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SUMMARY

The molecular basis of the earliest neuronal changes
that lead to Alzheimer’s disease (AD) is unclear. Here,
we analyze neural cells derived from sporadic AD
(SAD), APOE4 gene-edited and control induced
pluripotent stem cells (iPSCs). We observe major dif-
ferences in iPSC-derived neural progenitor (NP) cells
and neurons in gene networks related to neuronal dif-
ferentiation, neurogenesis, and synaptic transmis-
sion. The iPSC-derived neural cells from SAD pa-
tients exhibit accelerated neural differentiation and
reduced progenitor cell renewal. Moreover, a similar
phenotype appears in NP cells and cerebral organo-
ids derived from APOE4 iPSCs. Impaired function of
the transcriptional repressor REST is strongly impli-
cated in the altered transcriptome and differentiation
state. SAD and APOE4 expression result in reduced
REST nuclear translocation and chromatin binding,
and disruption of the nuclear lamina. Thus, dysregu-
lation of neural gene networks may set in motion the
pathologic cascade that leads to AD.
INTRODUCTION

Alzheimer’s disease (AD) is the most common neurodegenera-

tive disorder, affecting over 47 million people worldwide (Prince

et al., 2016). AD has a long prodromal period that can span de-

cades and is characterized by the accumulation of pathology

prior to the onset of memory loss. The molecular basis of these

early changes in the brain is unclear. Generation of induced

pluripotent stem cells (iPSCs) from patients is an approach to

recapitulating the earliest molecular and pathological changes

in age-related disorders. Studies of iPSCs derived from AD pa-

tients with an APP duplication and an SAD patient demonstrated

elevated Ab40 and phosphorylated tau, as well as GSK3b activa-

tion, in differentiated neurons (Israel et al., 2012). Increased Ab42

and tau were also observed in iPSC lines from two patients with

the V717I APP mutation (Muratore et al., 2014). In another study,
1112 Cell Reports 26, 1112–1127, January 29, 2019 ª 2019 The Auth
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increased accumulation of intracellular Ab and oxidative stress

were observed in one iPSC line from a familial AD patient with

an APP mutation and in an iPSC line from a SAD patient (Kondo

et al., 2013). In addition, studies of iPSC lines derived from pa-

tients with presenilin mutations showed increased Ab42 levels

upon differentiation to neural progenitors or neurons (Sproul

et al., 2014; Yagi et al., 2011). Recently, isogenic apolipoprotein

E4 (APOE4) lines were reported to show increased levels of

phosphorylated tau and Ab (Knoferle et al., 2014; Lin et al.,

2018), as well as increased synapse formation and altered astro-

cyte and microglial function (Lin et al., 2018). However, a shared

phenotype andmolecular mechanism among iPSC-derived neu-

ral cells from patients with SAD has not been described.

To explore the pathogenesis of SAD, we generated iPSCs from

a larger cohort of SADpatients and age-matched controls. Neural

progenitor (NP) cells derived from SAD iPSC lines showed a

marked increase in the expression of neural differentiation-related

genes, leading to premature neuronal differentiation and reduced

NPcell renewal. SADneurons also exhibited accelerated synapse

formation and increased electrical excitability. This SAD-related

phenotypewasconfirmed inadditional iPSC lines thatweregener-

ated in other laboratories. Functional analysis of the transcriptome

of SAD NP cells and neurons suggests that upregulated genes

are regulated by the transcriptional repressor REST (repressor

element 1-silencing transcription factor) (also known as neuron-

restrictive silencer factor [NRSF]). REST is a central regulator of

neuronal differentiation (Ballas and Mandel, 2005; Chong et al.,

1995; Schoenherr and Anderson, 1995) that is induced in the

normal aging human brain and reduced in AD (Lu et al., 2014).

SAD NP cells showed reduced nuclear REST levels and REST-

RE1 site binding. A similar differentiation phenotype and involve-

ment of REST were observed in isogenic neural cells generated

from iPSCs that were gene edited to express APOE4, a prevalent

genetic AD risk factor. Conversely, gene editing of APOE4 to the

neutral allele APOE3 reversed the phenotype. Loss of function of

REST in SAD and upon APOE4 expression is due to reduced nu-

clear translocation and chromatin binding, and is associated

with disruption of the nuclear lamina. These findings suggest

that REST dysfunction and epigenetic dysregulation emerge in

SAD and APOE4 NP cells and persist in differentiated neurons,

potentially contributing to the onset of AD.
or(s).
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RESULTS

Reprogramming of Fibroblasts into iPSCs
To obtain NP cells, dermal fibroblast cells from five individuals

with SAD and six age-matched, normal controls (NL) were first

reprogrammed to iPSCs. Dermal fibroblasts were acquired

from the Coriell Cell Repository (Camden, NJ) and the age of bi-

opsy ranged from 60 to 92 years with similar gender representa-

tion (Table S1). Reprogramming of iPSCs was achieved through

retroviral transduction of OCT4, SOX2, KLF4, and cMYC (Park

et al., 2008). After isolation of iPSC colonies, stem cell lines

underwent a series of quality control measures. High expression

of pluripotencymarkersNANOG, TRA-1-81,SOX2, andOCT3/4,

as well as in vitro and in vivo differentiation into all three germ

layers and increased alkaline phosphatase enzymatic activity,

were confirmed (Figures S1A–S1D; Table S2). All analyzed lines

maintained a normal karyotype after reprogramming except

SAD1, which showed a balanced translocation between chro-

mosome 3 and chromosome 5 (data not shown). Transcriptional

profiling did not show a significant difference in gene expression

between the SAD and NL iPSC lines (Figure S1E).

Induction of Genes That Mediate Neurogenesis
and Neuronal Differentiation in SAD NP Cells
To generate NP cells, iPSCs were first cultured in suspension as

embryoid bodies (EBs) and later plated to form neural rosettes.

The neural rosettes were dissociated and grown in the presence

of mitogenic factors to become a stable and self-renewing pop-

ulation (Figure 1A). SAD and NL NP cell lines showed similar

expression of the NP cell markers Nestin, Musashi, and SOX2

in more than 95% of cells (Figures 1B and 1C). In addition, NP

cells were negative for the pluripotency markers NANOG,

OCT3/4, and TRA-1-81, and the glial cell marker GFAP (data

not shown). DNA fingerprinting of the NP cell and fibroblast cell

lines confirmed their identity (Table S2).

Gene expression profiling of NP cells showed robust differ-

ences between the SAD and NL lines (Figure 1D; Tables S2

and S3). Gene Ontology enrichment analysis of differentially ex-

pressed genes in the SAD lines showed highly enriched cate-

gories related to neurogenesis and neuronal differentiation (Fig-

ure 1E; Table S3). An overview of genes related to neuronal

differentiation is shown in Figure 1F. The most strongly upregu-

lated genes in this category included transcription factors

involved in the induction of neurogenesis, such as ASCL1/

MASH1 (8.9-fold),DLX2 (5.8-fold), andMEIS1 (5.7-fold), markers

of early neuronal differentiation, such as DCX (11.4-fold; false

discovery rate [FDR] = 0.054), CD24 (8.2-fold), and STMN2

(13.5-fold), and genes that are involved in axonal targeting

such as EPHB1 (3.7-fold). Thus, by comparing gene expression

profiles between SAD and NL NP cell lines from iPSCs, we iden-

tified gene enrichment in processes related to neurogenesis and

neuronal differentiation.

Early Neuronal Differentiation of SAD NP Cells
A subset of genes upregulated in SAD NP cells was further vali-

dated by qRT-PCR. To confirm the reproducibility of these find-

ings, we expanded the qRT-PCR analysis by adding four NL and

two SAD NP cell lines generated from iPSCs that were obtained
from two different laboratories (Boulting et al., 2011; Israel et al.,

2012) (Table S2). In agreement with the transcriptome analysis,

expression of the neuronal genes DCX, ASCL1, MAPT, CD24,

EPHB1, and STMN2 was significantly upregulated in SAD (Fig-

ure 2A). Notably, MAPT, more commonly known as tau and the

primary component of neurofibrillary tangles in AD, was signifi-

cantly increased in SAD compared to NL. As expected from

gene expression profiling, the SAD risk factor gene APOE and

CCND2, a regulator of cell cycle progression and neurogenesis

(Kowalczyk et al., 2004), were significantly downregulated in

SAD NP cells (Figure 2B). To determine whether the APOE geno-

type influences the group effect on gene expression, we

excluded APOE4 carriers and re-analyzed the data on APOE3/

E3 lines. Importantly, the APOE3/E3 SAD lines consistently

showed increased expression of neuronal differentiation genes

relative to APOE3/E3 NL lines (Figures S2A and S2B). NP cells

were then further analyzed by fluorescence-activated cell sorting

(FACS) of the cell surface adhesion protein CD24. CD24 is ex-

pressed during developmental and adult neurogenesis and has

been used as a marker of early neural lineage specification

(Calaora et al., 1996; Pruszak et al., 2009; Yuan et al., 2011).

