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SUMMARY

Focusing on the early stages of Alzheimer’s disease (AD) holds great promise. However, the specific events in 

neural cells preceding AD onset remain elusive. To address this, we utilized human-induced pluripotent stem 

cells carrying APPswe mutation to explore the initial changes associated with AD progression. We observed 

enhanced neural activity and early neuronal differentiation in APPswe cerebral organoids cultured for one 

month. This phenomenon was also evident when neural progenitor cells (NPCs) were differentiated into neu

rons. Furthermore, transcriptomic analyses of NPCs and neurons confirmed altered expression of neurogen

esis-related genes in APPswe NPCs. We also found that the upregulation of reactive oxygen species (ROS) is 

crucial for early neuronal differentiation in these cells. In addition, APPswe neurons remained immature after 

initial differentiation with increased susceptibility to toxicity, providing valuable insights into the premature 

exit from the neural progenitor state and the increased vulnerability of neural cells in AD.

INTRODUCTION

Numerous clinical trials aimed at eliminating amyloid-beta (Aβ), a 

key pathological feature of Alzheimer’s disease (AD), have yet to 

yield significant improvements in cognitive function. A promising 

approach is early-stage disease intervention, based on the hy

pothesis that intervening during AD’s initial phases might effec

tively slow or reverse disease progression.1 This approach empha

sizes identifying early or presymptomatic AD alterations and their 

targets. In the brains of patients with AD, reduced expression of 

proliferation markers such as bromodeoxyuridine (BrdU) and nes

tin, and increased expression of premature neuron markers like 

doublecortin (DCX) have been observed. However, this does not 

result in an increase in mature neurons, as decreased neurogene

sis is predominantly observed.2–4 Reduced neurogenesis has 

been consistently observed in various mouse models for AD.2,3,5

Furthermore, researchers have found that impaired neurogenesis 

precedes symptomatic AD.3 Therefore, understanding how AD- 

related factors influence neurogenesis is crucial for identifying 

therapeutic targets and developing strategies to delay or halt the 

onset and progression of AD.

Despite many efforts to explore biological processes disrup

ted in the early stages of AD, limited access to the human brain 

at this stage hampers observing phenotypes of early alterations 

and validating findings from experimental models. The use of hu

man induced pluripotent stem cells (hiPSCs) has significantly 

advanced our understanding of AD, especially in clarifying how 

AD mutations contribute to its pathogenesis. When investigating 

neurogenesis in AD neural progenitor cells (NPCs), hiPSCs offer 

a controlled environment for studying the impact of AD muta

tions. The APP K670N/M671L double mutation (commonly 

known as the Swedish mutation; APPswe) is a well-established 

familial AD mutant. Research has shown that, not only in mouse 

models but also in neurons and cerebral organoids derived from 

iPSCs of patients carrying this mutation, there is a marked in

crease in AD-associated phenotypes, such as Aβ accumulation 

and tau hyperphosphorylation.6,7 Isogenic cell lines help over

come the genetic variability issues that arise when comparing 

cells from different donors.

Studies using NPCs and brain organoids generated from 

hiPSCs derived from patients with AD or engineered to carry 

AD mutations, have consistently shown impaired neurogene

sis, as evidenced by reduced proliferation and premature dif

ferentiation.4,8–12 Here, we aim to investigate the role of AD- 

related genetic factors in early neurogenesis observed in 

these hiPSC-derived NPCs and cerebral organoids. By utiliz

ing fluorescence-activated cell sorting (FACS) and RNA 

sequencing (RNA-seq), we analyzed molecular and cellular 
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changes associated with this phenomenon, which under

scored the role of reactive oxygen species (ROS) in early neu

rogenesis in AD.

RESULTS

Enhanced neuronal activity and early differentiation in 

APPswe cerebral organoids

We investigated neuronal activity and differentiation in APPswe 

cerebral organoids at an early stage (cultured for one month) 

prior to the appearance of extracellular Aβ aggregates.7 To mini

mize inter-donor variability, isogenic APPswe hiPSCs were 

generated from healthy parental cells (female, 75 years old) using 

CRISPR-Cas9 genome editing and confirmed normal chromo

somal architecture and no detectable off-target edits at the top 

5 candidate sites (Figures S1A–S1E). This isogenic pair was 

used to generate cerebral organoids, as established in our previ

ous study.13 When analyzing organoid size by measuring both 

perimeter and area, we observed that APPswe cerebral organo

ids were significantly smaller than the controls (Figures 1A–1C). 

Multi-electrode array (MEA) recordings exhibited increased fre

quency and amplitude of neuronal firing in APPswe organoids 

(Figures 1D and 1E). Viability measurements on the recording 

plate revealed no difference in recording coverage between 

the two groups and no difference in the mean firing rate within 

the active electrodes (Figure 1F). To determine whether these 

activity differences resulted from variations in the distribution 

of neuronal populations, we performed immunohistochemistry 

(IHC) on the surface of cerebral organoids for nestin (NPC 

marker) and DCX (early neuronal differentiation marker) 

(Figure 1G). The results revealed a decrease in the nestin-posi

tive area, while the DCX-positive area showed no difference 

(Figures 1H, 1I, and S1F). This suggests that the increased firing 

in APPswe organoids is due to a larger neuronal population 

rather than enhanced firing by individual neurons. To further 

assess the proportions of NPCs and neurons in cerebral organo

ids, we conducted immunoblotting for SOX2 (NPC marker), DCX, 

and TUJ1 (mature neuronal marker) (Figure 1J). The results 

showed reduced expression of both SOX2 and TUJ1 in APPswe 

organoids compared to controls (Figures 1K–1M). Additionally, 

flow cytometry analysis of one-month-old organoids indicated 

an increased percentage of DCX-positive cells in APPswe orga

noids compared to controls (Figures 1N–1P). Taken together, 

these findings suggest that APPswe cerebral organoids exhibit 

reduced NPC proliferation and accelerated early differentiation 

that is not accompanied by a corresponding increase in the num

ber of mature neurons.

