD. *p<0.05, **p<0.01, and ***p<0.001.
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Figure 2.9 Neuronal differentiation effects of HPβCD and VPA.

Immunostaining for TUJ1(A), NF(C) in the non-treated NPC organoids, 

VPA-, and HPBCD treated NPC organoids on day 28. Quantification of 

neuronal markers of each neuronal marker. TUJ1(B), NF(D). Scale bars, 

50μm. Results are mean ±SD. *p<0.05, **p<0.01, and ***p<0.001.
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Figure 2.10 RNA-seq analysis of NPC organoids and VPA-treated NPC 

organoids. 

(A-B) Venn diagram showing the top 5 biological process and molecular 

function using the top 1000 upregulated genes in VPA-treated NPC 

organoids. (C) Heat map of differentially expressed genes of neuronal 

category in WT, NPC and VPA-treated NPC organoids.
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2.3.7 VPA rescues NPC organoids via activation of autophagic signaling.

As I mentioned before, impaired autophagic fusion is involved in 

NPC disease, and cholesterol accumulation and lysosomal damage lead to 

autophagic stress and eventually to neuronal death (Lieberman et al. 2012). 

VPA is known to have important therapeutic potential in the treatment of 

lysosomal storage disease through the enhancement of autophagy. First, to 

examine whether VPA treatment affects the autophagic flux in NPC 

organoids, I investigated the levels of LC3-II and p62 in whole organoid 

lysates by Western blot (Figure 2.11A). The VPA-treated NPC organoids 

exhibited decreased expression of LC3-II and p62 compared to the 

nontreated NPC organoids (Figure 2.11B). These results also showed that the 

autophagic flux was rescued in the VPA-treated NPC organoids and restored 

to the level of the autophagic flux observed in the WT organoids. To 

investigate the effects of VPA treatment on autophagy-related genes, I 

compared the transcriptome profiles of the nontreated and VPA-treated 

organoids (Figure 2.11I). VPA treatment enhanced genes involved in the 

induction of autophagy (TFEB, RAB39A, and RAB23) and autophagic 

fusion (VAMP7, VAMP8, and SNAP25). Second, to investigate whether this 

rescued autophagic flux is related to reduced cholesterol levels, the 

unesterified cholesterol in each organoid was quantified using a cholesterol 

assay kit (Figure 2.11C). I also measured cholesterol levels by filipin 

staining with a clearing procedure (Figure 2.11D). As expected, the 

accumulation of cholesterol was reduced in the VPA-treated NPC organoids. 

Previous reports demonstrated that HDAC inhibitors treatment rescued the 

NPC1 expression in NPC patient’s fibroblast (Pipalia et al. 2011; 

Subramanian et al. 2020). NPC1 expression in NPC organoids was measured 

after treatment with VPA (Figure 2.11E-H). VPA treatment upregulated the 

NPC1 expression in nontreated NPC organoids. To examine cholesterol 

metabolism after VPA treatment, I compared cholesterol transport-related 

genes in the nontreated and VPA-treated organoids (Figure 2.11J). The 

expression levels of ABC isoform A2,4,6,8,9, members of the cholesterol 
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transport family, were downregulated in the NPC organoids and upregulated 

in the VPA-treated NPC organoids. Additionally, NPC1, which encodes a 

membrane protein that mediates intracellular cholesterol trafficking, was 

upregulated in the NPC organoids after VPA treatment. Taken together, 

these results indicate that the specific NPC-like phenotypes observed in the 

NPC patient iNSC-derived organoids can be reversed with VPA treatment, 

suggesting that this model is amenable to the study of cholesterol-relevant 

mechanisms.
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Figure 2.11 The therapeutic effect of VPA is dependent on autophagic 

signaling.

(A) Western blot analysis and (B) quantification of the LC3-II and P62 

levels in the WT, NPC and VPA-treated NPC organoids. n=3 per group. (C) 

Cholesterol levels in each organoid were quantified and normalized to those 

in the WT organoids. n=10 per group. (D) Whole-mount filipin staining of 

the WT, NPC and VPA-treated NPC organoids on day 28. Scale bars, 

500μm. (E) Immunostaining for NPC1 in the WT, NPC and VPA-treated 

organoids. (F) Quantification of NPC1 staining in each group. Scale bars, 
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50μm. Zoom Scale bars, 10μm. (G) Western blot analysis of NPC1 marker 

and (H) quantification of each group. n=3 per group. (I-J) Heat map of the 

differentially expressed genes related to cholesterol transport and autophagy 

in the NPC and VPA-treated NPC organoids. n=3 per group. *p<0.05, and 

***p<0.001. The results are the mean ± SD.
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2.4 DISCUSSION

The most prominent phenotype of NPC is abnormal 

endosomal-lysosomal trafficking in the brain and liver, resulting in the 

accumulation of several lipids in the lysosomes (Kaufmann and Krise 2008). 

NPC disease leads to progressive neurodegeneration from the perinatal period 

to maturity8. The development of an established NPC model system is 

required for understanding the molecular pathogenesis and for investigating 

effective drugs for NPC treatment. However, to date, no studies have 

reported studying NPC with 3D brain organoid models that recapitulate the 

disease-specific phenotypes and indications observed in humans. Previous 

studies have suggested that 3D organoid models are suitable for modeling 

disease pathogenesis in many organs, including the brain, retina, kidney and 

intestine (Di Lullo and Kriegstein 2017; Volkner et al. 2016; Takasato et al. 

2016; Farin et al. 2016). In particular, a number of brain organoids related 

to neurodegenerative diseases have been suggested as prominent tools for 

modeling pathological development, such as microcephaly, Parkinson’s 

disease, Alzheimer’s disease and autism (Kim et al. 2019; Lancaster et al. 

2013b; Raja et al. 2016). The goal of my study was to establish a human 

brain organoid model of NPC for the sake of more thoroughly 

understanding the pathology and mechanisms in a 3D environment system. 

Furthermore, I identified defects in cholesterol homeostasis and autophagy, 

which led to the inhibited neuronal development of NPC in the 3D brain 

organoid model.

        I previously demonstrated that established NPC-iNSCs exhibited 

several disease-specific phenotypes, including cholesterol accumulation, 

reduced neuronal differentiation and self-renewal. To further elucidate the 

disease-related defects in environments similar to those observed in vivo, 

this study examined other defects in the NPC brain organoids, including 
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defects in apoptosis and autophagy. Autophagy is important for 

neurodegenerative diseases, since impaired autophagy causes aggregation 

formation and affects cellular toxicity. Therefore, autophagy modulation has 

been suggested as a potentially beneficial treatment in several 

neurodegenerative diseases. Autophagy also regulates the metabolism of 

cholesterol, which is important for intracellular trafficking. The impaired 

autophagic flux in NPC appears due to the inhibited fusion of 

autophagosomes and lysosomes, which is attributed to cholesterol 

accumulation in the late endosomal/lysosomal compartments (Sarkar et al. 

2013). Brain-specific abrogation of autophagy is associated with 

neurodegeneration, suggesting a similar pathological effect of defective 

autophagy in NPC patients. I also identified reduced neuronal differentiation 

in the NPC organoids in addition to their reduced size. Further studies are 

needed to elucidate the mechanism by which the abrogation of autophagy 

contributes to the decreased neuronal differentiation in NPC organoids.

        I demonstrated the validity of this organoid as a suitable model for 

effective drug testing. In previous animal study, it is examined whether VPA 

could recover defective cholesterol metabolism and upregulate neuronal 

differentiation in a mouse model of NPC (Kim et al. 2007). I tested drug 

treatment into the brain organoid model with VPA, which has been proven 

to be effective in neuronal development. My results further revealed that 

treatment of NPC organoids with VPA can restore neuronal differentiation 

following increased autophagosome-lysosome fusion and reduced cholesterol 

(Fig. 7). To investigate the alterations that occur after VPA treatment, I 

compared the gene expression profiles of in non- and VPA-treated NPC 

organoids. Transcript profiling demonstrated that factors involved in neuronal 

differentiation and neural development (NFASC, NGF, MAP2, and GFAP) 

were upregulated in the NPC organoids after VPA treatment. VPA also 

upregulated several genes involved in autophagic flux, including genes 
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involved in autophagosome-lysosome fusion (VMAP5, SNAP25, and 

BECLIN2) and cholesterol transport. These results suggest that in NPC 

organoids treated with VPA, neuronal differentiation is rescued and 

autophagic flux and cholesterol homeostasis are restored. 