Consistent with the qPCR data, FACS analysis of CD24 showed

a significantly increased number of CD24HIGH NP cells in the SAD

lines, indicating early neural lineage differentiation (Figures 2C

and 2D).

We next assessed neuronal differentiation by immunofluores-

cence microscopy using nestin and doublecortin (DCX) anti-

bodies. DCX is a microtubule binding protein that is expressed

transiently in immature neurons during neurogenesis but is not

expressed inmature neurons (Gleeson et al., 1999). Confocal im-

aging of NP cells showed that most cells expressed the NP cell

marker nestin, while a subset of cells expressed DCX (Figures 2E

and 2F). DCX-positive cells exhibited neuronal morphology with

the elaboration of neuritic processes that were immunoreactive

for the early neuronal marker, b-tubulin III (Figure 2F). Both

DCX and the neuronal protein tau were expressed at significantly

higher levels in SAD NP cells relative to NL controls (Figures 2E–

2G, S2C, and S2D; Table S2). Phosphorylation of tau at Thr231

and Thr205 was not increased (Figure S2D).

The proliferation of SAD NP cells was significantly reduced

relative to NL controls, consistent with increased neural differen-

tiation (Figure S2E; Table S2). The decrease in SAD NP cell

proliferation was confirmed by decreased incorporation of the

S-phase marker EdU (Figure S2F; Table S2), and markedly

reduced expression of the NP cell proliferation gene CCND2

(Figure 2B). Analysis of active b-catenin and cleaved Notch1

by western blotting did not show significant differences in SAD

versus NL NP cell lines (Figures S2G and S2H). Thus, changes

in Wnt/b-catenin or Notch signaling could not account for the

altered differentiation and proliferation of SAD NP cells.

Early Differentiation of SAD NP Cells Is Not Caused
by Ab
Increased accumulation of amyloid-b protein (Ab) has been

implicated in increasing differentiation of NP cells (López-Tole-

dano and Shelanski, 2007). Ab40 and Ab42 levels were

measured in NP cell-conditioned medium by ELISA. Ab40 levels

were significantly increased in the SAD NP cell lines, but Ab42
Cell Reports 26, 1112–1127, January 29, 2019 1113
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Figure 1. Differentiation and Characterization of SAD Neural Progenitors

(A) Schematic of iPSC differentiation to neural progenitor (NP) cells.

(B) Representative NP cells expressing the neural stem cell markers Nestin, Musashi, and SOX2. NL1: NP cells generated from an iPSC line derived from a normal

control. SAD1: NP cells generated from an iPSC line derived from a patient with sporadic Alzheimer’s disease. Scale bar, 50 mm.

(C) Quantification of neural stem cell markers Nestin, Musashi, and SOX2 shown in (B) using MetaMorph software. Data represent the mean ± SEM from 5 fields

per cell line. Each point represents one cell line with 3 replicates (Table S2).

(D) Unsupervised hierarchical clustering of genes differentially expressed between sporadic Alzheimer’s disease (SAD) and NL NP cells. Differentially expressed

genes (rows) and cells (columns) were clustered, and gene expression, transformed to a z-score per gene, is represented in a heatmap. NL, n = 5; SAD, n = 5.

(E) Gene Ontology (GO) biological process groups enriched in genes upregulated in SAD NP cells.

(F) Schematic of neurogenesis and neuronal differentiation based on the adult subgranular zone.
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Figure 2. Accelerated Differentiation of SAD Neural Progenitors

(A) Elevated expression of neurogenesis genes in NP cells derived from SAD iPSCs. Shown is mRNA expression determined by qRT-PCR. Data represent the

mean fold change ± SEM relative to the mean expression level of the NL NP cell lines after normalizing to GAPDH expression. Each dot represents one cell line

with 3 replicates (Table S2).

(B) Decreased mRNA expression of APOE and CCND2 in SAD NP cells as determined by qRT-PCR. Data represent the mean ± SEM relative to the mean

expression level of the SAD lines normalized to GAPDH expression. Each dot represents one cell line with 3 replicates (Table S2).

(C) Light scatterplots from FACS analysis using the neural lineage differentiation cell surface marker CD24 in NP cells.

(D) Percentage of NP cells with high CD24 levels (inner boxed area in C) in NL and SAD NP cell lines (Table S2). Data represent the mean ± SEM; n = 3.

(legend continued on next page)
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levels were below the limits of detection of the ELISA (Figure 2H).

To determine whether Ab plays a role in the differentiation

phenotype, three SAD NP cell lines were treated with a BACE1

inhibitor or two different g-secretase inhibitors, Compound E

(CE) and N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylgly-

cine t-butyl ester (DAPT), to inhibit Ab generation. Significant

reduction of Ab40 levels was observed after treatment with the

BACE1 inhibitor (50%–59% reduction), and the g-secretase in-

hibitors DAPT and CE (65%–75% and 69%–81% reduction,

respectively) (Figure 2I). Importantly, expression levels of DCX,

ASCL1, and CD24 were not significantly decreased by inhibition

of Ab generation (Figure 2J), suggesting that Ab is unlikely to be

related to early neural differentiation in SAD NP cells.

Increased Expression of Neural Gene Networks in SAD
Neurons
To explore whether increased expression of neuronal genes is

sustained after terminal differentiation of NP cells to neurons,

NP cells were differentiated for 6 weeks. More than 75% of all

cells exhibited neuronal morphology and positive immunofluo-

rescent labeling of the neuron-specific markers b-tubulin III

and MAP2 (Figure S3A). This differentiation protocol yielded

two different neuronal subtypes. Glutamatergic neurons, the

largest neuronal subpopulation affected in AD, comprised

60%–80% of the neuronal cultures (vesicular glutamate trans-

porter 1 [VGLUT1] positive), while GABAergic (GABA-positive)

neurons represent a smaller fraction of 5%–20% (Figure S3B).

Unbiased genome-wide expression profiling showed highly

significant gene expression differences in SAD compared to

NL neurons (Figure S3C; Table S4). Gene Ontology analysis

showed that the most significantly upregulated biological

processes are related to neuronal maturation, such as nervous

system development and synaptic transmission (Figure S3D;

Table S4). Specifically, SAD neurons showed upregulation of

genes involved in synapse formation, axon guidance, neuro-

transmitter receptors, and ion channels that play key roles in

neurotransmission (Figure S3E). In addition, cell cycle genes

were predominantly downregulated, consistent with accelerated

post-mitotic differentiation of SAD neurons. A subset of the SAD

neuronal gene expression differences was confirmed in the full

cohort of cell lines by qRT-PCR (Figure S4A). Although NP cells

represent an earlier stage of neuronal development, SAD NP

cells and neurons shared a significant number of upregulated
(E) Confocal fluorescence microscopy of representative NL3 and SAD3 NP cells a

bar, 100 mm.

(F) Representative immunofluorescence image of SAD3 showing neuronal morpho

for the NP cell marker Nestin (green) and the early neuronal marker DCX (red). The

b-tubulin III (green). Both panels are also labeled with DAPI (DNA, blue). Scale ba

(G) Quantification of western blot analysis using DCX and tau antibodies in NL and

actin and GAPDH. Data represent the mean ± SEM; n = 3.

(H) Levels of Ab40 in 5-day conditioned cell culture medium from NL and SAD NP

represent mean ± SEM of n = 3.

(I) Decreased Ab40 production in SAD NP cells after treatment with the g-secretas

(0.2 mM).

(J) Fold change in mRNA expression of DCX, CD24, and ASCL1 in SAD versus NL

(CE) (20 nM), or the BACE1 inhibitor IV (0.2 mM).

Values represent the mean ± SEM; n = 3 independent replications from one NL a

Whitney U test.

1116 Cell Reports 26, 1112–1127, January 29, 2019
genes related to neural differentiation and function (Figures

S4B and S4C).