Increased mitochondrial ROS and its impact on early 

differentiation in AD NPCs

To further explore the proliferation patterns of NPCs, we 

performed additional analyses using a 2D culture composed 

solely of NPCs. APPswe NPCs exhibited decreased nestin and 

increased DCX expression, which persisted during the one- 

week neuronal differentiation process (Figures 2A–2C). An EdU 

incorporation assay revealed reduced proliferation of APPswe 

NPCs (Figures S2A and S2B). The transition from NPCs 

to neurons is shown to be associated with increased ROS levels 

and a shift in glucose metabolism toward oxidative phosphoryla

tion (OXPHOS).14–18 Staining for mitochondrial ROS using 

MitoSOX exhibited higher ROS levels in APPswe NPCs 

(Figures 2D, S2C, and S2D), even though OXPHOS was lower 

than control NPCs (Figure 2E). This suggests that the elevated 

ROS in APPswe NPCs was not due to increased OXPHOS. We 

then investigated whether the increase in mitochondrial ROS 

levels in APPswe NPCs could be controlled. We found that 

MitoSOX levels were restored to control levels with EUK8, a 

mimetic of superoxide dismutase and catalase (Figures S2E 

and S2F), which ameliorated the early differentiation changes 

observed in APPswe NPCs (Figures 2F–2H). Next, we examined 

whether the phenotype observed in APPswe NPCs was present 

in NPCs containing the APOE4 isoform, which is associated with 

late-onset AD. Similarly, APOE4 NPCs exhibited decreased nes

tin expression and increased DCX expression (Figures S2G–S2I), 

along with higher MitoSOX signal intensity (Figures S5D and 

S5E). Treatment with EUK8 also mitigated the abnormal differen

tiation phenotype of APOE4 NPCs (Figures S2J–S2N), suggest

ing that this phenotype may generally occur under AD 

conditions.

To determine whether increased ROS levels alone could 

induce early neuronal differentiation, control NPCs were sorted 

into high- (top 25%) and low-ROS (bottom 25%) groups, differ

entiated into neurons, and analyzed for nestin and DCX expres

sion (Figure 2I). No significant differences in nestin or DCX 

expression were observed between the high- and low-ROS 

groups (Figures 2J–2L), indicating that elevated ROS alone is 

insufficient to induce early neuronal differentiation, as observed 

in AD NPCs.

Transcriptome analysis of APPswe NPCs reveals 

changes in gene expression toward neuronal 

differentiation

RNA-seq analysis of APPswe NPCs exhibited upregulation of 

genes related to neuronal development and synapse signaling, 

whereas downregulated genes were associated with DNA 

Figure 1. Enhanced neuronal activity and early differentiation in APPswe cerebral organoids 

(A–C) Quantification of the perimeter (B) and area (C) of control and APPswe cerebral organoids cultured for one month. n = 80–104, from 3 independent dif

ferentiations. Scale bar, 500 μm. 

(D–F) Neuronal activity was measured by a multi-electrode array in control and APPswe cerebral organoids cultured for one month. n = 11–12, from 3 independent 

differentiations. 

(G–I) Immunohistochemistry was performed to analyze the distribution of (H) nesitn- and (I) DCX-positive cells in control and APPswe cerebral organoids cultured 

for one month. n = 9, from 3 independent differentiations. Scale bar, 20 μm. 

(J–M) Immunoblotting to determine expression levels of SOX2 (K), DCX (L), and TUJ1 (M) in control and APPswe cerebral organoids cultured for one month. n = 

10–14, from 3 independent differentiations. 

(N–P) Flow cytometry analysis was performed on control and APPswe cerebral organoids cultured for one month to assess the expression levels of (O) nestin- and 

(P) DCX-positive populations. n = 3 from 3 independent differentiations. *p < 0.05, **p < 0.01, ****p < 0.0001 (Student’s t test). Error bar ± SEM.
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metabolism and the cell cycle (Figures 3A, S3A, and S3B). 

SynGO analysis19 revealed that many of the upregulated genes 

had synapse-related functions (Figure 3B). However, the expres

sion of genes related to synaptic cleft structure or maintenance 

did not increase significantly, suggesting that APPswe NPCs 

may not fully differentiate into mature neurons. We then aimed 

to determine whether the same transcriptomic changes were 

observed in control NPCs with elevated ROS expression. We 

performed gene ontology and SynGO analyses on the intersec

tion of genes with altered transcript expression in APPswe NPCs 

compared to control NPCs and in high-ROS NPCs compared to 

low-ROS NPCs. The results revealed that many of the upregu

lated genes in both APPswe and high-ROS NPCs were related 

to neuronal development, and commonly downregulated genes 

were related to DNA metabolism and the cell cycle (Figures S3C– 

S3F). However, the significance of these changes was reduced 

compared with the analysis of APPswe NPCs alone. Although 

the independent analysis of high-ROS NPCs compared to low- 

ROS NPCs also revealed increased expression of genes 

related to neuronal development and decreased expression of 

cell cycle-related genes, these changes were considered insuf

ficient for structural and functional synapse development 

(Figures S3G–S3J). These results are consistent with the immu

nocytochemistry findings that showed no difference in nestin 

and DCX levels between the two groups, suggesting that 

elevated ROS alone can induce early differentiation but is insuf

ficient to trigger changes toward a neuronal lineage of NPCs.

APPswe NPCs show limited transition to mature 

neurons and increased vulnerability

To further determine whether APPswe NPCs transitioned into 

mature neurons, we compared our results with single-cell RNA 

sequencing (scRNA-seq) data obtained from the human prefron

tal cortex at gestation weeks 8–2620 and examined the changes 

in cell identity (Figure 3C). Control NPCs closely matched those 

obtained from the human brain, whereas APPswe NPCs more 

closely resembled excitatory neurons. Additionally, APPswe 

NPCs showed increased expression of genes related to oligo

dendrocyte progenitors, microglia, and astrocytes. High-ROS 

NPCs exhibited similarities with glia-associated transcriptomic 

profiles like APPswe NPCs, except they did not show similarities 

with excitatory neurons. Trajectory analysis confirmed a minimal 

transition to the neuronal stage in both APPswe and high-ROS 

NPCs (Figure 3D). Next, we performed weighted gene co- 

expression network analysis (WGCNA) to identify key regulators 

of the observed transcriptomic alterations. Given the similarities 

in the ROS levels and transcriptomic profile patterns between 

APPswe and high-ROS NPCs, we grouped them together. In 

addition, we included data from neurons differentiated from 

high- and low-ROS NPCs in the neuronal category (Figure 3E). 