        In this study, I present the first NPC brain organoid model, which 

provides a new method for studying the pathophysiological mechanisms 

involved in the neural development of NPC. Compared to the 2D culture 

system, this new model can provide a deeper understanding of the 

alterations in neuronal differentiation, proliferation and apoptosis, including 

alterations in autophagy, in the 3D environment system. Furthermore, the 

possible roles of this model in the effective screening of drugs and clinical 

treatments for NPC patients were verified.
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CHAPTER III

Zika virus infection accelerates 

Alzheimer’s disease phenotypes in brain organoids3)

* This chapter is reproduced from: Seung-Eun Lee†, Hanul Choi†, Nari Shin,

Dasom Kong, Nam Gyo Kim, Hee-Yeong Kim, Min-Ji Kim, Soon Won Ch

oi, Young Bong Kim* and Kyung-Sun Kang*. (2022) Cell death discovery, 8

(1), 1-10. © Springer Nature
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3.1 INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative disease 

that causes cognitive impairment and memory loss, characterized by 

β-amyloid (Aβ) and Phosphorylated-Tau protein (p-Tau) in the cerebral 

cortex (Murphy and LeVine III 2010; Kumar, Singh, and Ekavali 2015). 

Although AD is prevalent dementia that is estimated to affect more than 50 

million people worldwide, there are no efficient therapeutic drugs for 

patients. The detailed mechanisms responsible for AD pathology and 

progression are not well understood because there are multiple risk factors, 

including genetics, age, and environment, that could increase the risk of AD 

development (Xu et al. 2019). Growing evidence among environmental risk 

factors includes infection, subsequent cellular stress, or neuroinflammation, as 

triggers for Alzheimer's disease (Kinney et al. 2018). For example, 

neurotrophic viruses including Zika virus (ZIKV), Japanese encephalitis virus 

(JEV), herpes simplex virus (HSV), and cytomegalovirus (CMV) are capable 

of infecting neurons which could damage the central nervous system and 

ultimately lead to AD (van den Pol 2009; Figueiredo et al. 2019; Zink et 

al. 1999; Fotheringham et al. 2007). Cognitive impairment is also 

increasingly being reported in patients exposed to Severe Acute Respiratory 

Syndrome Coronavirus 2 (SARS-CoV-2), a recently prevalent virus infection 

(Ritchie, Chan, and Watermeyer 2020; Solomon 2021). The precise 

interaction between viral infections associated with the risk of developing 

AD has long been a subject of interest, however, direct causative effects 

could not be proven. Recently, proteomic analysis has shown that ZIKV 

infection promotes the differential expression of proteins linked to AD

(Figueiredo et al. 2019; Beys-da-Silva et al. 2019). Although many reports 

have indicated the possibility that AD pathology is related to ZIKV 
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infection(Beys-da-Silva et al. 2020; Li et al. 2016), the molecular 

mechanisms of ZIKV underlying AD are still poorly understood. 

        ZIKV proteins are predominantly distributed near the endoplasmic 

reticulum (ER) and replicate in the ER of host cells(Cortese et al. 2017; 

Alfano et al. 2019). ZIKV induces massive vacuolization and perturbs 

ER-related pathways that are associated with apoptosis (Monel et al. 2017; 

Mohd Ropidi et al. 2020). Upregulated ER stress and the unfolded protein 

response (UPR) have been detected in the ZIKV-infected region of mouse 

embryos and human NSCs (Alfano et al. 2019; Gladwyn-Ng et al. 2018). 

Three major pathways involved in ER stress are initiated under altered ER 

homeostasis, including double-stranded RNA-dependent protein kinases 

(PKR)-like ER-resident kinase (PERK), inositol requiring 1 (IRE1), and 

activation transcription factor 6 (ATF6) (Han and Kaufman 2017; Jerry 

Chiang and Lin 2014; Zheng et al. 2012). The hyperactivated PERK 

pathway induced by persistent ER stress leads to hyperphosphorylation of 

downstream target Eukaryotic initiation factor 2 (eIF2α) and attenuates 

general protein synthesis, resulting in neurodegeneration (Baird and Wek 

2012; Teske et al. 2011; Hughes and Mallucci 2019; Bell et al. 2016). 

Additionally, levels of p-PERK and downstream p-eIF2 were found to be 

elevated in the cortex and hippocampus of postmortem AD brain, suggesting 

the association of the PERK-eIF2α pathway in AD pathogenesis (Ohno 

2014; Radford et al. 2015; Salminen et al. 2009). In current studies, PERK, 

an upstream regulator in Aβ production and Tau phosphorylation, is highly 

involved in the neuroprotective role through the inhibition of PERK-eIF2α 

(Radford et al. 2015; Rozpedek et al. 2019; Rozpedek-Kaminska et al. 2020; 

Ma and Klann 2014). Therefore, it is important to understand the 

involvement of ER stress in AD pathogenesis and the relevant signaling 

pathways for developing the promising therapeutic intervention. Indeed, it 

has been reported that ER stress was also increased in the recent epidemic 
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SARS-CoV-2, and viral proteins are involved in the activation of ER stress 

transducers, including PERK and its downstream signals (Fung, Huang, and 

Liu 2014; Echavarria-Consuegra et al. 2021). 

        Many researchers have employed brain organoids derived from 

human induced pluripotent stem cells (hiPSCs) to better understand human 

neural development and detailed pathology related to many neurodegenerative 

diseases (Kelava and Lancaster 2016; Di Lullo and Kriegstein 2017; Lee et 

al. 2020). Brain organoids resemble features of various brain regions and 

provide an opportunity to study brain development and understand detailed 

mechanisms of neurodegenerative diseases. To identify the molecular causes 

of AD-like phenotypes after ZIKV infection, I used 3D in vitro brain 

organoid systems to understand the mechanisms of AD development.

        In this study, I hypothesized that persistent ER stress by ZIKV 

infection triggers the PERK-eIF2α pathway, resulting in elevations of AD 

pathology. This is the first report to study ZIKV-induced AD using a 

3D-brain organoid model that encompasses aspects of the physiological 

disease, including Aβ plaque formation and p-Tau. This model will further 

elucidate the mechanism of ZIKV-mediated AD pathogenesis and allow 

future studies to identify potential downstream targets to treat this 

devastating disease.
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3.2 MATERIALS AND METHODS

3.2.1 Zika virus production and titration

Asia strain ZIKV FLR (Accession: KU820897) and vaccinia virus 

western reserve strain (Accession: AY243312) were obtained from ATCC 

(VA, USA). Every infectious ZIKV was conducted under biosafety level 2 

(BSL 2) conditions at Konkuk University following approved institutional 

biosafety guidelines. All ZIKV stocks were propagated in Vero cells, and 

virus plaque assays were performed on 2D cultures of Vero cells in 6-well 

plates. Vaccinia virus was propagated in HeLa cells, and the titer was 

measured by plaque assay in 143 TK- cells. For the confirmation of 

infectious virus in brain organoids, for each indicated time point in the 

brain organoid culture, the medium was diluted and evaluated by plaque 

assay.