Accelerated Maturation of SAD Neurons
To determine whether upregulation of neuronal genes acceler-

ates the maturation of SAD neurons, we first assessed synapse

formation by quantifying the number of synapsin-1-positive

puncta. SAD neurons exhibited significantly increased numbers

of synapsin-1-positive puncta relative to NL controls (Figure 3A).

These findings were substantiated by patch-clamp electrophys-

iology. The time course of the appearance of action potentials

(APs) was markedly different between SAD and NL neurons

(Figure 3B). Generation of APs was detected in the SAD lines

by 4.5–7.5 weeks of differentiation, but did not appear in any of

the NL lines until 10–12 weeks (Figures 3B and 3C). Even after

10–12 weeks of differentiation, SAD neurons generated signifi-

cantly more AP spikes than NL controls (Figures 3B and 3C).

This difference in the appearance of APs in SAD versus NL

neurons was also observed when neurons were co-cultured

with astrocytes (Figure 3C). In 10- to 12-week differentiated neu-

rons, the maximum amplitude of APs was calculated from the

resting membrane potential (RMP) and threshold potential.

SAD neurons showed increased mean maximum AP amplitude

relative to NL controls (Figure 3D). Co-culture with rat astrocytes

increased the mean maximum AP amplitudes, and there was no

significant difference between SAD and NL neurons (Figure 3D).

There were also no differences in RMP or threshold potentials

between SAD and NL neurons.

We next evaluated sodium and potassium channel dynamics

by assessing inward and outward currents in voltage-clamp

configuration (Figure 3E). The sodium current amplitude was

significantly increased in SAD versus NL neurons, which was

largely abolished by astrocyte co-culture at 10–12 weeks of dif-

ferentiation (Figure 3F). The mean amplitude of potassium out-

ward currents was also significantly higher in SAD compared

to NL neurons at every measured time point, and this difference

persisted upon astrocyte co-culture (Figure 3G). Taken together,

these results suggest that SAD neurons mature more rapidly

than NL controls, and maintain increased electrical excitability

even after 3 months of differentiation.

We askedwhether the acceleratedmaturation of SAD neurons

was accompanied by biochemical changes associated with AD

pathology. Phosphorylation of tau is the major biochemical
fter labeling for doublecortin (DCX) (red), Nestin (green), and DAPI (blue). Scale

logy in a subset of cells in SADNP cell cultures. The top panel is double-labeled

bottom panel is double-labeled for DCX (red) and another early neuronal marker

r, 50 mm.

SAD NP cells (Table S2). Protein levels were normalized to the loading controls

cells (Table S2) determined by ELISA and normalized to total protein. Values

e inhibitors DAPT (2 mM) or Compound E (CE, 20 nM), or the BACE1 inhibitor IV

NP cells following inhibition of Ab production by DAPT (2 mM) or Compound E

nd one SAD NP cell line. *p < 0.05, **p < 0.01, and ***p < 0.001 by the Mann-



Figure 3. Accelerated Maturation and Increased Excitability of SAD Neurons

(A) Increased synapsin-1-positive puncta in SAD neurons (days in vitro [DIV], 6 weeks). Representative NL4 and SAD2 neurons were labeled for synapsin 1 (red) or

MAP2 (green). Data represent the mean ± SEM from 5–6 fields per cell line.

(B) Assessment of timing of action potential (AP) induction in NL and SAD neurons. Representative profiles of induced APs from SAD and NL neurons (top) and

measured APs after 4.5–15 weeks of differentiation (bottom).

(C) AP spike number in SAD and control neurons after 4.5–12 weeks of differentiation. Some SAD and NL NP cells were co-cultured with rat astrocytes and then

assessed after 10–12 weeks of neuronal differentiation (indicated by red and gray bars).

(D) Maximum AP amplitude of NL and SAD neurons determined relative to either resting membrane potential (RMP) or threshold after 10–12 weeks of

differentiation.

(E) Representative current profiles following cell depolarization by voltage steps from �50 to +55 mV.

(F andG)Minimum inward (SodiumCurrent) (F) andmaximumoutward (PotassiumCurrent) (G) currentsweremeasured in NL and SAD neurons after the indicated

duration of differentiation.

(C–G) n = 4-43 neurons; p values: *p < 0.05, **p < 0.01, and ***p < 0.001 by the Mann-Whitney U test except for (D) (Student’s t test). Refer to Table S2 for

experimental details.
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Figure 4. Altered Regulation of REST and Accelerated Neuronal Differentiation in SAD NP Cells

(A and B) Transcription factor prediction based on enrichment in genes that are differentially expressed in SAD versus NL NP cells (A) and neurons (B) using the

ENCODE ChIP-seq database. Predictions are stratified for genes that were upregulated or downregulated, and all genes in the SAD versus NL comparison.

(C) REST-RE1 site binding is markedly reduced in SAD NP cells. REST ChIP-PCR (REST antibody; Millipore; #17-641) was performed for RE1 sites in SNAP25,

SCN3B, CALB1, DCX, and ASCL1. N = 2 biological replicates per line for 10 NL and 7 SAD NP cell lines.

(legend continued on next page)
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change that underlies neurofibrillary pathology. To assess this

change, we analyzed the levels of total and GSK3b-mediated

phosphorylated tau by western blot analysis. Significantly

increased tau phosphorylation was detected at Thr231 in SAD

neurons relative to NL controls but not at Thr205 (Figures S4D

and S4E). In addition, levels of Ab40 trended higher in SAD neu-

rons relative to controls (p = 0.051) (Figure S4F). There was no

significant difference in Ab42 (data not shown). These results

suggest that the accelerated differentiation of SAD neurons is

associated with altered regulation of tau phosphorylation and

possibly Ab generation.

Loss of Function of REST in SAD NP Cells
To identify transcription factors that mediate global gene expres-

sion changes in SAD, unbiased transcription factor enrichment

analysis was performed using the ENCODE chromatin immuno-

precipitation (ChIP) database. This suggested that the transcrip-

tional repressor REST/NRSF and two components of the poly-

comb repressive complex 2 (PRC2), EZH2 and SUZ12, are the

most strongly predicted transcription factors regulating upregu-

lated genes in SAD NP cells and neurons (Figures 4A, 4B, S5A,

and S5B). REST has been shown to physically interact with

both EZH2 and SUZ12, which can lead to the recruitment of

the PRC2 complex (Dietrich et al., 2012; Mozzetta et al., 2014;

Tsai et al., 2010). Furthermore, the ChIP ENCODE library showed

significant target gene overlap of REST with EZH2 or SUZ12

(Table S5).

Since REST is a transcriptional repressor andwas predicted to

be a major contributor to gene upregulation in SAD NP cells and

neurons, we hypothesized that REST activity was reduced. To

address this hypothesis, we first performed REST ChIP, which

showed significantly decreased binding of REST to its RE1 bind-

ingmotif in the target genes SNAP25, SCN3B,CALB1,DCX, and

ASCL1 in SAD NP cells relative to controls (Figure 4C; Table S2).

Since REST mRNA and protein levels were not significantly

different between SAD and NL (Figures S5C–S5E), we assessed

nuclear REST by labeling isolated NP cell nuclei with a fluores-

cent conjugated REST antibody and performing FACS analysis

(Figure 4D). FACS analysis showed significantly reduced nuclear
(D) FACS analysis and quantification of nuclear REST levels in NL and SAD NP ce

SAD NP cell lines.

(E) Quantification of REST nuclear intensity (left) and fraction of total cellular RES

Millipore; #07-579). Data represent the mean ± SEM from 4 replicates in 3 SAD a

(F) Immunolabeling of representative SAD4NP cells for REST (Millipore; #07-579),

bar, 50 mm.

(G) Quantification of REST nuclear intensity in DCX-positive and DCX-negative c

(H) REST knockdown by two previously described REST shRNAs (sh-RESTa and s

NL3. DCX expression levels were normalized to expression in the control shRNA

periments.