Figure 2. Increased mitochondrial ROS and its impact on early differentiation in APPswe NPCs 

(A–C) Immunocytochemistry analysis of nestin (B) and DCX (C) in control and APPswe NPCs and neurons, differentiated for one week. Scale bar, 40 μm. NPCs, 

n = 30, from 3 independent differentiations; neuron, n = 75, from 6 independent differentiations. 

(D) Increased MitoSOX signal in APPswe NPCs. n = 3, from 3 independent differentiations. 

(E) Reduced utilization of OXPHOS in glucose metabolism in APPswe NPCs. n = 5, from 3 independent differentiations. 

(F–H) Normalization of increased nestin (G) and decreased DCX (H) expression in APPswe NPCs with EUK8 treatment. Scale bar, 40 μm. n = 75, from 5 inde

pendent differentiations. 

(I) Schematic of the experiment categorizing control NPCs into high-ROS and low-ROS groups based on MitoSOX signal intensity. 

(J–L) No significant differences in nestin and DCX expression between high-ROS and low-ROS NPC groups. Scale bar, 20 μm. n = 40, from 3 independent 

differentiations. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (ANOVA test followed by Dunnett’s post hoc analysis or Student’s t test). Error bar ± SEM.
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Figure 3. Transcriptional changes indicating early exit from proliferation and increased vulnerability to toxin in APPswe NPCs 

(A and B) Gene ontology (GO) analysis (A) and SynGO analysis (B) of genes with increased transcript expression in APPswe NPCs compared to control NPCs, 

predicting associated biological processes and structural/functional contributions to synapses. 

(C) Prediction of cell identity changes by comparing the transcriptomic profiles of APPswe NPCs and high-ROS NPCs with those from developmental stages of 

the human prefrontal cortex. Color scale represents statistical significance − log10(p value). In each box element, the upper value is the p value from overlap 

statistics; the lower value is the overlapping gene count. OPC, oligodendrocyte progenitor cells; MIC, microglial cells; iNEU, inhibitory neurons; eNEU, excitatory 

neurons; AST, astrocytes. 

(D) Trajectory analysis comparing the differentiation status of APPswe NPCs and high-ROS NPCs into neurons with those from developmental stages of the 

human prefrontal cortex. 

(E) Module clustering of genes with expression changes dependent on NPCs and ROS, analyzed through WGCNA. The color scale represents the correlation 

coefficient. In each box element, the upper value is the p value from overlap statistics; the lower value is the correlation coefficient. 

(F–H) Key genes (top 30) and gene ontology analysis of modules with significantly altered expression patterns specific to ROS: cyan (F), pink (G), and turquoise (H). 

(legend continued on next page) 
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We identified the cyan, pink, and turquoise modules as gene 

clusters that were significantly altered by ROS compared to 

the NPC-specific pattern (Figures 3E–3H). Notably, the turquoise 

module, which contained the largest number of genes, was 

associated with neuronal development (Figure 3H). Transcription 

factor motif analysis suggested that TFE3, a transcription factor 

upregulated in APPswe and high-ROS NPCs, may regulate the 

genes within the module (Figures 3I, S3K, and S3L). This regula

tion could contribute to neuronal differentiation and cellular 

homeostasis changes by affecting the autophagy-lysosomal 

pathway (Figure 3J).

Finally, we examined the pathological significance of early dif

ferentiation and the transcriptomic alterations observed in 

APPswe NPCs. These NPC exhibited increased cellular damage 

markers, such as cleaved-caspase 3 and γ-H2AX (Figures S3M– 

S3O), and showed heightened susceptibility to damage when 

exposed to toxins (Figures 3K and 3L). This observation sug

gests a potential link between early neuronal differentiation, 

attenuated maturation, and increased vulnerability to toxins in 

APPswe NPCs, as NPCs are generally more resistant to toxins 

than their differentiated counterparts.

DISCUSSION

Our study demonstrates that APPswe NPCs exhibit significant 

transcriptomic changes related to neuron development and 

synapse signaling while showing reduced expression of genes 

associated with the DNA metabolic process and cell cycle. 

However, the incomplete maturation of these cells into fully 

functional neurons underscores a critical aspect of AD pathol

ogy such as impaired neurogenesis in AD. Moreover, the 

elevated markers of cellular damage and increased susceptibil

ity to toxins highlight the potential pathological consequences 

of these changes.

Several factors are known to regulate the neuronal differentia

tion process, with ROS playing a significant role. Although ROS 

are often considered to have harmful effects, physiological ROS 

levels are crucial for various cellular functions, including neuronal 

differentiation.14 We found that while elevated ROS levels are 

sufficient to shift the transcriptome profile toward a differentia

tion state, similar to that in APPswe NPCs, directing the cells to

ward neuronal differentiation may involve additional intracellular 

changes driven by AD-causing mutations (e.g., Aβ-induced in

crease in intracellular Ca2+ 21,22). Several studies have reported 

a metabolic shift toward oxygen respiration during neurogene

sis.23,24 A recent study using hiPSC showed that increasing en

ergy metabolism by supplementing TCA cycle precursors and 

essential amino acids facilitated neuronal maturation.25 In 

contrast, our research observed a decrease in the OXPHOS ratio 

in AD NPCs, leading to a more dramatic increase during neuronal 

differentiation than in control NPCs. This may reflect the early dif

ferentiation of AD NPCs and could be a driving force, although it 

does not serve as an initiation factor.

How do AD-related genetic factors elevate ROS levels? 