3.2.2 Maintenance of human iPSCs

I obtained the KSCBi005-A human induced pluripotent stem cell 

line from National Stem Cell Bank of Korea (KSCB) for the generation of 

wild-type brain organoids. These iPSCs were maintained in Essential 8 

media (Gibco) on dishes precoated with vitronectin (Gibco). The cells were 

passaged every 4-5 days using ReLeSR™ reagent (STEMCELL 

Technologies). For the generation of AD brain organoids, I obtained 

patient-derived iPSC CS40iFAD-nxx cells, which have a PSEN1 mutation, 

from Cedar-Sinai. These cells were grown in mTESR plus medium (Gibco) 

on dishes precoated with GFR-matrigel. The cells were passaged every 5-6 

days using ReLeSR™.
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3.2.3 Generation of brain organoids

I followed the brain organoid protocols that were previously 

described by Lancaster et al. Briefly, on day 0 of organoid culture, iPSCs 

were dissociated into single cells by TrypLE™ express enzyme (Thermo 

Fisher). The dissociated single cells were transferred to an ultralow binding 

96-well plate (Corning), and 9000 cells were plated in each well with 

human ES medium with 4 ng/ml basic fibroblast growth factor 

(Sigma-Aldrich) and 50 µM Rho-associated protein kinase inhibitor. On day 

3, the medium was replaced with fresh medium. When the size of the 

embryoid bodies (EB) was greater than 500 µm, the EBs were transferred to 

low-adhesion 24-well plates and seeded in neural induction medium 

containing DMEM-F12 supplemented with 1X N2 supplement (Gibco), 1 

µg/ml heparin solution, 1X Gluta-MAX (Gibco), and 1X MEM-NEAA 

(Gibco). After 6 days of culture in neural induction media, neuroepithelial 

tissues were transferred to droplets of Matrigel (Corning). These droplets 

were incubated at 37°C for 20 minutes and subsequently detached from the 

Parafilm and cultured in cerebral organoid differentiation medium (CODM) 

containing a 1:1 mixture of DMEM/F12: Neurobasal medium supplemented 

with 1X N2 supplement (Gibco), 1X B27 supplement without vitamin A 

(Gibco), 2-mercaptoethanol, 1X insulin (Sigma), 1X GlutaMAX (Gibco) and 

1X MEM-NEAA (Gibco), following the protocol described by Lancaster et 

al. After four days of stationary growth, the medium was changed, and the 

organoids in CODM with 1X N2 supplement (Gibco), 1X B27 supplement 

with vitamin A (Gibco), 2-mercaptoethanol, 1X insulin (Sigma), 1X 

GlutaMAX (Gibco) and 1X MEM-NEAA (Gibco) were transferred to an 

orbital shaker.
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3.2.4 Infection of the brain organoids

On day 60, the brain organoids were infected with ZIKV diluted in 

CODM at 0.2 MOI and 2 MOI. The cells were subjected to ZIKV exposure 

for 24 hrs, and then, the medium was replaced with virus-free CODM and 

incubated at 37°C. in a 5% CO2 incubator. Brain organoids were maintained 

in cerebral organoid differentiation medium with the medium changed every 

other day.

3.2.5 Inhibitor treatment

For PERK inhibition, brain organoids were treated with 10 µM 

GSK2656157 (Cayman) after ZIKV infection. Brain organoids were infected 

with the Asian ZIKV strain at a MOI of 0.2. After 24 hours, the 

virus-containing medium was replaced with fresh media, and inhibitors were 

added. The effect of PERKi on the treated organoids was analyzed 14 dpi 

in the same way as the mock-treated organoids were analyzed.

3.2.6 RNA extraction and quantitative reverse transcription PCR (RT-qPCR)

For each time point, at least 10 organoids were washed with PBS a

nd lysed in TRIzol (Invitrogen) for total RNA extraction following the manu

facturer’s instructions. Complementary DNA synthesis was performed using a 

Superscript III First-Strand kit (Invitrogen) according to the manufacturer’s i

nstructions. qRT-PCRs were performed with SYBR Green PCR Mix (Applie

d Biosystems) on a 7500 Real-Time PCR system. Each sample was analyze

d after normalization to the level of the housekeeping gene, GAPDH. The f

ollowing primers were used for qRT-PCR. ATF4, forward 5’-CCA ACA AC

A GCA AGG AGG AT-3’ and reverse 5’-AGG TCA TCT GGC ATG GTT 

TC-3’; ATG5, forward 5’-GCT CGT AGA CTA TGG GAA ACT CC-3’ an

d reverse 5’- CAG TCA TCC AAT CAG AGA AGC CG-3’; DDIT3, forwa

rd 5’-ATG GAG CTT GTT CCA GCC AC-3’ and reverse 5’-GTG TCC C
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GA AGG AGA AAG GC-3’; CHAC1, forward 5’-GTG TGG TGA CGC T

CC TTG-3’ and reverse 5’-TGC TTA CCT GCT CCC CTT G-3’; and PDI 

forward 5’-CAAGATCAAGCCCCACCTGAT-3’ and reverse 5’-AGTTCGCCC

CAACCAGT ACTT-3’.

3.2.7 Immunostaining and imaging 

For each time point and condition, organoids were fixed overnight 

with 4% paraformaldehyde at 4°C for immunofluorescence staining. After 

washing with PBS more than three times, the organoids were pooled into 

15-ml conical tubes with 30% sucrose solution and incubated overnight, then 

embedded in 10% gelatin+30% sucrose solution and frozen in a deep-freeze. 

Organoids were cryo-sectioned into 15-µm thick slices. The organoids 

sections were washed in PBS and permeabilized in sodium citrate pH 4.0 at 

95°C for 5 minutes. After permeabilization, the samples were washed three 

times with PBS and blocked with 5% NGS blocking solution containing 

0.1% Triton X-100. The sections were incubated overnight with primary 

antibodies and diluted 5% NGS blocking solution containing 0.2% Triton 

X-100 at 4°C. After three washes with PBS, the sections were incubated 

with secondary antibodies at room temperature (RT) for one hour, and the 

nuclei were stained with DAPI (Zymed Laboratories Inc.) for 10 minutes at 

RT. Finally, the sections were washed in PBS and mounted with DAKO 

fluorescence mounting medium (Agilent Pathology Solutions). Information on 

the primary antibodies and secondary antibodies is listed in the 

supplementary table 1. The cells were counted with ImageJ software for 

analysis of the immunostaining density to determine the expression level of 

proteins. For clearing organoids in preparation for 3D imaging analysis, the 

organoids were prepared with a Cyto Vista 3D cell culture clearing/staining 

kit (Invitrogen) following the manufacturer’s instruction.
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3.2.8 Western blotting

Organoids were harvested after PBS washing and resuspended 

organoids were lysed in 300 µl of Pro-prep protein lysis buffer (Intron 

Biotechnology). The protein samples were resolved by SDS-PAGE and 

transferred to nitrocellulose membranes. The membranes were blocked with a 

3% bovine serum albumin (BSA) solution and then incubated with agitation 

overnight. The signals were detected with an enhanced chemiluminescence 

(ECL) detection kit (GE Healthcare Life Science). The primary antibodies 

used are listed in the table 3.1.

3.2.9 ELISA

The protein levels of Aß40 and Aß42 in RIPA buffer were 

measured using a human amyloid beta (1-40) ELISA kit (Thermo Fisher) 

and human amyloid beta (1-42) ELISA kit according to the manufacturer’s 

instructions. The total levels of samples were quantified by BCA analysis. 

Total A ß40 and Aß42 levels in the RIPA lysates of 5-6 organoids in each 

group were analyzed by ELISA.