(I) Quantification ofDCXmRNA expression in NL and SAD NP cell lines after overe

(Control) or REST (REST-OE) and analyzed by qRT-PCR. Data represent fold chan

the GFP control lentivirus and normalized to GAPDH. Values represent the mean

(J) Quantification of gene expression in SAD NP cells after overexpression of RE

(REST-OE) and analyzed by qRT-PCR. Data represent the mean from 3 experim

(K) Representative confocal immunofluorescence images of DCX-positive neuro

lentivirus (SAD+REST) or GFP control lentiviral particles (SAD). Scale bar, 50 mm

(L) Quantification of DCX-positive cells in the presence (+) or absence (�) of RES

Data represent the mean ± SEM from four experiments. *p < 0.05, **p < 0.01, an
REST in SAD NP cells. Furthermore, localization of REST by

immunofluorescence showed significantly reduced nuclear and

increased cytoplasmic REST in SAD NP cells (Figures 4E and

S5F). The reduction in nuclear REST was most pronounced in

the subset of DCX-positive cells in multiple SAD NP cell lines

(Figures 4F and 4G). In addition, downregulation of REST in

normal control NP cells by two different short hairpin RNAs

(shRNAs) increased DCX expression (Figure 4H). These results

suggest that REST function is reduced in SADNP cells as a result

of reduced nuclear translocation and chromatin binding.

Exogenous REST Expression Prevents Early
Differentiation of SAD NP Cells
To determine whether overexpression of REST could rescue the

differentiation phenotype in SAD NPs, we transduced multiple

SAD NP cell lines with lentiviral vectors encoding REST. First,

we measured DCX gene expression and found significantly

decreasedDCXmRNA expression in SAD NP cells overexpress-

ing REST compared to SAD cells transduced with GFP (Fig-

ure 4I). This analysis was expanded to additional genes that

are involved in neurogenesis and upregulated in SAD NP cells.

REST overexpression reversed gene upregulation of ASCL1,

GABRB3, MEIS1, EPHB1, CD24, STMN2, and SCN2A (Fig-

ure 4J), and increased the expression of genes that are downre-

gulated in SAD NP cells, including the cell proliferation gene

CCND2 and the AD risk factor gene APOE (Figure 4J). In addi-

tion, exogenous REST expression in SAD NP cells significantly

reduced the number of DCX-positive neuronal cells (Figures 4K

and 4L). These results suggest that REST loss of function con-

tributes to the accelerated differentiation of SAD NP cells.

APOE4 Induces Early Neuronal Differentiation
and Dysregulation of REST
The APOE allele E4 is the most significant genetic risk factor for

late-onset AD, whereas the prevalent E3 allele (APOE3) is neutral

for AD risk (Yu et al., 2014). To explore whether the APOE4 risk

allele leads to epigenetic dysregulation and early neuronal differ-

entiation similar to that observed in SAD NP cells, we generated

isogenic iPSC lines that differ only in their APOE genotype (Lin
lls. Data represent the mean ± SEM from 3–5 replicates per line for 10 NL and 7

T signal in the nucleus (right) by confocal immunolabeling of REST (anti-REST;

nd 3 control NP cell lines.

nestin, and DCX. The DCX-positive soma is delineated by a dotted circle. Scale

ells. Data represent the mean ± SEM from 3 SAD NP cell lines.

h-RESTb; Lu et al., 2014) increasesDCXmRNA levels in the control NP cell line

-treated culture (sh-Scramble). Values represent the mean ± SEM from 3 ex-

xpression of REST. Cells were transduced with lentiviral vectors encoding GFP

ge relative to the mean of theDCXmRNA levels in the NL lines transduced with

± SEM from 3 experiments.

ST. Cells were transduced with lentiviral vectors encoding GFP (GFP) or REST

ents ± SEM.

nal cells and nestin (green) in SAD3 NP cell cultures transduced with REST

.

T overexpression.

d ***p < 0.001 by Student’s t test.

Cell Reports 26, 1112–1127, January 29, 2019 1119



Nestin DCX Nestin DCX DNA

A

EC D

B

F

G

Figure 5. Altered Regulation of REST and Accelerated Neuronal Differentiation in Gene-Edited NP Cells Expressing APOE4
(A) Expression of DCX, ASCL1, and MAPT in APOE4 isogenic (E4 ISO) versus parental APOE3 (E3) NP cells. Data represent the mean ± SEM from 3 biological

replicates of 1 APOE3 parental line and 2 individual APOE4 isogenic clones. Expression was determined by droplet digital PCR (ddPCR) and normalized to TBP.

Isogenic lines were derived by gene editing from the APOE3/E3 and APOE4/E4 lines AG09173 and AG10788, respectively (see Table S1).

(B) Expression of DCX, ASCL1, and MAPT in APOE4 parental (E4) versus isogenic APOE3 (E3 ISO) NP cells. Data represent the mean ± SEM from 3 biological

replicates of 1 APOE4 parental line and 2 individual APOE3 isogenic clones, and was normalized to TBP.

(C) Immunolabeling for nestin (red) and DCX (green) in isogenic APOE NP cells. Shown are E3 parental NP cells (E3), E4 isogenic NP cells (E4 ISO), E4 parental NP

cells (E4), and E3 isogenic NP cells (E3-ISO). Scale bar, 100 mm.

(D) Quantification of the immunolabeling shows amarked increase in DCX-positive cells in both parental APOE4 and isogenic APOE4 cell lines relative to APOE3.

Data represent the mean ± SEM from 5 fields from 3 independent biological replicates.

(E and F) Quantification (E) of western blot analysis (F) of DCX protein levels in 2 E3-ISO lines compared to parental E4 and 2 E4-ISO lines compared to E3.

(G) Individual cell analysis of REST in the nucleus and cytosol, as well as the fraction of total cellular REST in the nucleus (Nuclear Fraction/Total) after REST

immunolabeling (REST Antibody; Millipore; #07-579). *p < 0.05, **p < 0.01 and ***p < 0.001 by Student’s t test.
et al., 2018). By using CRISPR/Cas9 genome editing, a homozy-

gous APOE3 iPSC line from a normal aged donor was edited to

APOE4/E4, and an APOE4 homozygous iPSC line derived from a

patient with late-onset AD was edited to APOE3/E3. Off-target

effects of gene editing were excluded (Lin et al., 2018).

NP cells were derived from the isogenic iPSC lines to explore

the effects of APOE genotype on neuronal differentiation. We

first determined mRNA expression of genes that were found to

be highly upregulated in SAD NP cells. Editing of APOE3 to

APOE4 led to dramatically increased expression of the neural

differentiation genes DCX (�100-fold) and ASCL1 (�20-fold),
1120 Cell Reports 26, 1112–1127, January 29, 2019
as well as the AD-associated neuronal gene MAPT (tau,

�3-fold) (Figure 5A). Conversely, editing of APOE4 to APOE3

led to significantly reduced expression levels of DCX, ASCL1,

and MAPT (�4- to 5-fold) (Figure 5B). In addition, APOE4

induced a marked increase in the proportion of DCX-positive

immature neurons (Figures 5C and 5D) and increased DCX pro-

tein expression (Figures 5E and 5F). The APOE4 allele also

affected APOE expression, significantly reducing the levels of

APOE mRNA and protein (Figures S6A–S6C). Notably, we did

not detect significant changes in the levels of activated b-cate-

nin, suggesting that the differentiation changes are unlikely to



relate to changes in the canonical Wnt signaling pathway. There

was a significant decrease in levels of Notch 1 and the cleaved

Notch1 fragment NICD in one isogenic APOE3 line (Figures

S6A and S6B). However, this is unlikely to contribute to reduced

differentiation of the isogenic APOE3 NP cells, as Notch

signaling typically inhibits neural differentiation. These results

suggest that APOE4 recapitulates the phenotype of accelerated

neuronal differentiation observed in SAD NP cell lines.

We then asked whether altered regulation of REST might

contribute to the phenotype of APOE4 NP cells, similar to that

observed in SAD NP cells. Confocal immunofluorescence anal-

ysis of REST in isogenic NP cells showed that APOE4 signifi-

cantly reduced nuclear REST levels (Figure 5G), while total

REST protein levels were unaltered (Figures S6A and S6B). The

reduction in nuclear REST was due to altered REST localization

with significantly elevated cytoplasmic REST induced by

APOE4. These results suggest that APOE4 leads to reduced nu-

clear translocation of REST, recapitulating the effects on REST

observed in SAD NP cells.

We then asked whether APOE4 might affect epigenetic regula-

tion and neural differentiation at a later stage of neural develop-

ment. To explore this question, cerebral organoids were gener-

ated from isogenic APOE4 and APOE3 iPSC lines (Lancaster

et al., 2013). Transcriptome analysis by RNA sequencing (RNA-

seq) of APOE4 and APOE3 organoids after 46 days of differentia-

tion showed a clear group separation of differentially expressed

genes (Figure 6A; Table S6). Gene Ontology annotation and

enrichment analysis showed that gene networks associated with

nervous system development, synaptic transmission, and neuro-

genesis were the most significantly upregulated biological pro-

cesses in APOE4 cerebral organoids (Figure 6B; Table S6).