Increased levels of ROS have been well documented in 

numerous studies from brain samples of AD patients and AD an

imal models. Various sources could elevate ROS levels in AD 

brains, such as mitochondrial abnormalities due to reduced 

expression or impaired function of enzymes for oxidative meta

bolism, accumulation of Aβ in mitochondrial membranes and in

tramitochondrial space.26,27 Significant downregulation of auto

phagy-related molecules in AD brain samples or AD mouse 

models suggests impaired autophagy-dependent removal of 

dysfunctional mitochondria.28,29 Imbalances of metal ions, 

such as copper and zinc in AD, can also cause overproduction 

of ROS.30,31 However, such ROS increases are more likely to 

occur in the symptomatic stages of AD. Our study focuses on 

the role of elevated ROS under physiological conditions rather 

than pathological ones. We sorted control cells into low ROS 

(bottom 25%) and high ROS (top 25%) groups and found that 

one of the significantly enriched GO terms in high-ROS control 

NPCs was ‘‘autophagy.’’ Moreover, we observed normal auto

phagy activity in AD NPCs despite their increased ROS levels. 

These findings underscore the importance of physiological 

ROS levels in regulating autophagy, a concept supported by pre

vious studies such as Scherz-Shouval et al.32

scRNA-seq from the brains of AD patients has revealed the 

heterogeneity of cell types and states within the AD brain, 

providing unprecedented insights into cellular and molecular 

complexity. It also allows the uncovering of detailed information 

about the disease’s cellular landscape, including identifying spe

cific cell types and altered pathways over AD progression.33–35

One key finding from scRNA-seq studies is the altered state of 

neurogenesis in AD. These studies have shown that AD has an 

abundance of immature neurons and a disruption in the normal 

process of neuronal maturation.2 Our comparative analysis 

with scRNA-seq data from developing human brains also re

vealed that APPswe NPCs exhibit transcriptomic profiles similar 

to those of oligodendrocyte progenitor cells (OPCs) and astro

cytes when compared to controls. Since NPCs have the capacity 

to differentiate into both neurons and glial cells through neuro

genesis and gliogenesis, respectively, the upregulation of genes 

associated with OPCs and astrocytes in APPswe NPCs sug

gests an increased potential for both pathways. Taken together, 

these findings indicate that APPswe NPCs have lost their 

typical progenitor characteristics and are undergoing premature 

differentiation.

Research from various models for AD, including mouse 

models, hiPSC-derived neurons, and cerebral organoids, indi

cates that synaptic weakening is preceded by hyperexcitabili

ty.11,12,36 This observation is also supported by recent 

scRNA-seq analyses from AD patients,33–35 suggesting that 

the dysfunction or reduction of interneurons contributes to an 

excitation/inhibition imbalance, leading to hyperexcitation in 

AD brains. Hyperexcitation in glutamatergic neurons conse

quences neurotoxicity, which can induce neuronal cell death. 

(I) Primary transcriptional factors predicted to regulate genes in the turquoise module. 

(J) Ontology analysis of genes regulated by TFE3. 

(K and L) Increased susceptibility of APPswe NPCs to H2O2-induced damage compared to control NPCs. Scale bar, 20μm. n = 45, from 3 independent dif

ferentiations. *p < 0.05 (Student’s t test). Error bar ± SEM.
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Our study observed that AD NPCs-derived neurons exhibited 

heightened sensitivity to extracellular toxins. This sensitivity 

could elucidate the reduced neurogenesis observed in the hy

perexcitation environments of AD brains. The increased 

neuronal activity in AD brains not only leads to neurotoxicity 

but may also contribute to the overproduction of Aβ,37–39

which in turn promotes premature differentiation of NPCs. 

Our findings linking hyperexcitation, premature differentiation, 

and increased vulnerability of AD NPCs provide a new perspec

tive on the underlying mechanisms of AD and open new ave

nues for therapeutic interventions targeting these pathways. 

For example, by normalizing the abnormally elevated ROS 

levels in AD NPCs, it may be possible to suppress early 

neuronal differentiation and promote the formation of mature 

neurons.

Limitations of the study

In this study, we propose that premature differentiation of NPCs 

induced by the APPswe mutation may contribute to reduced 

neurogenesis observed in AD brains. However, further studies 

are required to directly determine whether this phenomenon 

in the adult AD brain is mediated by increased ROS, as demon

strated in our findings, and whether it can be normalized 

through ROS inhibition. Additionally, direct investigation is 

necessary to confirm whether transcription factors such as 

TFE3, suggested by our study, indeed function as key regula

tors in this pathological process. Finally, it will also be important 

to determine whether similar phenomena generally occur in 

other AD cases, such as those associated with APOE4 as 

observed in our study. Such findings would be critical for devel

oping novel therapeutic strategies targeting early-stage AD 

pathology.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-SOX2 antibody Abcam Cat# ab97959; 

RRID:AB_2341193

Anti-Doublecortin (DCX) antibody Abcam Cat# ab18723; RRID:AB_732011

Neuronal Class III beta-Tubulin (TUJ1) 

Monoclonal Antibody, Purified

BioLegend Cat# 801201; RRID:AB_2313773

GAPDH (6C5) Santa Cruz Biotechnology Cat# sc-32233; RRID:AB_627679

Anti-Nestin, human, clone 10C2 Millipore Cat# MAB5326; RRID:AB_2251134

Human Nestin Phycoerythrin (PE)-conjugated Antibody R&D Systems Cat# IC1259P; RRID:AB_2151147

Cleaved Caspase-3 (Asp175) (5A1E) Rabbit mAb Cell Signaling Technology Cat# 9664; RRID:AB_2070042

Anti-phospho-Histone H2A.X (Ser139) 