3.2.10 Statistical analysis

Statistical analyses were performed with Prism 9 software (GraphPad 

Software), and statistical tests were examined according to the variance, 

distribution and normality of each dataset. As I indicate in the figure 

legends, all dual comparisons were performed using unpaired two-tailed 

Student’s t-tests for parametric datasets. Levels of significance: ***P < 0.001, 

**P < 0.01, and *P < 0.05 for all statistics herein; and ns indicates not 

significant. The number of biological replicates in each experiment is 

specified in the figure legends. Every sample was selected randomly for 

analysis.
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Table 3.1 Antibody information 

Name Species Dilution Vendor Catalog #

Zika virus Envelope Rabbit 1:2000 GeneTex GTX133314

Zika virus Envelope Mouse 1:1000 GeneTex GTX634155

Vaccinia virus Rabbit 1:1000 GeneTex GTX36578

SOX2 Rabbit 1:1000 Abcam ab5603

TUJ1 Mouse 1:1000 Biolegend 801202

MAP2 Mouse 1:1000 Sigma MAB3418

Ki67 Rabbit 1:500 Abcam ab15580

Neurofilament Mouse 1:500 Cell signaling 2836s

CTIP2 Rat 1:500 Abcam ab18465

SATB2 Mouse 1:500 Abcam ab34735

GFAP Mouse 1:500 Cell signaling 3670S

c-caspase3 Rabbit 1:1000 Cell signaling 9664S

Aβ Rabbit 1:500 Cell signaling #8243

Aβ42 Rabbit 1:500 Cell signaling #12843

p-tau (AT8) Mouse 1:500 Invitrogen MN1020

total-tau Mouse 1:500 Cell signaling #4019

CALNEXIN Rabbit 1:1000 Cell signaling #2679

CHOP Rabbit 1:1000 Cell signaling #2895

GSK3 αβ Rabbit 1:1000 Cell signaling #5676

p-GSK3 αβ Rabbit 1:1000 Abcam Ab68476

p-GSK3 αβ Rabbit 1:1000 Cell signaling #9331

eIF2a Rabbit 1:1000 Cell signaling #9722

Phospho-eIF2a Rabbit 1:1000 Cell signaling #3398

APP Rabbit 1:500 Cell signaling #2452

PSEN1 Rabbit 1:1000 Cell signaling #5643

BACE1 Rabbit 1:1000 RnD systems MAB391

BACE1 Mouse 1:1000 Cell signaling #5606

GAPDH Rabbit 1:1000 Merck MAB374

β-actin Mouse 1:1000 Cell signaling 4967
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3.3 RESULTS

3.3.1 The characterization of brain organoids generated from AD 

patient-derived iPSCs

In order to model AD using human cells, I generated cerebral brain 

organoid models using wild-type (WT) and AD patient-derived iPSCs 

following the protocol described by Lancaster et al (Lancaster et al. 2013a). 

Briefly, dissociated iPSCs were aggregated in 96-well plates for 5 days to 

generate embryoid bodies (EBs), which were transferred to 24-well plates for 

neural induction. After 6 days in a neural induction medium, the early 

organoids were coated in Matrigel and allowed to grow for 4 days. The 

organoids were moved and cultured in an orbital shaker to improve 

differentiation for at least 40 days (Figure. 3.1A). The organoids measured 

2-3 mm in diameter and exhibited mature structures starting on day 60. The 

analysis of the brain organoids using the described clearing process and 3D 

imaging revealed a self-organized 3D structure (Figure. 3.1B). Whole brain 

organoids were stained with SOX2 (neural progenitor marker) and TUJ1 

(neuron). Different brain regions contain different cell populations, including 

progenitors and neurons migrating away from the ventricular zone. On day 

60, sections of WT and AD brain organoids revealed neural progenitors 

positive for SOX2 in the ventricular zone and the expansion of TUJ1 

neurons, forming a cortical layer (Figure. 3.1C). Because the cortex is one 

of the predominantly affected regions in AD patient’s brain, I characterized 

several markers related to the cortex layer in brain organoids. Both brain 

organoids showed a TBR2-positive subventricular zone-like layer and 

CTIP2-positive deep cortical layer on day 60 (Figure. 3.1D). The brain 

organoids included SATB2-positive cortical upper layer marker (Figure. 

3.1E), MAP2-positive neurons, and Ki67-positive ventricles (Figure. 3.1F).  

Moreover, I also detected GFAP-positive astrocytes in both organoids at day 

60 (Figure. 3.1G). Together, both brain organoids were derived from WT 
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and AD iPSC displayed cortex-like structures containing AD 

pathology-associated cell types, such as neurons and astrocytes.  
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Figure 3.1 Generation and characterization of WT and AD hiPSCs-derived 

brain organoids.

(A) A schematic procedure for generating brain organoids from hiPSCs. 

Representative bright field images at different stages. (B) Clearing of whole 

organoids immunostained for neural progenitor marker SOX2 and the 

neuronal marker TUJ1 in WT and AD brain organoids at day 30. Scale 

bars, 500 µm. (C) Immunostaining of the neural progenitor marker SOX2 

and the neuronal marker TUJ1 in WT and AD organoids at day 60. Scale 

bars, 100 µm. (D) Immunostaining of the cortical deep layer marker CTIP2 

and the intermediate progenitor marker TBR2 in WT and AD organoids at 

day 60. Scale bars, 100 µm (E) Immunostaining of the neural progenitor 

marker SOX2 and the cortical upper layer marker SATB2 in WT and AD 

organoids at day 60. Scale bars, 100 µm. (F) Immunostaining of the 

proliferation marker Ki67 and the neuronal marker MAP2 in WT and AD 
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organoids at day 60. Scale bars, 100 µm. (G) Immunostaining of the 

astrocyte marker GFAP in WT and AD organoids at day 60. Scale bars, 

100 µm. Every experiment was performed in triplicate.
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3.3.2 Brain organoids from AD patient-derived iPSCs recapitulate AD 

pathology

AD is characterized by the accumulation of extracellular Aβ plaques 

and intracellular p-Tau. To investigate whether the major AD pathologies 

were recapitulated in AD brain organoids, an increase in Aβ level was 

confirmed by Aβ ELISA (Figure. 3.2A). Organoids were lysed with RIPA 

buffer, and Aβ40 and Aβ42 levels were measured on day 60. In agreement 

with the previous study, I detected significantly higher levels of Aβ40 and 

Aβ42 from AD organoids compared to WT organoids. Consistent with the 

results, western blotting with Aβ antibodies also revealed higher levels of A

β in AD organoids compared to WT organoids (Figure. 3.2B-C). I also 

stained brain organoids with Aβ antibodies at day 60 and found more Aβ 

aggregation in AD organoids compared to WT organoids (Figure. 3.2D-E). 

Next, I assessed the level of p-Tau in brain organoids using AT8 antibody 

that recognizes phosphorylated Ser202 and Thr205 of Tau protein (Figure. 

3.2F-G). The expression level of p-Tau was higher in AD organoids 

compared to WT organoids. Consistent with the western blotting, the 

expression of immunostaining with AT8 was higher in AD organoids 

compared to WT organoids at day 60 (Figure. 3.2H-I). These brain 

organoids are suitable for recapitulating AD-like pathologies, including 

upregulated Aβ and p-Tau. 
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Figure 3.2 AD brain organoids exhibit AD-like phenotypes at day 60.

(A) Lysates of WT organoids and AD organoids were analyzed by ELISA 

at day 60. The amounts of Aβ1-40 and Aβ1-42 in the RIPA fraction were 

measured by ELISA (n = 5). (B-C) Amounts of beta-amyloid were assessed 

by western blotting analysis in WT and AD organoids at day 60 (n = 4). 

(D) Representative images of the immunostaining for Aβ and TUJ1 in WT 

and AD organoids at day 60. (E) Quantification of Aβ immunoreactivity and 

particle counts in WT and AD organoids (n = 5). Scale bars, 50 µm. Aβ 

levels detected by D54D2 antibody. (F-G) Total tau and p-tau levels of WT 

and AD organoids were analyzed by western blotting and quantified. (H-I) 

Representative images of immunostaining for p-Tau in WT and AD 

organoids at day 60 (n = 3). The p-tau levels detected by AT8 

(Ser202/Thr205) antibody (n = 3). Scale bars, 50 µm. n.s.: not significant, *P 

< 0.05, **P < 0.01, and ***P < 0.001. The data are presented as the mean ± 

SD.
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3.3.3 ZIKV infection induces Aβ accumulation through increasing BACE 

abundance. 

I hypothesized that ZIKV infection can trigger AD pathologies such 

as Aβ deposition and elevated p-Tau level in the brain. I infected 

60-day-old organoids and cultured them for an additional 14 days prior to 

analysis. The 60-day-old brain organoids were infected with ZIKV for 24 h, 

and the medium was replaced with differentiation medium (Figure. 3.3A). 