Furthermore, droplet digital PCR confirmed significantly elevated

mRNA expression of the neuronal differentiation genes DCX and

ASCL1 (Figure 6C), and western blotting showed increased levels

of DCX protein in APOE4 compared to APOE3 organoids (Fig-

ure 6D). These results suggest that neuronal differentiation might

be accelerated in APOE4 organoids. We reasoned that if this

were true, it would be reflected in the expression of neural cell-

type-specific markers. Droplet digital PCR showed a marked

elevation in the expression of the mature neuronal markers

NeuNandGDAP1L1, and thesynapticmarkersPSD95andsynap-

tophysin (SYP) in APOE4 compared to APOE3 organoids (Fig-

ure S6D). The astrocytemarkerGFAPwas expressedat low levels

at 46 days and did not differ between APOE3 and APOE4 organo-

ids. TheNPcell markerPAX6was expressed at a higher level rela-

tive to the neuronal markers in APOE3 versus APOE4 organoids,

suggesting that NP cells constitute a greater proportion of the

cell population in APOE3 organoids (Figure S6D). The stem cell

marker NANOG was expressed at very low levels in both APOE3

and APOE4 organoids. Comparing the entire profile of differen-

tially expressed genes (DEGs) in APOE4 versus APOE3 organoids

withDEGs inSADversusNLcontrol NPcells and neurons showed

highly significant overlaps (Figures S6E and S6F). Themost signif-

icant overlap of DEGs appeared in APOE4-upregulated genes,

which include genes involved in neural differentiation (APOE4 or-

ganoid overlap with SAD neurons, p = 2e-36; APOE4 organoid

overlap with SAD NP cells, p = 5e-10). Thus, SAD and APOE4

exhibit a common phenotype of early neural differentiation.
APOE4 organoids also showed a significant increase in total

tau expression and tau phosphorylated at Ser202, which con-

tributes to neurofibrillary tangle formation in AD (Figure 6D).

Thus, early neural differentiation may be accompanied by

changes that predispose to AD pathology.

To achieve a greater understanding of altered gene regulation

in APOE4 organoids, we performed transcription factor enrich-

ment analysis using the ENCODE database. The transcriptional

repressor REST was the most significant predicted regulator of

the APOE4-upregulated genes (Figure 6E). Moreover, there

was a significant enrichment of REST target genes in the upregu-

lated gene set in APOE4 versus APOE3 organoids (Figure 6F).

The REST-interacting genes EZH2 and SUZ12 were the second

and third most strongly predicted transcriptional regulators,

respectively (Figure 6E). The enrichment of REST, EZH2, and

SUZ12 in APOE4-upregulated genes predicts loss of function

of these transcriptional repressors, consistent with reduced nu-

clear REST levels in isogenic APOE4 NP cells. Thus, epigenetic

dysregulation through loss of function of REST, and possibly

its interactors EZH2 and SUZ12, is a conserved feature of the

APOE4 and SAD models.

Disrupted Nuclear Lamina Structure in SAD and APOE4
NP Cells and Neurons
To begin to understand the basis of reduced nuclear translocation

of REST in AD, we asked whether the structure of the

nuclear envelope might be altered in AD cells. Age-related

changes in the nuclear envelope have been reported to impair

the import of nuclear proteins (Mertens et al., 2015). To explore

the morphology of the nuclear membrane, we performed immu-

nofluorescence microscopy for the nuclear lamina protein lamin

B. SAD and APOE4 NP cell lines showed abnormal nuclear

lamina morphology characterized by lamin B-positive invagina-

tions of the nuclear membrane and intranuclear circular

structures (Figures 7A and 7C). Both of these abnormal nuclear

structureswere significantly enriched in SAD and APOE4NP cells

relative to normal and APOE3 NP cells, respectively (Figures 7B

and 7D). The mean percent of abnormal cells ranged from

�40%–60% of SAD and APOE4 NP cells, which is likely to be

an underestimate due to the limited representation of the nucleus

upon confocal sectioning. We further differentiated NL and SAD

iPSC lines into neurons by induction of neurogenin 2 (NGN2)

expression (Zhang et al., 2013). After 14 days in culture, we as-

sessed nuclear lamina morphology by staining for lamin B.

Notably, there were significantly increased numbers of abnormal

nuclei in SADneurons comparedwith NL controls (Figures 7E and

7F). Thus, altered structure of the nuclear envelope/lamina is a

common feature of SAD and APOE4 expression that correlates

with reduced REST nuclear translocation and chromatin binding.

DISCUSSION

We have identified a shared phenotype of accelerated neural dif-

ferentiation and epigenetic dysregulation in reprogrammed NP

cells and neurons derived from SAD patients and APOE4 gene

editing. The ability to model this phenotype in vitro might

enable the exploration of early steps in the pathogenesis of

AD. Network analysis using the ENCODE database implicates
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Figure 6. Altered Gene Regulation and Neuronal Differentiation in APOE4 Cerebral Organoids

(A) Unsupervised hierarchical clustering of genes differentially expressed between parental APOE4 and isogenic APOE3 cerebral organoids after 46 days of

maturation. Differentially expressed genes (rows) and organoids (columns) were clustered, and gene expression was transformed to a z-score and represented in

the heatmap. Parental APOE4 (E4), n = 3; isogenic APOE3 (E3 ISO), n = 3.

(B) GO biological process groups enriched in genes upregulated in parental APOE4 compared to isogenic APOE3 organoids.

(C) Expression ofDCX, ASCL1,MAPT and APOEmRNA in parental APOE4 (E4) versus isogenic APOE3 (E3 ISO) organoids. Data represent the mean ± SEM from

3 experiments using a total of 45 individual organoids (DIV, 46 days).

(D) Western blot analysis of REST (Millipore; #07-579), DCX, total tau (Tau5), p-tau(Ser202), and APOE in parental APOE4 and isogenic APOE3 organoids. Each

lane was loaded with protein lysate from 3 organoids (left). Normalization to tubulin or actin shown in adjacent western blots was used for quantification (right).

Data represent the mean ± SEM from 3 individual lysates.

(E) Transcription factor prediction based on enrichment in APOE4 differentially expressed genes using the ENCODEChIP-seq database. Predictions are stratified

for genes that were upregulated or downregulated, and all genes in the APOE4 versus APOE3 comparison.

(F) Venn diagram illustrating the overlap of APOE4-upregulated genes and REST targets based on RE1 motif analysis (see STAR Methods).

Overlap significance was determined by Fisher’s exact test. For (C) and (D): *p < 0.05, **p < 0.01, and ***p < 0.001 by unpaired Student’s t test.
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Figure 7. Disruption of the Nuclear Lamina in SAD and APOE4 NP Cells

(A) Representative confocal immunofluorescence microscopy of NL1 and SAD4 NP cell lines for lamin B. Dotted circles delineate nuclei represented in the higher

magnification images. Arrowheads indicate nuclei with abnormal morphology. Scale bar, 50 mm.

(B) Quantification of cells showing abnormal nuclear lamina morphology. Data represent the mean ± SEM from 3 biological replicates using 3 different NL and

SAD NP cell lines.

(C) Representative images from APOE isogenic NP cell lines after lamin B immunolabeling. Scale bar, 50 mm.

(D) Quantification of cells with abnormal nuclear morphology. Data represent the mean ± SEM from 3 biological replicates using 2 different isogenic lines.

(legend continued on next page)
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the transcriptional repressor REST and the PRC2 core compo-

nents EZH2 andSUZ12 as themost strongly predicted transcrip-

tional regulators associated with the differentiation phenotype.

Since protein interaction and recruitment of PRC2 by REST

have been reported (Dietrich et al., 2012; Mozzetta et al., 2014;

Tsai et al., 2010), we further validated the contribution of REST

to global gene expression changes in SAD and APOE4 NP cells.

Nuclear translocation of REST was significantly reduced in both

SAD and APOE4 NP cells, together with a major reduction in

REST-RE1 site binding in REST target genes in SAD. Further-

more, exogenous expression of REST reversed the accelerated

differentiation of SAD NP cells, and conversely, reduction of

endogenous REST in normal NP cells mimicked it. These obser-

vations suggest that dysregulation of REST may play a central

role in the altered gene regulation and accelerated neuronal dif-

ferentiation associated with SAD and APOE4.