Antibody, clone JBW301

Millipore Cat# 05-636; RRID:AB_309864

Chemicals, peptides, and recombinant proteins

hESC-qualified matrigel Corning Cat# 356277

mTeSR1 StemCell Technologies Cat# 85850

DMEM/F-12, GlutaMAXTM supplement Gibco Cat# 10565018

NeurobasalTM Medium Gibco Cat# 21103049

MEM Non-essential Amino Acid Solution (100×) Merck Cat# M7145

GlutaMAXTM Supplement Gibco Cat# 35050061

Insulin solution human Sigma-Aldrich Cat# I9278

2-Mercaptoethanol Sigma-Aldrich Cat# M3148

Penicillin-Streptomycin (10,000 U/mL) Gibco Cat# 15140122

B-27TM supplement (50X), serum free Gibco Cat# 17504044

N-2 Supplement (100X) Gibco Cat# 17502001

Dorsomorphin dihydrochloride Tocris Cat# 3093

SB 431542 Tocris Cat# 1614

Recombinant Human FGF-basic (154 a.a.) PeproTech Cat# 100-18B

ACCUTASETM StemCell Technologies Cat# 07922

Recombinant Human/Murine/Rat BDNF PeproTech Cat# 450-02

Recombinant Human GDNF PeproTech Cat# 450-10

Glasgow’s MEM (GMEM) Gibco Cat# 11710035

KnockOutTM Serum Replacement Gibco Cat# 10828010

Sodium Pyruvate (100 mM) Gibco Cat# 11360070

endo-IWR 1 Tocris Cat# 3532

Chemically Defined Lipid Concentrate Gibco Cat# 11905031

DPBS Biowest Cat# L0615-500

Tris Duchefa Biochemie Cat# T1501

NaCl Sigma-Aldrich Cat# 9888

NP-40 Sigma-Aldrich Cat# I8896

Sodium deoxycholate Sigma-Aldrich Cat# 264103

SDS Sigma-Aldrich Cat# 62862

TritonTM X-100 Sigma-Aldrich Cat# T9284

BSA assay kit Bio-Rad Cat# 5000006

Tween® 20, Molecular Biology Grade Promega Cat# H5151

Fisher Healthcare Tissue-PlusTM O.C.T. Compound Thermo Fisher Scientific Cat# 23-730-571

Skim Milk Powder MB cell Cat# MB-S1667
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Albumin bovine, fraction V, ≥98% MP Biomedicals Cat# 0216006980

Donkey serum Merck Cat# S30-100ML

Glycine Daejung Cat# 4068-4105

Hoechst 33342 Invitrogen Cat# H3570

MitoSOX Invitrogen Cat# M36008

Live-or-DyeTM Fixable Viability Staining Kits Biotium Cat# 32008-T

XF 24 FLUXPAK MINI Agilent Technologies Cat# 102342-100

XF DMEM medium Agilent Technologies Cat# 103573-100

Seahorse XF Glucose Solution Agilent Technologies Cat# 103577-100

Seahorse XF Pyruvate Solution Agilent Technologies Cat# 103578-100

Seahorse XF Glutamine Solution Agilent Technologies Cat# 103579-100

Oligomycin Sigma-Aldrich Cat# 75351

2-Deoxy-D-glucose Sigma-Aldrich Cat# 8375

FCCP [carbonyl cyanide 

4-(trifluoromethoxy)-phenylhydrazone]

Sigma-Aldrich Cat# C2920

Rotenone Sigma-Aldrich Cat# R8875

Critical commercial assays

Click-iTTM EdU Cell Proliferation Kit for 

Imaging, Alexa FluorTM 594 dye EdU

Invitrogen Cat# C10339

P3 Primary Cell 4D-Nucleofector Kit Lonza Cat# V4XP-3024

Deposited data

scRNA-seq from human prefrontal 

cortex at gestation weeks 8-26

Zhong et al.20 GEO: GSE274912

RNA-seq data from NPCs and Neurons In this study GEO: GSE104276

Original western blot images In this study https://doi.org/10.17632/zjcy22ztjr.1

(Mendeley Data)

Experimental models: Cell lines

Human iPSC line from a healthy control (APOE3) Coriell Cat# AG09173

APOE4 isogenic line from #AG09173 Tsai Laboratory12 N/A

APPswe isogenic line from #AG09713 In this study N/A

Oligonucleotides

APP sgRNA oligomer pair (Forward): 

5’–CACCGCAGAATTCCGACATGACTC-3’

This paper N/A

APP sgRNA oligomer pair (Reverse): 

5’–AAACGAGTCATGTCGGAATTCTGC-3’

This paper N/A

ssODN for APP → APPswe 

5’-AAACTAATTGGTTGTCCTGCATACT 

TTAATTATGATGTAATACAGGTTCTGG 

GTTGACAAATATCAAGACGGAGGAGA 

TCTCTGAAGTGAATCTCGATGCAGAAT 

TCCGACATGACTCAGGATATGAAGTT 

CATCATCAAAAATTGGTACGTAAAAT 

AATTTACCTCTTTCCACTACTGT-3’

This paper N/A

Primer for APP (Forward): 

5’-GCCAACCTCTCAACCAGGAT-3’

This paper N/A

Primer for APP (Reverse): 

5’-GCACAGGATGAACCAGAGTT-3’

This paper N/A

Primer for Off-target #1 (Forward): 

5’-GATGACTAAGTAGAGTTGGGGAGC-3’

This paper N/A

Primer for Off-target #1 (Reverse): 

5’-GACAATAGCGGTTTTGATGG-3’

This paper N/A

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human-induced pluripotent stem cells (hiPSCs)

Unaffected hiPSCs carrying the APOE3 genotype were obtained from a 75-year-old female donor (Coriell #AG09173). The Institu

tional Review Board (IRB) of Daegu Gyeongbuk Institute for Science and Technology approved the use of human iPSCs (Permit Num

ber: DGIST-190829-BR-071-01). Isogenic APPswe hiPSC lines were generated from this unaffected line using CRISPR/Cas9 tech

nology with a single guide RNA (sgRNA; key resources table) and a single-stranded oligodeoxynucleotide (ssODN; key resources 

table) as described in the ‘method details’ section. The top 5 off-target sites were predicted using http://tools.genome- 

engineering.org, and the primer sets for sequencing are provided in the key resources table. Additionally, we utilized the ApoE4 

isogenic iPSC line generated previously from the same control line.12

METHOD DETAILS

Generation of isogenic iPSC lines

The sgRNAs designed to target the APP gene near the site of the APPswe mutation introduction (key resources table) were annealed 

and cloned into the pSpCas9-2A-GFP (PX458) vector (Addgene #48138). The resulting plasmid was introduced into human induced 

pluripotent stem cells (hiPSCs) by electroporation using a Amaxa 4D-Nucleofector system and the P3 Primary Cell 4D Nucleofector 