The abundance of infectious virions in the supernatants of organoid culture 

medium after infection was determined by plaque assay, which confirmed 

the time dependence of the virus replication (Figure. 3.4A-B). The formation 

of plaques by ZIKV was continuous until 6 days post infection (dpi), but it 

slightly decreased after 14 dpi. Concomitantly, ZIKV-infected organoids were 

subjected to RT-PCR with primers specific for ZIKV NS5 4 dpi, 7 dpi and 

14 dpi (Figure. 3.3B). The level of ZIKV NS5 RNA expression was 

increased constantly over time, representing a productive infection. ZIKV 

envelope (ZIKVE) protein was also detected by western blotting in 

organoids after ZIKV infection (Figure. 3.3C). Staining of the ZIKVE and 

neural progenitor cell marker SOX2 showed that these proteins were 

expressed in brain organoids 14 days after infection. Furthermore, the 

protein levels of neurofilament and MAP2 were decreased in ZIKV infected 

organoids (Figure. 3.3D). To determine whether ZIKV infection accelerates 

AD-related phenotypes, first, I analyzed Aβ pathology in organoids after 

ZIKV infection. Accelerating increased level of Aβ was confirmed by 

immunostaining in ZIKV-infected AD brain organoids (Figure. 3.3E-F).  I 

also examined the effects of ZIKV compared with those of vaccinia virus 

(VACV) infection on brain organoids to determine whether Aβ pathology is 

a specific phenotype of ZIKV infection. The formation of plaques by VACV 

was continuous until 6 dpi, but it slightly decreased after 14 dpi (Figure. 

3.4C-D). In addition, I examined the effects of ZIKV compared with those 
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of vaccinia virus (VACV) infection on brain organoids to determine whether 

a neurogenic defect is also a specific phenotype of ZIKV infection. 

Although mock and VACA-treated AD organoids grew over time, the size 

of ZIKV-infected brain organoids were downregulated (Figure. 3.5A-B). The 

expression level of neurofilament (NF) and MAP2 were downregulated in 

ZIKV infected organoids, but there was no decrease in VACV infected 

organoids (Figure. 3.5C-F). Next, I investigated the mechanisms underlying 

ZIKV infection induced Aβ production. Aβ is processed from the amyloid 

precursor protein (APP) through sequential cleavages, first producing a beta 

C-terminal fragment by BACE and then Aβ by γ-secretase complex (Chen et 

al. 2017). In the amyloidogenic pathway, BACE, which is a critical enzyme 

that drives Aβ production is increased in AD patients compared to WT (Das 

and Yan 2017). It is hypothesized that ZIKV infection could accelerate Aβ 

aggregation by increasing BACE expression. Indeed, the abundance of BACE 

protein and Aβ was significantly increased in ZIKV-infected AD brain 

organoids, compared to non-infected AD and VACV-infected organoids 

(Figure. 3.3G-H). Moreover, increased expression of BACE and Aβ levels 

was observed by western blotting in ZIKV-infected AD organoids compared 

to non-infected organoids (Figure. 3.3I-J).  Taken together, ZIKV infection 

accelerated AD pathology and elevated BACE expression as one of the 

major mechanisms underlying Aβ processing.
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Figure 3.3 ZIKV infection induces Aβ accumulation through increasing 

BACE abundance.

(A) Schematic of the Zika virus (ZIKV) infection procedure. Organoids were 

infected on day 60 and analyzed 14 dpi. (B) RT-qPCR analysis of the NS5 

gene in ZIKV-infected organoids at 4 dpi (Day 65), 7 dpi (Day 68) and 14 

dpi (Day 75). (C) ZIKV envelope (ZIKVE) protein level of each organoid 

14 dpi. (D) Immunostaining for ZIKVE, SOX2, MAP2, and Neurofilament 

(NF) markers in organoids exposed to ZIKV 14 dpi. Scale bars, 50 µm. (E) 

Immunostaining of Aβ and MAP2 (neuron marker) in WT and AD 

organoids exposed to mock conditions, ZIKV and vaccinia virus (VACV). 
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Scale bars, 10 µm. (F) Counts of Aβ aggregates per area and quantification 

of MAP2 expression (n = 5). (G) Immunostaining of Aβ and BACE in WT 

and AD organoids exposed to mock conditions, ZIKV and VACV. Scale 

bars, 10 µm. (H) Quantification of Aβ positive particle size (n = 5) and 

BACE positive cells (n = 3). (I) Western blotting of Aβ, BACE and β-actin 

in WT and AD organoids exposed to mock conditions and ZIKV. (J) 

Quantification of Aβ (n = 4) and BACE (n = 3) normalized to β-actin. n.s.: 

not significant, *P < 0.05, **P < 0.01, and ***P < 0.001. The data are 

presented as the mean ± SD.
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Figure 3.4 ZIKV and VACV replication in brain organoids

(A) Representative bright-field images of the plaque assay of ZIKV-infected 

organoids on days 2, 4, 6, and 14. The supernatant was obtained from brain 

organoids culture medium and serially diluted. (B) Quantification of the 

plaque-forming units of ZIKV on days 2, 4, 6, and 14. Log 10 PFU plotted 

against the serially diluted virus. (C) Representative bright-field images of 

the plaque assay of Vaccinia virus (VACV)-infected organoids on days 2, 4, 

6, and 14. The supernatant was obtained from brain organoids culture 

medium and serially diluted. (D) Quantification of the plaque-forming unit 

of VACV on days 2, 4, 6, and 14. Log 10 PFU plotted against the serially 

diluted virus.
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Figure 3.5 ZIKV infection impaired brain organoids compared to mock- and 

VACV-treated organoids.

(A) Representative bright-field images obtained 7 dpi. Quantification of the 

diameter of the organoids exposed to ZIKV, VACV, and mock treatment 

(n=7). Scale bars, 500 µm. (B) Representative bright-field images obtained 

14 dpi. Quantification of the diameter of the organoids exposed to ZIKV, 

VACV, and mock treatment (n=7). Scale bars, 500 µm. (C-F) 

Immunostained ZIKVE (Zika virus envelope), MAP2, NeuN (mature neuron 

marker), Ki67 (proliferation marker), and c-caspase3 (apoptosis marker) in 

organoids exposed to ZIKV and VACV 7 dpi. Scale bars, 50 µm. *P < 0.05, 

**P < 0.01, ***P < 0.001. Data are presented as the mean ±SD.
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3.3.4 ZIKV infection enhances p-TAU levels in AD organoids through 

GSK3α/β.

Next, I also examined the level of p-Tau, one of the other major 

pathologies of AD, in AD organoids after ZIKV infection. ZIKV infection 

significantly increased p-Tau level in ZIKV-infected AD brain organoids 

compared to AD brain organoids exposed to mock-conditions (Figure. 

3.6A-B). I also examined the effects of ZIKV compared with those of 

vaccinia virus (VACV) infection on brain organoids to determine whether 

p-Tau pathology is a specific phenotype of ZIKV infection. The level of 

p-Tau in AD organoids exposed to VACV didn’t show any increase from 

those of AD organoids exposed to mock-conditions (Figure. 3.6A-B). 

Neurofilament proteins are components of neurofibrillary tangles, and NF as 

well as other microtubule proteins are impaired in AD. The 

immunofluorescence intensity of NF was downregulated in ZIKV-infected 

AD organoids compared to WT or AD organoids. In addition, VACV 

infection in AD organoids had no effect on NF homeostasis (Figure. 

3.6C-D). I then investigated the underlying mechanisms of elevated p-Tau 

levels due to ZIKV infection. Phosphorylated-Tau protein is processed by 

several kinases, including glycogen synthase kinase 3 (GSK3), 

cyclin-dependent protein kinase 5 (Cdk5), mitogen-activated protein kinase 

(MAPK) (Hernandez, Lucas, and Avila 2013). Above all, GSK3 is a 

ubiquitously expressed serine/threonine kinase that plays a key role in tau 

aggregation of AD pathology (Hernandez, Lucas, and Avila 2013). The basal 

levels of both p-Tau and p-GSK3α/β (Y216/Y279) was upregulated in AD 

organoids compared with WT organoids (Figure. 3.6E-F). I also found that 

both p-GSK3α/β and total GSK3α/β were increased substantially in 

ZIKV-infected brain organoids through western blotting (Figure. 3.6E-F). 