REST plays a key role in the repression of neuronal genes dur-

ing the early development of the nervous system (Ballas and

Mandel, 2005; Chong et al., 1995; Schoenherr and Anderson,

1995) and has been implicated in the regulation of human neuro-

genesis and neural differentiation (Yang et al., 2012). We have

previously demonstrated induction of REST in the aging human

brain and a neuroprotective role in neurons (Lu et al., 2014).

Furthermore, REST levels decline early in the course of AD in

the brain (Lu et al., 2014), in brain-derived exosomes (Winston

et al., 2016), and in blood (Ashton et al., 2017). Similarly, PRC2

contributes to neuron specification during differentiation and

also represses transcriptional programs that are detrimental to

adult neuronal function and survival (Corley and Kroll, 2015;

von Schimmelmann et al., 2016). Given the previously described

interaction of REST with proteins of the PRC2 complex (Dietrich

et al., 2012; Lee et al., 2018), it is likely that the two silencing

complexes work in tandem. In addition to recruitment by

REST, the enzymatic PRC2 core component EZH2 has been

shown to methylate REST, which stabilizes REST when bound

to target gene RE1 sites (Lee et al., 2018). If the methylation of

REST by EZH2 is reduced in SAD or in association with

APOE4, the REST corepressor will dissociate from RE-1 sites re-

sulting in de-repression of neural differentiation genes, leading to

accelerated differentiation and potentially depleting the NP cell

pool. In mature neurons, this would lead to de-repression of

genes that contribute to AD pathology and promote neuronal

cell death (Lu et al., 2014). Thus, impaired function of REST

and PRC2 would be expected to have both early and late conse-

quences for the pathogenesis of AD.

The change in cellular localization of REST in SAD and upon

expression of APOE4 is consistent with impaired nuclear trans-

location. However, the magnitude of reduced REST binding to

RE1 sites in chromatin is greater than the reduction in nuclear

REST levels, suggesting that altered chromatin interactions

may play a role in addition to reduced nuclear translocation.

This may relate in part to disruption of the nuclear lamina with

the appearance of abnormal lamin B-immunoreactive structures
(E) Representative images from NL3 and SAD2 neurons differentiated by doxycyc

13 days). Scale bar, 50 mm.

(F) Quantification of cells with abnormal nuclear morphology.

Data represent the mean ± SEM from 3 NL and 4 SAD lines; *p < 0.05, **p < 0.01

1124 Cell Reports 26, 1112–1127, January 29, 2019
that were frequently detected in SAD and APOE4 NP cells and

neurons. Similar structural abnormalities in the nuclear lamina

have been reported in AD cortical neurons analyzed postmortem

(Frost et al., 2016). These changes in nuclear membrane struc-

ture and changes in chromatin were associated with increased

activity of the tau kinase CDK5 and abnormal tau phosphoryla-

tion (Chang et al., 2011; Frost et al., 2014). Our findings suggest

that nuclear lamina disruption is an early change in SAD and

APOE4 NP cells associated with increased tau expression but

not necessarily increased tau phosphorylation, which becomes

more pronounced at a later stage. APOE4 might also affect nu-

clear membrane structure and REST nuclear translocation by

altering phospholipid and cholesterol metabolism (Levi et al.,

2005; Zhu et al., 2015; Lin et al., 2018). It remains to be deter-

mined whether nuclear structural changes affect the function

of other transcription factors in AD.

Altered REST function in AD may affect adult hippocampal

neurogenesis. Mice in which the REST gene is conditionally

deleted in neural stem cells show a transient increase in neuro-

genesis followed by reduced neurogenesis as the mice age, re-

sulting in fewer hippocampal granule cell neurons (Gao et al.,

2011). Similarly, accelerated neural differentiation and reduced

progenitor self-renewal associated with reduced REST function

in SAD and APOE4 NP cells may lead to early depletion of the NP

cell pool. This may, in turn, reduce adult neurogenesis and accel-

erate the onset of AD by reducing cognitive reserve. It is also

possible that increased differentiation of NP cells may have other

deleterious effects in the adult brain. For example, it has been re-

ported that overstimulation of NP cell differentiation in adult mice

can interfere with memory retrieval, possibly by disruption of

neural circuits (Akers et al., 2014).

Our findings raise the possibility that a developmental pertur-

bation, such as depletion of NP cells or altered neural circuit for-

mation, may occur early in life in individuals predisposed to

develop SAD. This may not significantly compromise cognitive

function in young adults, but may increase the risk of neurode-

generation and cognitive decline in the setting of chronic

stressors later in life. In this regard, a functional imaging study

showed structural changes in the cortex of infants with an

APOE4 genotype that increases the risk of AD (Dean et al.,

2014). Another study that analyzed autobiographical texts writ-

ten by nuns in their twenties suggested that some cognitive pa-

rameters in young adultsmay predict later onset of AD (Snowdon

et al., 2000).

These observations raise the question of how the classic mod-

ulators of AD pathology and disease risk might relate to develop-

mental events in the brain. We noted that many of the genes that

are differentially expressed in SAD NP cells are functionally

linked to APP and APOE. For example, the developmental pro-

tein reelin, which is highly upregulated in APOE4 cerebral orga-

noids, interacts with APP, APOER2, and VLDLR. This interaction

affects APP localization and processing and may promote neu-

rite outgrowth (Hoe et al., 2005, 2009). Thrombospondin
line induced NGN2 overexpression after lamin B immunolabeling (neurons DIV,

and ***p < 0.001 by unpaired Student’s t test.



(THBS1) is another ligand for APOER2 and VLDLR that is down-

regulated in both SAD neurons and APOE4 organoids. It acti-

vates the same signaling pathway as reelin and may play a role

in promoting neuronal migration in the subventricular zone of

the developing brain (Blake et al., 2008). One of themost upregu-

lated genes in SAD neurons is F-spondin (SPON1), which binds

to APP and facilitates an interaction with APOER2 (Hoe et al.,

2005).

There is evidence that APP, presenilins, and APOE, the

predominant genetic causes and risk factor for AD, affect

neurogenesis and neuronal differentiation. APOE-deficient mice

show increased NP cell proliferation in the dentate gyrus at an

early age followed by depletion of NP cells later in life (Yang

et al., 2011). Furthermore, mouse models of APOE4 expression

show increased generation of doublecortin-positive neurons

indicative of neurogenesis (Adeosun et al., 2014; Li et al., 2009),

similar to the phenotype of SAD and APOE4 NP cells reported

here.

Previous studies have demonstrated that Ab generation is

elevated in iPSC-derived neurons with familial Alzheimer’s dis-

ease (FAD) mutations and in one SAD line (Israel et al., 2012;

Kondo et al., 2013; Muratore et al., 2014; Sproul et al., 2014;

Yagi et al., 2011). The generation of Ab was also increased in

our SAD NP cell lines. In addition, we observed increased tau

phosphorylation in SAD neurons and APOE4 organoids. Impor-

tantly, inhibition of Ab generation with BACE1 and g-secretase

inhibitors did not reverse the accelerated differentiation pheno-

type of SAD NP cells. Moreover, the differentiation phenotype

appeared in NP cells prior to increased tau phosphorylation.

Thus, epigenetic dysregulation and altered neural differentiation,

mediated in part by REST, may precede the canonical tau and

amyloid-related pathology of AD, providing an opportunity for

early therapeutic intervention.
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CONTACT FOR REAGENT AND RESOURCE SHARING

Requests for resources and reagents should be directed to andwill be fulfilled by the LeadContact, Bruce Yankner (Bruce_Yankner@

hms.harvard.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Induced pluripotent stem cells (iPSCs)
iPSCs were generated from human fibroblasts cells obtained from Coriell using described protocols. Dermal fibroblasts were ob-

tained from the Coriell Cell Repository (Camden, NJ) and reprogrammed through retroviral transduction of KLF4, SOX2, c-MYC,

andOCT4. All cases are unrelated except NL6 and SAD5, which are siblings. Additional iPS cell lines were acquired from the Harvard

Stem Cell Institute (Cambridge, MA) and from (Israel et al., 2012). Human iPSCs were cultured feeder free with mTeSR1 media (Stem

Cell Technologies). APOE genotypes were confirmed by sequencing. Details are listed in Table S1. For all experiments two clonal

lines of each isogenic line were used and analyzed.