Kit (Lonza). Briefly, 1 × 106 hiPSCs were resuspended in 100 μL of the provided reaction buffer, followed by the addition of 3 μg of 

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Primer for Off-target #2 (Forward): 

5’-AGGAACAGCCTGCACATAGC-3’

This paper N/A

Primer for Off-target #2 (Reverse): 

5’-GGTGTGGATCTCAGTGGCTC-3’

This paper N/A

Primer for Off-target #3 (Forward): 

5’-AAGCACCAGTAGCCTTGACC-3’

This paper N/A

Primer for Off-target #3 (Reverse): 

5’-TGGCCAGAAGGACATAAGCC-3’

This paper N/A

Primer for Off-target #4 (Forward): 

5’-CCTGACTGGGGGATTAGGGA-3’

This paper N/A

Primer for Off-target #4 (Reverse): 

5’-GGTGCCATTCTTGGCTCTCT-3’

This paper N/A

Primer for Off-target #5 (Forward): 

5’-GGTTCCTGCTCCATCGTTCC-3’

This paper N/A

Primer for Off-target #5 (Reverse): 

5’-CGTTCATCCGTTACTGTCCAC-3’

This paper N/A

Recombinant DNA

pSpCas9(BB)-2A-GFP (PX458) Addgene Cat#43138, RRID:Addgene_48138

Software and algorithms

AxIS https://www.axionbiosystems.com/ 

products/axis-software

RRID:SCR_016308

Neural Module https://www.axionbiosystems.com/ 

products/software/neural-module

RRID:SCR_019270

Sony Biotechnology SH800S Cell Sorter https://www.sonybiotechnology.com/ 

us/instruments/sh800s-cell-sorter/

RRID:SCR_018066

GraphPad Prism http://www.graphpad.com/ RRID:SCR_002798

Seahorse Wave Agilent Technologies RRID:SCR_014526

STAR (v.2.4.0) Dobin et al.40 N/A

featureCounts Liao et al.41 N/A

DESeq2 (v1.26.0) Love et al.42 N/A

ToppGene Suite Chen et al.43 N/A

SynGO Koopmans et al.19 N/A

HOMER Heinz et al.44 N/A

PANTHER Mi et al.45 N/A
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plasmid DNA and 6 μg of single-stranded oligodeoxynucleotide (ssODN; key resources table) carrying the APPswe mutation 

sequence. Two days post-electroporation, GFP-positive hiPSCs were isolated by fluorescence-activated cell sorting (FACS; Sony 

SH800S).

hiPSCs culture

The iPSCs were cultured on hESC-qualified Matrigel (Corning)-coated culture plates and maintained in mTeSR1 media (StemCell 

Technologies). The culture media was replaced daily to ensure optimal growth and maintenance of the iPSCs.

Neural Progenitor Cell (NPC) differentiation from hiPSCs

For the differentiation of NPCs from hiPSCs, the iPSCs were initially cultured on 6-well plates coated with hESC-qualified Matrigel in 

mTeSR1 media until they reached approximately 100% confluence, forming a single layer. The media was then replaced with neural 

induction media, which comprised DMEM/F-12 GlutaMAX (Gibco), Neurobasal (Gibco), 0.5x NEAA (Merck), 0.5x GlutaMAX (Gibco), 

5 μg/ml insulin (Sigma-Aldrich), 100 μM 2-mercaptoethanol (Sigma-Aldrich), 1x Penicillin/Streptomycin (Gibco), 0.5x B-27 (Gibco), 

and 0.5x N-2 (Gibco). This media also contained 1 μM Dorsomorphin (Tocris) and 10 μM SB431542 (Tocris) and was used for 

11 days. After this induction period, the cells were dissociated using Accutase (StemCell Technologies) and passaged onto a new 

6-well plate coated with Matrigel. The cells continued to be cultured in the neural induction media until the appearance of neural 

rosette structures. Once the neural rosettes formed, the cells were passaged again to a new 6-well plate at a density of 4 x 106 cells 

per well and maintained in neural induction media supplemented with 20 ng/ml FGF2 (Peprotech). The media was changed every 

other day to support the maintenance and proliferation of NPCs.

Neuron differentiation from NPCs

For neuronal differentiation, NPCs were dissociated using Accutase (StemCell Technologies) and then plated onto a cell culture plate 

coated with Matrigel. The following day, the media was replaced with neural differentiation media, which consisted of the neural in

duction media supplemented with 10 ng/ml BDNF (Peprotech) and 10 ng/ml GDNF (Peprotech). The cells were maintained in this 

neural differentiation media for one week, with half of the media being changed every three days to ensure the optimal environment 

for neuronal differentiation.

Cerebral organoid Generation from hiPSCs

hiPSCs on Matrigel-coated plates were first dissociated using Accutase (StemCell Technologies). The cells were then seeded at a 

density of 12,000 cells per well into U-shaped 96-well plates (Corning). The cells were maintained in embryoid body (EB) formation 

media, which consisted of Glasgow’s MEM (Gibco), 20% knockout serum replacement (Gibco), 1x sodium pyruvate (Gibco), 1x 

NEAA, 0.1 mM 2-mercaptoethanol, 3 μM endo-IWR-1 (Tocris), and 5 μM SB431542, along with 20 μM Rock inhibitor, for 18– 

20 days. Additionally, 2 μM Dorsomorphin was added to the EB formation media for the first three days. The media was changed 

every other day. On days 18–20, the EBs were transferred, one per well, to a 24-well plate. The media was then replaced with neural 

induction media, consisting of DMEM/F-12 GlutaMAX, 1x N-2, and 1x Chemically Defined Lipid Concentrate (Gibco). The cells were 

maintained in an incubator with a 40% oxygen condition. The cerebral organoids were used for experiments at one month of differ

entiation. To measure the size of cerebral organoids, the organoids were imaged using an MC170 HD camera (Leica). The obtained 

images were analyzed using ImageJ software (NIH). We outlined the organoids and measured their total perimeter and area to assess 

their size.