Together, ZIKV infection showed the pathology of accelerated p-Tau and 

elevated GSK3α/β expression as one of the underlying mechanisms.  
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Figure 3.6 ZIKV infection enhances p-TAU levels in AD organoids through 

GSK3α/β. 

(A) Representative images of immunostained p-tau with AT8 

(Ser202/Thr205), ZIKVE, and VACV antibodies. Scale bars, 10 µm. (B) 

Each graph bar represents the percentage of AT8-positive cells in the 

organoids. (n=3). (C) Representative images of immunostained NF and 

ZIKVE antibodies. Scale bars, 50 µm. (D) Each graph bar represents the 

percentage of NF-positive cells in the organoids (n=3). (E) Western blotting 

of p-Tau (AT8), Tau, p-GSK3α/β, GSKα/β and β-actin in WT and AD 

organoids exposed to Mock conditions and ZIKV. (F) Quantification of 

p-Tau (AT8), Tau, p-GSK3α/β, GSKα and GSK3β levels. p-Tau was 

normalized to total Tau. The others were normalized to β-actin (n=3). n.s: 

not significant, *P < 0.05, and **P < 0.01. The data are presented as the 

mean ±SD
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3.3.5 PERK-eIF2α activation is associated with AD phenotypes in 

ZIKV-infected organoids. 

ER stress can be activated by several signaling pathways, including 

viral infection, calcium regulation, and glucose deprivation (Lin, Walter, and 

Yen 2008; Zhang and Wang 2012). Dysfunction caused by ER stress 

coupled to the accumulation of misfolded or unfolded proteins and activation 

of cell death pathways also contributes to neurodegenerative disorders, 

including Alzheimer’s disease (Chen et al. 2011). To investigate whether 

PERK and eIF2α were activated after ZIKV infection in brain organoids, the 

protein level of both activated PERK and eIF2α was examined by western 

blotting. Levels of p-PERK and p-eIF2α were higher in AD organoids 

compared to WT organoids, and the increase was greater in AD organoids 

exposed to ZIKV (Figure. 3.7A-B). To further investigate whether PERK 

and eIF2α were activated after ZIKV infection in brain organoids, I used 

quantitative real-time PCR to analyze several genes related to ER stress and 

UPR pathways using RNA extracted from brain organoids on day 38 

(Figure. 3.7C).  The PERK branch of UPR-associated genes, including 

ATF4, ATF5 CHAC1, PDI, and DDIT3, were upregulated upon infection. 

Additionally, ER stress acceleration was analyzed by western blotting, with 

the upregulation of ER stress marker protein disulfide isomerase (PDI) in 

ZIKV-infected AD organoids (Figure. 3.8A-B). I also detected increased 

immunofluorescence staining for the ER stress marker calnexin in AD 

organoids exposed to ZIKV compared to mock conditions (Figure. 3.8C-D). 

When UPR-induced factors fail to alleviate ER stress, the extrinsic and 

intrinsic apoptotic pathways are activated. Persistent ER stress in infected 

organoids subsequently triggers terminal UPR and apoptosis through 

upregulation of CHOP (Sovolyova et al. 2014; Sano and Reed 2013; 

Lindholm, Wootz, and Korhonen 2006). To examine the terminal UPR and 

apoptosis via upregulation of CHOP, I stained brain organoids with 
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anti-CHOP and found more CHOP expression in ZIKV-infected brain 

organoids compared to mock conditions (Figure. 3.7D-E). In addition, 

cleaved caspase3 was also analyzed by immunostaining to evaluate the 

apoptotic effect of ZIKV in brain organoids (Figure. 3.7F-G). The results 

indicate that ZIKV infection induces and aggravates ER stress and that 

cellular signaling is eventually associated with cell death AD pathologies.    
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Figure 3.7 PERK-eIF2α activation is associated with AD phenotypes        

in ZIKV-infected organoids.

(A) Western blotting of PERK, p-PERK, eIf2α, p-eIf2α, and β-actin in WT 

and AD organoids exposed to Mock conditions and ZIKV. (B) 

Quantification of p-PERK and p-eIf2α. p-PERK was normalized to total 

PERK and p-eIf2α was normalized to total eIf2α (n = 3). (C) RT-qPCR 

analysis of ATF4, ATF5, CHAC1, PDI, and DDIT3 levels in total RNA 

extracts obtained from ZIKV-infected AD brain organoids and mock-treated 



133

samples on day 75 (n = 5). (D) Immunostaining of WT and AD organoids 

exposed to mock and ZIKV showing ZIKVE and CHOP (ER stress marker). 

White square shows ZIKV-infected area. Scale bars, 50 µm. (E) 

Quantification of CHOP-positive cells 14 dpi (n = 3). (F) Immunostaining of 

WT and AD organoids exposed to mock and ZIKV showing ZIKVE and 

cleaved caspase3 (apoptosis marker). White square shows ZIKV-infected 

area. Scale bars, 50 µm. (G) Quantification of cleaved caspase3-positive cells 

14 dpi (n = 3). n.s.: not significant, *P < 0.05, and **P < 0.01. The data are 

presented as the mean ± SD.
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Figure 3.8 ER stress was activated in AD organoids after ZIKV            

infection.

(A) Western blot analysis of PDI and calnexin (ER stress marker) was 

carried out using lysates of mock- and ZIKV-infected organoids 14 dpi. (B) 

Quantification of PDI and calnexin in three independent samples and 

normalized to β-actin (n=3). (C) Representative images of the immunostained 

calnexin and ZIKE, and (D) quantification in AD organoids exposed to 

mock conditions and ZIKV (n=3). *P < 0.05, **P < 0.01, ***P < 0.001. Data 

are presented as the mean ±SD
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3.3.6 PERK inhibition attenuated AD phenotypes including Aβ and p-Tau.

To assess whether ZIKV directly affects AD pathology through 

PERK-eIF2α activation, GSK2656157 (PERK inhibitor, PERKi), an inhibitor 

of the upstream factor, was treated in ZIKV-infected organoids. First, the 

level of Aβ was downregulated by PERKi treatment in AD organoids, 

suggesting that Aβ production was due to PERK activation (Figure. 3.9A-B).  

However, the p-Tau level did not show a significant difference between AD 

and PERKi-treated AD organoids. Next, I compared the level of AD 

pathologies in ZIKV-infected organoids and AD organoids administrated with 

ZIKV+PERKi. Surprisingly, PERKi treatment downregulated both Aβ and 

p-Tau expression in ZIKV-infected AD organoids (Figure. 3.9A-B). 

Consistently, immunostaining with anti-Aβ also revealed lower expression 

level in AD organoids administrated with ZIKV+PERKi compared to 

ZIKV-infected organoids (Figure. 3.9C-D). The p-Tau expression was also 

significantly decreased in AD organoids administrated with ZIKV+PERKi 

compared to ZIKV-infected AD organoids (Figure. 3.9E-F). These results 

represent that the acceleration of Aβ production and Tau phosphorylation is 

increasing via PERK-eIF2α arm. To investigate whether the ZIKV infection 

can also trigger AD pathologies in WT organoids, I infected ZIKV in WT 

organoids and analyzed them in the same manner as I examined in AD 

organoids. The level of Aβ production in ZIKV-infected WT organoids was 

increased compared to mock (Figure. 3.9G). Additionally, the level of p-Tau 

was increased in ZIKV-infected organoids compared to mock (Figure. 3.9H). 

To investigate whether the increase in p-Tau level was triggered by 

PERK-eIF2 in WT organoids, I also treated PERKi in ZIKV-infected 

organoids. Western blotting also showed lower levels of Aβ and p-Tau in 

organoids administrated with ZIKV+PERKi compared to ZIKV-infected 

organoids (Figure. 3.9I-J). In conclusion, this study demonstrated that the 

predominant mechanism of ZIKV-induced AD pathologies is PERK-eIF2α 
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regulating the AD-associated factors, including GSK3 and BACE, and that 

targeting PERK activation by inhibitors has potential therapeutic implication 

in AD pathologies. 