METHOD DETAILS

iPSC Reprogramming and Culture
iPS cells were generated based on the described protocol with some modifications. pMIG-hKLF4 (Addgene 17227), pMIG-hSOX2

(Addgene 17226), MSCV hc-MYC (Addgene 18119), pMIG-hOCT4 (Addgene 17225), and pMXs-GFP as a positive control were each

transfected into Plat-GP cells (Cell Biolabs) using Fugene 6 reagent (Promega) along with pMD2.G (Addgene 12259) containing the

VSV-G envelope. All four of the reprogramming factors were linked toGFPwith an IRES element. Themediumwas changed daily until

harvest and 0.45 mm filtration at day 4. The retrovirus preparations were ultracentrifuged at 112,000xg for 90 minutes at 4�C and re-

suspended in PBS, pH 7.4. Viral titers were determined by titrating IRES-GFP expression in 293FT cells (Life Technologies). Dermal

fibroblasts (5x104 cells) were infected with the reprogramming factor viruses at a multiplicity of infection (MOI) of 5 with 4 mg poly-

brene. Viral transgene induction was verified through expression of IRES-GFP. After four days, the infected fibroblasts were plated

on mouse embryonic fibroblasts (iMEFs) inactivated by 10 mg/ml mitomycin C (Sigma-Aldrich) and grown in fibroblast medium

(DMEM with 10% FBS, 2 mM L-glutamine, 50 U/ml penicillin, and 50 mg/ml streptomycin) on 0.1% gelatin. After 48 hours, the me-

dium was changed to hESC medium (DMEM/F-12 with 20% knockout serum, 10 ng/ml bFGF (R&D Systems), 1 mM L-glutamine,

100 mM non-essential amino acids, 100 mM 2-mercaptoethanol, 50 U/ml penicillin, and 50 mg/ml streptomycin (all Life Technologies

unless noted). Medium was changed daily until iPS colonies formed after 21-30 days. Each colony was isolated and grown on iMEFs

as previously described (Park et al., 2008). The hESC medium was changed daily and colonies were passaged every 6-8 days using

either manual disruption or collagenase IV enzymatic treatment.

Evaluation of iPS Cells and Pluripotency
Alkaline Phosphatase Assay

The level of alkaline phosphatase activity was evaluated in iPSCs using the Alkaline Phosphatase Detection Kit (Millipore) according

to the manufacturer’s guidelines. Images of the phosphatase activity were acquired on a brightfield microscope attached to a CCD

camera.

Karyotype Analysis

Cytogenetic analysis was performed by Cell Line Genetics (Madison, WI) on twenty G-banded metaphase cells.

Transgene Inactivation

cDNAs for the endogenous and transgenic reprogramming factors were generated from iPS cells. TRIzol-extracted RNA was

amplified by RT-PCR in an iQ5 (Bio-Rad) (reverse transcription at 50�C for 30 minutes, denaturation at 95�C for 12 min, 60 cycles

of amplification (20 s at 95�C, 30 s at 55�C, and 30 s at 68�C) before a final extension of 65�C for 10 minutes. The cDNA product

was run on a 2% agarose gel and the correct product band was extracted using QIAquick Gel Extraction kit (QIAGEN). The product

was ethanol precipitated and the final concentration was determined using a NanoDrop 1000 Spectrophotometer. The purified DNA

was titrated and used to generate a standard curve for qRT-PCR using QuantiTect SYBR Green RT-PCR kit (QIAGEN). The mRNA

concentrations of the reprogramming factors in the iPS cell lines (one clone per case) were determined by comparison with the stan-

dard curve following qRT-PCR in an iQ5 (Bio-Rad) using QuantiTect SYBR Green RT-PCR kit (QIAGEN) and a standard cycle of

reverse transcription at 50�C for 30 minutes, denaturation at 95�C for 12 min, and then 30 cycles of amplification (20 s at 95�C,
30 s at 55�C, and 30 s at 68�C) before a final extension of 65�C for 10 minutes.

Teratoma Formation

iPS cells growing on 10 cm plates were detached using collagenase and washed with PBS with 0.5% bovine serum albumin (BSA).

The pellet was resuspended in 30 mL PBS with 0.5% BSA. The Genome Modification Facility (Harvard University, Cambridge, MA)

performed teratoma analysis by injecting 10 mL of iPS cells, containing more than 1x106 cells, into the kidney subcapsules of NOD-

SCID mice (three per line). Teratomas appeared after 6-10 weeks and were dissected and fixed in 4% paraformaldehyde (PFA) for
e3 Cell Reports 26, 1112–1127.e1–e9, January 29, 2019
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24 hours before being stored in 70% ethanol at 4�C until embedding. The samples were embedded in paraffin, sectioned and stained

with hematoxylin and eosin for analysis of cell morphology from each of the three germ layers.

In Vitro Formation of Germ Cell Layers

iPS cells grown on Matrigel hESC-qualified matrix (BD Biosciences) in mTESR1 medium (StemCell Technologies, Inc.) were washed

with phosphate buffered saline (PBS) and dissociated with collagenase for 10minutes at 37�C. After partial dissociation, the colonies
were harvested using a cell scraper and pelleted at 200xg for 5 minutes. The colonies were resuspended in Aggrewell medium

(StemCell Technologies, Inc.) and transferred to ultra-low attachment plates (Corning) to form embryoid bodies. The medium was

changed every 3 days until day 7, when the embryoid bodies were transferred to 0.1% gelatin-coated plates in culture medium

(DMEM with 10% fetal bovine serum (FBS), 2 mM L-glutamine, and 1% penicillin/streptomycin (Life Technologies)). The medium

was changed every 3 days until day 7, when RNAwas isolated in TRIzol. RT-PCRwas performed for genes representative of the three

germ layers.

DNA Fingerprinting

DNA fingerprinting was performed by Cell Line Genetics (Madison, WI) using the Powerplex 16 kit (Promega). Samples from fibro-

blasts and NP cells were run in duplicate. The interpreter was blinded to the identity of the samples.

Generation of NP Cells
The protocol for generation of NP cells from iPS cells was adapted from previous reports (Kurosawa, 2007). High density iPS cells

growing on iMEF feeders (30-60 cm2) were primed for neural differentiation two days before passaging by supplementing the hESC

medium with 1x N2 supplement (Life Technologies) and the day before passage with 1x N-2 and 1 mMAMPK inhibitor (Calbiochem).

The iPSC colonies were detached with dispase, transferred intact using a glass pipette, and washed twice with DMEM/F-12. The

colonies were grown in suspension on 10 cm Petri dishes (not treated for tissue culture) to form embryoid bodies (EB) in neural

EB (NEB) medium (DMEM/F-12 with 20% knockout serum, 1x N-2 supplement, 1 mM AMPK inhibitor, 1 mM L-glutamine, 100 mM

non-essential amino acids, 100 mM 2-mercaptoethanol, 50 U/ml penicillin, and 50 mg/ml streptomycin). Medium was changed every

2-3 days until day 8, when it was changed to neural induction medium (NIM; DMEM/F-12 with 1x N2 supplement, 10 ng/ml bFGF,

1 mM L-glutamine, 100 mM non-essential amino acids, 50 U/ml penicillin, and 50 mg/ml streptomycin). After three more days in sus-

pension, the EBswere plated on 10 cm2CELLstart-coated (Life Technologies) tissue culture dishes in NIM, which was changed every

2-3 days until neural rosettes formed (1-4 days). The neural rosettes were manually harvested and transferred intact to plates coated

with 0.002% polyornithine (Sigma Aldrich) and 5 mg/ml laminin (Sigma Aldrich). The plates were coated for 2 hours with polyornithine

diluted in sterile, distilled water at 37�C before washing and coating with 5 mg/ml laminin in calcium/magnesium-free PBS for 2 hours

at 37�C. The rosettes were grown in NPmedium (NPM; Neurobasal mediumwith 1x B-27without vitamin A (Life Technologies), 1 mM

L-glutamine, 10 ng/ml bFGF, 10 ng/ml leukemia inhibitory factor (LIF, Millipore), 50 U/ml penicillin, and 50mg/ml streptomycin). Once

confluent, the neural rosettes were disrupted and passaged using accutase (StemCell Technologies). The resulting NP cells were

plated on polyornithine/laminin-coated dishes in NPM, which was changed every 2-3 days.