Multi-electrode Array (MEA) recording and analysis

For MEA recordings, one-month-old cerebral organoids were plated on 6-well CytoView MEA plates (Axion BioSystems) that had 

been coated with a 0.1% PEI solution. Recordings were conducted using the Maestro Edge MEA platform (Axion BioSystems, 

USA) maintained at 37◦C and 5% CO2. Real-time data collection was performed simultaneously across all 64 electrodes. The 

data was analyzed using AxIS Navigator and AxIS Neural Metrics tool software (Axion BioSystems).

Immunohistochemistry

One-month-old cerebral organoids were first washed three times with DPBS and then fixed overnight at 4◦C in a 4% paraformalde

hyde (PFA) solution. After fixation, the organoids were washed again three times with DPBS before being incubated overnight at 4◦C 

in 30% sucrose in PBS for dehydration. Once the organoids had completely sunk, they were transferred into embedding molds 

(Sigma-Aldrich), embedded in OCT compound (Thermo Fisher Scientific), and stored at -80◦C. Cryostat sectioning was performed 

using a CM3050 S cryostat (Leica) to obtain 20 μm thick sections. For immunostaining, sections were washed five times with DPBS 

and blocked for 1 hour at room temperature in a blocking solution [1x PBS, 0.1% Triton X-100, 10% donkey serum (Merck), 2% BSA 

(MP Biomedicals), and 1 M glycine (Daejung)]. The sections were then incubated for 1 hour at room temperature with primary anti

bodies against DCX (Abcam) and nestin (Millipore). After washing five times with 0.1% Triton X-100 (Sigma-Aldrich) in PBS, the sec

tions were then incubated with fluorescently conjugated secondary antibodies (Jackson ImmunoResearch) diluted in the blocking 

solution along with Hoechst 33342 (Invitrogen) for an additional 1 hour at room temperature. After washing five times with 0.1% Triton 

X-100 in PBS, the cover glass was mounted on slide glass. Images were acquired using the LSM 800 confocal microscope (Zeiss). 
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For analysis of the organoid surface region, the area corresponding to 20% of the total region, approximately 100∼180 μm inward 

from the surface was analyzed using ImageJ.

Immunoblotting

Cerebral organoids were harvested and lysed using RIPA buffer [50 mM Tris (Duchefa Biochemie), pH 8.0, 150 mM NaCl (Sigma- 

Aldrich), 1% NP-40 (Sigma-Aldrich), 0.5% sodium deoxycholate (Sigma-Aldrich), 0.1% SDS(Sigma-Aldrich)] containing protease 

and phosphatase inhibitors. Protein concentrations were measured using a BSA assay (Bio-Rad). An equal amount of protein for 

each sample was loaded and separated by SDS-PAGE and transferred to PVDF membranes. Then the membranes were incubated 

with blocking buffer [1x PBS, 0.1% Tween-20 (Promega), 5% skim milk powder (MB cell)] for 1 hour at room temperature. After block

ing, the membranes were incubated overnight at 4◦C with the following primary antibodies: SOX2 (Abcam), DCX (Abcam), TUJ1 

(BioLegend), and GAPDH (Santa Cruz). Then, the membranes were washed three times with PBS and incubated with secondary an

tibodies for 1 hour at room temperature.

Flow cytometry analysis from cerebral organoids

One-month-old cerebral organoids were washed with DPBS and then dissociated using the Papain Dissociation System (Worthing

ton Biochemical) following the manufacturer’s instructions. The resulting single-cell suspension was fixed with 4% PFA for 15 minutes 

at room temperature and subsequently blocked for 1 hour in PBS containing 2% BSA and 0.1% Triton X-100. After blocking, the cells 

were incubated for 2 hours at 4◦C with primary antibodies: a nestin PE-conjugated antibody (R&D Systems) and an antibody against 

DCX. Following three washes with 0.1% Triton X-100 in PBS, cells were stained with an Alexa Fluor 488-conjugated secondary anti

body against DCX for 1 hour at room temperature. After another three washes with 0.1% Triton X-100 in PBS, the cells were resus

pended in PBS and analyzed for nestin-positive and DCX-positive populations using FACS.

Immunocytochemistry

To conduct immunocytochemistry experiments, cells were washed three times with DPBS and fixed with 4% PFA solution for 

10 minutes at room temperature. After fixation, cells were washed three times with DPBS and incubated with a blocking solution 

for 1 hour at room temperature. The cells were then incubated overnight at 4◦C with the following primary antibodies: DCX, 

nestin, cleaved caspase 3 (Cell Signaling Technology), and Anti-phospho-Histone H2A.X (Millipore). After washing three times 

with 0.1% Triton X-100 in PBS, the cells were then incubated with fluorescently conjugated secondary antibodies diluted in 

blocking solution and Hoechst 33342 for 1 hour at room temperature. After washing three times with 0.1% Triton X-100 in 

PBS, the coverslips were mounted on slide glasses. Images were obtained with the LSM 800 confocal microscope and 

analyzed with ImageJ.