137

Figure 3.9 PERK inhibitor attenuated AD phenotypes including Aβ          

  and p-Tau.

(A) PERK inhibitor (GSK2656157) was administrated for two weeks after 

ZIKV infection. Representative western blotting results showing Aβ, p-Tau, 

Tau and β-actin. (B) The quantification of Aβ and p-Tau. Aβ was 

normalized to β-actin and p-Tau was normalized to Tau protein (n=3). (C) 
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Representative immunofluorescence image showing Aβ aggregation in each 

organoid. Scale bars, 50 µm. (D) The level of Aβ was analyzed in each 

organoid 14 dpi. The bar graph shows the quantification of Aβ aggregates 

per area in WT and AD organoids exposed to Mock conditions, ZIKV and 

PERKi treatment after ZIKV infection (n=3). (E) Representative 

immunofluorescence image showing p-Tau with AT8 (Ser202/Thr205) in 

each organoid. Scale bars, 50 µm.  (F) The level of p-Tau was analyzed in 

each organoid 14 dpi. The bar graph shows the quantification of p-Tau 

immunoreactivity in AD organoids exposed to Mock conditions, ZIKV and 

PERKi treatment after ZIKV infection (n=3). (G) Representative 

immunofluorescence images showing Aβ and MAP2 in WT organoids 

exposed to Mock conditions and ZIKV(n=3). Scale bars, 50 µm. (H) 

Representative immunofluorescence images showing p-Tau and ZIKVE in 

WT organoids exposed to Mock conditions and ZIKV (n=3). Scale bars, 50 

µm. (I) Western blotting showing Aβ, BACE, p-Tau, and β-actin in WT 

organoids. (J) Quantification of Aβ and p-Tau was normalized to β-actin 

(n=3). n.s: not significant, *P < 0.05, and **P < 0.01. The data are presented 

as the mean ±SD
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3.4 DISCUSSION

There are many risk factors to cause and damage the brain 

responsible for AD progression. Recent investigations suggest that AD 

pathologies and may also be triggered in the brain through one of the risk 

factors such as neurotrophic virus infections (Sochocka, Zwolinska, and 

Leszek 2017; Kayed 2021; Breteler et al. 1991). Here, I generated a human 

brain organoid model to investigate the underlying mechanisms of ZIKV 

infection responsible for AD pathologies, including accelerated Aβ production 

and p-Tau. The levels of Aβ production and p-Tau were accelerated in AD 

organoids exposed to ZIKV as well as WT organoids exposed to ZIKV.

ZIKV infection leads to the accumulation of viral proteins in the ER and 

sustained ER stress and UPR activation (Mohd Ropidi et al. 2020; Zhang 

and Wang 2012). It has been demonstrated that the PERK-related UPR 

pathway is activated in ZIKV-infected mouse model (Alfano et al. 2019). 

Activated ER stress is also a risk factor in neurodegenerative diseases, 

including Alzheimer’s disease, Parkinson’s disease, and other disorders 

(Bisht, Sharma, and Tremblay 2018; Gerakis and Hetz 2018; Gardner et al. 

2013). Three ER transmembrane receptors, PERK, ATF6, and IRE1, play 

roles as stress sensors and mediators of downstream signals (Shurtleff et al. 

2018; Bai et al. 2020). During ER stress, each of the three receptors is 

activated by phosphorylation (PERK and IRE1) or cleavage (ATF6) to 

maintain ER homeostasis. Several studies have reported that PERK/eIF2α 

pathway is detected in the mouse AD model and postmortem AD patient’s 

brain (Devi and Ohno 2014; Ma et al. 2013; Smith and Mallucci 2016). 

Overactivation of PERK triggers phosphorylation of downstream eIF2α, 

leading to synaptic failure, neuronal impairment, and cellular death. It is 

also documented that PERK-eIF2α pathway contributes to AD pathologies as 

an upstream regulator. Aβ production is triggered through BACE1 abundance 
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and Tau phosphorylation is upregulated through GSK3α/β affected by 

PERK-eIF2α pathway (Das and Yan 2017; Devi and Ohno 2014; Cole and 

Vassar 2008). In addition, it is also reported that PERK inhibitor treatment 

in AD mouse model, such as 5XFAD or APP/PS1 significantly decreases 

phosphorylated PERK and eIF2α (Ohno 2014; Radford et al. 2015; Sadleir 

et al. 2014). 

        My data also demonstrated that both ER stress and UPR activation 

are activated in ZIKV-infected brain organoids and accompanied the 

upregulation of AD pathologies, including Aβ and p-Tau. It is proved that 

AD pathologies proceeded through the same axis, upregulation of BACE1 

and GSK3α/β from PERK-eIF2α pathway. Furthermore, direct inhibition of 

PERK (GSK2656157) in ZIKV-infected organoid showed restored AD 

pathologies and UPR-mediated apoptosis. These findings that the PERK 

inhibition could be a promising therapeutic target for drug research for AD 

in which UPR pathway is implicated. Additionally, PERKi treatment was 

effective to rescue the neurogenic effect in organoids exposed to ZIKV 

infection (Figure. 3.10A-B). In these reasons, ER stress activated by ZIKV 

have a causal relationship to AD progression through PERK/eIF2α. 

        Recent 3D brain organoid models that closely recapitulate the 

human brain are useful for disease modeling, drug screening and deep 

understanding of human brain development (Kelava and Lancaster 2016). In 

this study, I generated both cerebral brain organoids derived from WT and 

AD patients iPSCs and applied ZIKV infection to brain organoids to study 

the mechanisms underlying ZIKV-induced AD pathology. Although cerebral 

brain organoids are a physiologically potential application model for the 

human brain, there are challenges and limitations for improvement (Tian, 

Muffat, and Li 2020; Qian, Song, and Ming 2019). For instance, the 

absence of blood vessels or immune cells is required to investigate 

blood-brain barrier leakage and immune responses from brain pathogens 
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(Wörsdörfer et al. 2019). Further studies are needed to identify other critical 

events after virus infection cytokine storm stimulation or blood-brain barrier 

leakage using advanced brain organoids.

        Taken together, this study first reports ZIKV contributes to AD 

pathology via the PERK/eIF2α pathway, accelerating Aβ production and 

p-Tau in brain organoids. I conclude that targeting the activated-ER stress 

by inhibitors is a potential therapeutic strategy aimed at lowering the 

incidence of ZIKV-associated AD phenotypes in the brain.
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Figure 3.10 The effect of PERKi treatment in brain organoids.

(A) Representative images of the immunostained Ki67 and ZIKE, and the 

quantification of Ki67 expression (n=3). (B) MAP2 and ZIKE expression in 

each organoid, and the quantification of MAP2 expression in each organoid 

(n=3). Scale bars, 50 µm. *P < 0.05, **P < 0.01, ***P < 0.001. Data are 

presented as the mean ±SD
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GENERAL CONCLUSION

Neurodegenerative disease patients including Alzheimer’s disease 

have been increasing and the demand for developing therapeutic agents has 

increased accordingly. However, a significant portion of research results were 

based on animal models, and there is a gap in the treatment effects on 

humans because the animal models don’t recapitulate the complex biological 

changes that occur during the onset and progression of the disease in the 

human body. Since the development of reprogramming technology, various 

studies are being conducted, from neural differentiation of stem cells to 3D 

brain organoids which are resembling the human brain. Therefore, this study 

represents neurodegenerative disease platforms ranging from 2D cell models 

to 3D organoids to verify the pathological characterization, causes, and drug 

effects of cells at the stage before the expression of the pathological 

phenomenon.