Seahorse extracellular analysis

XF plates were prepared by coating with Matrigel, and cells were seeded into the plates, excluding the blank wells. After main

taining NPCs and differentiating them into neurons for one week, the ATP rate assay was conducted. The day prior to the assay, 

the Agilent Seahorse XFp Analyzer was turned on to prewarm overnight. A sensor cartridge was hydrated and the subdivided cal

ibrant was incubated at 37◦C in a non-CO2 incubator overnight. On the day of the assay, the cartridge, assay medium (composed 

of 10 mM D-glucose, 2 mM L-Glutamine, 1 mM Sodium Pyruvate in XF DMEM, adjusted to pH 7.4 at 37◦C), and the Seahorse XFp 

cell culture miniplate were prepared. Cells were carefully washed twice with the assay medium, and finally 50 μL of the medium 

was added to each well. Stock compounds were then prepared (to achieve final concentrations of 1.5 μM oligomycin and 0.5 μM 

rotenone plus antimycin A) and loaded into the sensor cartridge. The experimental template was uploaded to the Seahorse 

analyzer, which then detected the real-time data. The results were subsequently analyzed using Seahorse Wave Software 

(Agilent).

EdU staining

EdU staining was performed using the Click-iT EdU Alexa Fluor 594 Imaging Kit (Invitrogen) according to the manufacturer’s instruc

tions. In brief, NPCs were incubated with EdU (1 μM) at 37◦C for 4 hours, 10 hours, 16 hours, or 24 hours. NPCs were then washed 

three times with DPBS and fixed with 4% PFA solution for 10 minutes at room temperature. After washing the NPCs three times with 

0.1% Triton X-100 in PBS, they were incubated with EdU reaction cocktail for 30 minutes at room temperature. The NPCs were then 

washed with 3% BSA in PBS and mounted on slide glasses for imaging.

MitoSOX staining and Fluorescence-activated Cell Sorting (FACS)

NPCs were dissociated using Accutase, counted with the Countess II (Invitrogen), and distributed at a density of 4 x 106 cells per 1 ml 

in neural induction media supplemented with 20 ng/ml FGF. Subsequently, 1 μl of 5 mM MitoSOX (Invitrogen) and 2 μl of Live-or-Dye 

(Biotium) were added to suspended cells. The cells were then incubated at 37◦C for 20 minutes on a ThermoMixer C (Eppendorf) at 

500 rpm, protected from light. After staining, the cells were washed three times with DPBS and strained using a 35 μm cell strainer. 

The stained cells were then sorted by FACS, selecting Live-or-Dye negative and MitoSOX positive cells.
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Transcriptomic analysis

Extracted total RNA was subject to RNA-seq library preparation. Libraries were pooled for sequencing using Illumina NGS platform. 

The raw fastq data were aligned to human hg38 assembly using STAR 2.4.0 RNA-seq aligner.40 Gene raw counts were generated 

from the mapped data using featureCounts tool.41 Gene raw count matrix was processed by DESeq2 1.26.0 package42 for differential 

expression analysis using negative binomial model. To explore the gene ontology of DEGs for the ‘biological process,’ the ToppGene 

Suite43 or SynGO was used. To determine the overlap of neurogenesis cell markers with the human database, Fisher’s exact test was 

performed to check the statistical significance of gene overlap of cell-type specific genes identified in GSE10427620 with up and 

down-regulated gene lists identified from our RNA-seq data and presented in heatmap. Pseudotime trajectory analysis using 

GSE104276 database and our RNA-seq data was performed with Monocle2.46 In brief, the expression matrix of 1540 single cells 

subject to NPC neuroglia pseudotime analysis in the original paper was collected and combined with the count matrix of in-house 

bulk RNA-seq data for cross-sample normalization using DESeq2 package. Genes with a minimal expression value of 0.1 were 

kept for trajectory analysis. 1180 Cell-type specific markers identified in the original paper were used as ordering genes for 

setOrderingFilter function. Dimension reduction was performed using the DDRTree method. WGCNA47 was applied to explore 

gene co-expression pattern. Briefly, genes with average FPKM values greater than 0.1 were selected for calculating a set of soft- 

thresholding powers for signed network construction. A power value with SFT.R.sq > 0.9 (approximately scale-free) was chosen 

to compute adjacency matrix for a signed co-expression network. The topological overlap matrix (TOM) was then calculated, and 

average linkage hierarchical clustering was used to group genes based on their topological overlap. A dynamic tree-cutting method 

was used (minClusterSize = 100 and cutHeight = 0.999) to create gene co-expression modules and the results were visualized in a 

dendrogram. For module-trait correlation analysis, module eigengene values were correlated with sample trait values to calculate 

Pearson’s correlation value and statistical significance as instructed in WGCNA tutorials and presented in a heatmap. Gene connec

tivity within each individual module was exported to VisANT for network visualization. Only the top 30 hub genes with the highest 

connectivity scores were presented in the network. To explore the gene ontology for the ‘biological process,’ the ToppGene Suite 

was used.

Transcription factor binding motif enrichment

Transcription factor binding motifs in promoter regions of genes in the turquoise module were identified using HOMER44 with the 

settings findMotifs.pl <goi.txt> human <output_path> -bg <bg.txt>. Promoter regions of all genes included in the differential analysis 

were provided to HOMER as background regions. Known HOMER motifs were selected using HOMER calculated q-values (Benja

mini) ≤ 0.05 and fold enrichment ≥ 2 (% motif present in target regions / % motif in background regions). HOMER motifs were con

verted to meme format and matched to putative transcription factors using Tomtom48 and the HOCOMOCO v12 database for known 

transcription factors using tomtom motif.meme H12CORE_meme_format.meme -o <output_path>. Matched transcription factors 

were selected with q-value ≤ 0.0001 and were assessed for differential gene expression across APPswe NPC (versus control), 

high-ROS NPC (versus low-ROS NPC), high-ROS neuron (versus low-ROS neuron). Promoter regions with TFE3 binding sites 

were extracted using HOMER annotatePeaks.pl tss hg38 -size -300,50 -list <goi.txt> -m <TFE3.motif>. Gene ontology pathways 

for TFE3 gene promoters were assessed using PANTHER45 using all genes included in the differential analysis as background. 

Repeated terms with the same content were excluded.

QUANTIFICATION AND STATISTICAL ANALYSIS

Prism 10 (GraphPad) was used for statistical analysis. Unpaired Student’s t-test or one-way ANOVA test with Dunnett’s post hoc 

analysis was used. The asterisks are defined in each relevant figure legends, together with the name of the statistical test.
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