       In the first study, I demonstrated the effects of APP-CTF-related 

pathology using induced neural stem cells (iNSCs) from AD patient-derived 

fibroblasts. APP-CTFs accumulation was demonstrated to mainly occur 

within mitochondrial domains and to be both a cause and a consequence of 

mitochondrial dysfunction. APP-CTFs accumulation also resulted in 

mitophagy failure, as validated by increased LC3-II and p62 and inconsistent 

Parkin and PINK1 recruitment to mitochondria and failed fusion of 

mitochondria and lysosomes. The accumulation of APP-CTFs and the 

causality of impaired mitophagy function were also verified in AD 

patient-iNSCs. Furthermore, I confirmed this pathological loop in PSEN 

KO-iNSCs because APP-CTFs accumulation is due to γ-secretase blockage 

and similarly occurs in presenilin-deficient cells. I studied that the 

contribution of APP-CTFs accumulation is associated with mitochondrial 

dysfunction and mitophagy failure in AD patient-iNSCs as well as PSEN 

KO-iNSCs.
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       In the second part of this study, I developed NPC brain organoids 

with induced neural stem cells from NPC patient-derived fibroblasts. NPC 

organoids exhibit significantly reduced size and proliferative ability, which 

are accompanied by accumulation of cholesterol, impairment in neuronal 

differentiation and autophagic flux and dysfunction of lysosomes; therefore, 

NPC organoids can recapitulate the main phenotypes of NPC patients. These 

pathological phenotypes observed in NPC organoids were reversed by 

treatment with valproic acid and HPBCD, which is known to be an effective 

treatment for several neurodegenerative diseases. My data present 

patient-specific phenotypes in 3D organoid-based models of NPC and 

highlight the application of this model to drug screening in vitro.

       In the third part of this study, I demonstrated that Zika virus 

infection in brain organoids could trigger AD pathological features, including 

Aβ and p-Tau expression. AD-related phenotypes in brain organoids were 

upregulated via ER stress and UPR after zika virus infection in brain 

organoids. Under persistent ER stress, activated-PERK triggered the 

phosphorylation of eIF2α and then BACE, and GSK3α/β related to AD. 

Additionally, I demonstrated that pharmacological inhibitors of PERK 

attenuated Aβ and p-Tau in brain organoids after ZIKV infection.

       Taken together, these models, from two-dimensional induced neural 

stem cells to three-dimensional brain organoids are suitable to study disease 

mechanisms and effective drug for therapy. 
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국문 초록

인간 뇌 오가노이드를 이용한

알츠하이머 및 니만-피크병

질환 모델링 연구

서울대학교 대학원

수의학과

수의병인생물학 및 예방수의학 전공

이승은

(지도교수: 강경선)

알츠하이머와 니만-피크 C1형 질환은 신경 퇴행성 뇌 질환으로

많은 연구가 진행됨에도 불구하고 정확한 메커니즘과 효과적인 치료제가

불명확하다. 많은 제약사가 치료제 개발에 앞장서고 있음에도 불구하고,
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현재까지 치료제들은 증상을 완화하고 진행 속도를 늦춰주는 효과만 있

을 뿐 증상 자체의 치료 효과는 없다. 이와 같은 실패 원인 중 하나는

인체 생리 현상과 질병의 병리 생태를 모방한 실험적 모델의 부재 때문

이다. 그러므로 현재 질환 원인 분석 및 치료제 개발이 직면하고 있는

문제점을 극복하기 위해, 실제 인체 생리 현상 모방이 가능한 새로운 모

델을 개발해야 한다.

이를 위해 최근 환자 체세포로부터 유래된 이차원 유도 신경줄기

세포 모델을 이용해 연구와 신약 개발을 위한 스크리닝 플랫폼으로 적용

되고 있다. 또한 줄기세포의 자가 조직화 능력을 활용하여 인간 실제 뇌

를 구조적, 기능적으로 모사할 수 있는 삼차원 구조의 미니 뇌 오가노이

드가 개발됨에 따라 질환 모델링과 약물 스크리닝이 활발하게 진행 중이

다. 따라서 본 연구는 질환의 병리적 특징과 원인 및 약물 효능 검증을

위해 이차원 유도 신경줄기세포부터 삼차원 뇌 오가노이드까지 질환 연

구 플랫폼으로 제시하고자 한다.

본 연구의 첫 번째 장에서는 가족성 알츠하이머 환자 섬유아세

포 유래 유도 신경줄기세포를 이용해 알츠하이머 초기 병리에 기여하는

미토콘드리아 기능 저하 표현형 연구를 진행했다. 아밀로이드 전구체 단

백질(APP)의 아밀로이드 생성경로에서 생기는 C-terminal fragments

(APP-CTFs)의 축적이 미토콘드리아 항상성 저해 및 미토파지 장애와

관련 있음을 확인했다. 또한 APP-CTFs의 축적은 γ-secretase 차단에
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의한 것이며 PSEN 결핍 세포에서 발생하기 때문에 정상 유도 신경줄기

세포에서 유전자 편집 기술을 통해 PSEN 넉아웃 세포를 제작했다. 결과

적으로 PSEN1과 PSEN2가 넉아웃된 유도 신경줄기세포는 미토콘드리

아 기능 저하와 미토파지 억제를 초래했으며 이차원 신경세포와 삼차원

오가노이드에서 신경세포의 분화 저하를 보였다.

본 연구의 두 번째 장에서는 니만-피크 C1형 환자 유래 삼차원

뇌 오가노이드를 확립하여 질환 특이적 형질을 재현하고 약물 스크리닝

에 적합한 질환 모델임을 확인했다. 니만-피크 C1형 오가노이드는 정상

오가노이드에 비해 크기, 세포 증식, 신경 분화에서 감소하지만 세포 사

멸은 증가되어 있었다. 또한 니만-피크 C1형 오가노이드 내부의 리소좀

에 축적된 콜레스테롤은 자가포식과정의 기능 저하와 관련이 높음을 확

인했다. 제작된 니만-피크 C1형 오가노이드가 약물 테스트에 적합한 모

델임을 증명하기 위해 콜레스테롤 감소에 효과적인 것으로 알려진 하이

드록시프로필 베타 사이클로덱신 (HPβCD)과 더불어 히스톤 탈아세틸화

억제제 중 하나인 발프로 산 (valproic acid) 처리로 질환의 회복을 확

인했다. 따라서 본 연구에서는 니만-피크 C1형 질환 환자 유래 삼차원

뇌 오가노이드를 확립하여 질환의 치료 기술을 개발하는데 유용성을 제

시한다.

뇌 오가노이드는 질환 모델링뿐만이 아니라 바이러스 감염을 통

해 병원성 기전 및 감염경로에 대한 연구에 적용할 수 있다. 이를 위해
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본 연구의 세 번째 장에서는 뇌 오가노이드에 지카 바이러스를 감염시켜

알츠하이머 질환 표현형이 증가함을 확인했다. 이는 지카 바이러스가 감

염된 뇌 오가노이드에서 지속적인 ER stress가 관찰되었고, 결과적으로

BACE와 GSK3β를 촉진해 아밀로이드 베타와 과인산화된 타우 단백질

이 증가함을 확인했다. 바이러스 감염은 알츠하이머의 위험 요인 중 하

나이며, 지카 바이러스 감염이 알츠하이머 병리학적 특징을 촉발할 수

있음을 뇌 오가노이드 모델을 통해 입증했다.

본 연구에서는 알츠하이머 및 니만-피크 C1형의 연구 플랫폼으

로서 환자 유래 유도 신경줄기세포 및 뇌 오가노이드를 제시했다. 이 모

델을 통해 알츠하이머의 초기병리와 관련한 미토콘드리아 기능 저하를

확인하고 바이러스 감염에 의해 알츠하이머 병리적 특징이 증가하는 현

상을 구현하였다. 또한 니만-피크 C1형 뇌 오가노이드 제작을 통해 리

소좀 축적 질환 관련 특징과 약물 효능을 확인했다. 이로써 알츠하이머

및 니만-피크 C1형의 이차원 유도 신경줄기세포부터 삼차원 뇌 오가노

이드까지 모델 확립을 통해 메커니즘 스터디 및 신약 스크리닝 플랫폼을

제시한다.
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