Neuronal Differentiation
To induce differentiation, NP cells were plated on dishes coated with polyornithine and laminin (20 mg/ml and 5 mg/ml, respectively) or

Matrigel (200 mg/ml) in NPM. After 24 hours, themediumwas changed to neuronal medium (NM) containing Neurobasal mediumwith

1xB-27 (Life Technologies), 1mML-glutamine, 50U/ml penicillin, and 50mg/ml streptomycin. Half medium changeswere performed

every 3-4 days. Different surfaces tested included glass coverslips (German, #1.5), plastic coverslips (Thermanox), and plastic tissue

culture plates. Some electrophysiological experiments used a protocol in which glass coverslips have hot paraffin drops applied to

the surface (3-4 per coverslip). Once the paraffin cooled, the coverslips were coatedwith polyornithine/laminin on the paraffin surface

and NP cells were plated. One day later, the coverslips were inverted over a monolayer of rat astrocytes.

Neuronal Differentiation by NGN2 induction
iPSCs were transduced with a lentiviral vector encoding a doxycycline inducible NGN2 expression cassette and a constitutively ex-

pressed YFP fluorescent marker. Transduced iPSCs were then sorted by FACS for YFP expression and maintained under normal

culturing conditions. For neuronal induction iPSCs were treated with Rho kinase inhibitors and a single cell solution was obtained

by Accutase (StemCell Technologies) treatment. Single cells were plated on Geltrex (Thermo Fisher Scienific) covered 6-well plates

and mTeSR1 media was supplemented with 1 mg/ml doxycycline (Sigma Aldrich), cells were then cultured for additional 3 days in

mTeSR1 media supplemented with 1 mg/ml doxycycline. After 4 days, neurons were treated with accutase, plated on polyornithine

and laminin coated coverslips and cultured using Brainphys media (StemCell Technologies). After 14 days in culture, cells were fixed

using 4% PFA in PBS.

Generation of Cerebral Organoids
Cerebral organoids were differentiated using an approach adapted from a previously described protocol (Lancaster et al., 2013).

900,000 iPSCs were seeded into a 96-well ultra-low attachment plate (Thermo Fisher) with 15 ml of mTeSR (StemCell Technologies,

Inc.) and 50 mMROCK inhibitor (Santa Cruz), to obtain embryoid bodies (EBs). The EBs were transferred to 500 mL of neural induction

media individually into each well of 24-well ultra-low attachment plates (Thermo Fisher) on Day 6, and another 500ml of neural
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induction media was added to each well 2 days later. On Day 10, each organoid was placed on parafilm substrate, and 40 mL of

Matrigel (Corning #354234) was used for each organoid. Subsequently, we used 1ml of differentiation media with 1% pencillin strep-

tomycin per well every 2-4 days to passage the organoids, and the 24-well plates with the organoids were placed on an orbital shaker

at 90 rpm in the incubator. Isogenic lines were derived from parental lines E3 (AG09173) and E4 (AG10788).

Immunofluorescence Microscopy
iPSC colonies were grown on iMEF feeder cells on glass coverslips. NP cells were grown on glass coverslips coated with polyorni-

thine and laminin. For neurons, the NP cells were plated on glass or plastic coverslips at 5x104 cells/coverslip and differentiated for

6 weeks before fixation. The cells were washed with Hank’s Balanced Salt Solution (HBSS) and fixed with 4% paraformaldehyde

(PFA) for 30 minutes at room temperature. Coverslips were washed three times with PBS, incubated with 0.2% Triton X-100 for

20 minutes, and then blocked with 0.02% Triton X-100 and 5% goat serum in PBS for 30 minutes at room temperature. Primary an-

tibodies were diluted in blocking buffer and incubated on coverslips for 1 hour at room temperature followed by 3 washes in PBS and

incubation with secondary antibody (1:200 for 1 hour at room temperature; Goat anti-mouse IgG H&L DyLight 488 and Goat anti-rab-

bit IgG H&L DyLight 594 (Abcam)). The coverslips were incubated 1 hour at room temperature in the dark before washing three times

for 5 minutes each with PBS. The coverslip was then inverted on a glass slide with Prolong Gold with DAPI (Life Technologies). For

plastic coverslips, the coverslips were covered with and imaged through a larger glass coverslip. The slides were left overnight at

room temperature in the dark before image acquisition on an Olympus Fluoview Confocal Laser Scanning Biological Microscope

FV1000 (Olympus, USA).

Isogenic APOE lines were cultured on glass coverslips coated with polyornithine and laminin. The cells were washed with Hank’s

Balanced Salt Solution (HBSS) and fixedwith 4%paraformaldehyde (PFA) for 5minutes at 37�C. Coverslips were washed three times

with PBS and quenched with 125 mM glycine for 15 minutes. Blocking and permeabilization was performed using 0.3% Triton X-100

and 3% normal donkey serum in PBS for 20 minutes. Primary antibodies were diluted in blocking buffer and incubated on coverslips

overnight at 4�C followed by 3washes in PBS and incubation with secondary antibody (donkey anti-Rabbit Alexa Fluor 488 or donkey

anti-mouse Alexa Fluor 647) (Invitrogen) 1:3000 for 1 hour at room temperature. Coverslips were then washed 3 times with PBS and

mounted using ProLong Diamond Antifade Mountant (Invitrogen). The slides were left overnight at room temperature in the dark

before image acquisition on an Olympus Fluoview Confocal Laser Scanning Biological Microscope FV1000 (Olympus, USA).

For image quantification, at least five randomized fields were imaged per coverslip and cells expressing eachmarker were counted

using the ‘‘Multi Wavelength Cell Scoring’’ application on MetaMorph (v7.7.0.0) software with consistent inclusion criteria for all cov-

erslips. Synapsin 1 puncta were defined as between 1-8 mm and greater than 1500 times the baseline intensity. For quantification of

REST distribution in NP cells, the same laser intensities detector sensitivity and amplification values and offset were used for all

micrograph acquisitions. Four random micrographs were acquired from each stained NP cells sample. All acquisition of images

for the same experiment were performed at the same time. Raw image files were analyzed using MetaMorph Offline (64-bit) version

7.8.13.0 (Molecular Devices, USA). Multi wavelength cell scoring module with standard algorithm for Adaptive Background Correc-

tion systemwas employed to outline individual NP cell and calculate the averaged and integrated intensities of REST in the nucleus or

cytoplasm. Approximate min-max width for DAPI, Alexa Fluor 488 and Alexa Fluor 647 were set at 9-30 mm, 3-30 mm and 3-20 mm,

respectively. Thresholding of intensity above local background for DAPI, Alexa Fluor 488 and Alexa Fluor 647were set at 500, 200 and

100 gray-levels, respectively. The fraction of nuclear REST expression was calculated by dividing the integrated intensity within the

nucleus by the integrated intensity of the entire cell. The expression of nuclear and cytosolic REST or the averaged intensity, were

calculated by dividing the integrated intensity with the total area of the nucleus or cytoplasm of the same cell.

Quantitative RT-PCR
Primers were designed for 100-250 bp segments spanning exon boundaries highly conserved between alternative transcripts using

Ensembl gene mapping information and Primer3 to optimize G/C concentration and melting temperature. Primer sequences are

summarized in Table S7. The primer products were verified by agarose gel electrophoresis and a standard curve was established

for each primer pair using serial dilution of a titrated RNA sample to account for primer efficiency. RNA was harvested from NP cells

or 6-week neuronal cells using either TRIzol reagent or Cells-to-cDNA II kit with DNase treatment. The mRNA was quantified using

QuantiTect SYBR Green PCR kit according to the manufacturer’s guidelines and run in a one-step RT-PCR cycle in an iQ5 (Bio-Rad)

[reverse transcription at 50�C for 30 minutes, denatured at 95�C for 12 minutes, and then subjected to 35 cycles of amplification (20 s

at 95�C, 30 s at 55�C, and 30 s at 68�C) before a final extension of 65�C for 10 minutes]. The purity of the PCR products was deter-

mined by single peakmelting curves. The relative cDNAwas quantified using the standard curve established for each primer pair and

normalized to GAPDH or b-actin.

Quantitative droplet digital PCR (ddPCR)
Gene expression in isogenic lines was measured using a TaqMan based assay in the QX200 Droplet Digital PCR System (Bio-Rad).

A total of 1 ng RNA was added to each 20 ml reaction of the One-Step RT-ddPCR Advanced Kit for Probes according to the man-

ufacturer’s instructions (Bio-Rad). Probe-sets were used in a multiplexed configuration using three targets in one reaction. The plate

was then sealed with heat seal foil (Bio-Rad) and droplets were generated using the AutoDG droplet generator (Bio-Rad). The droplet

containing plate was then placed in a thermocycler for one-step RT-PCR (reverse transcription at 42�C for 1h, enzyme activation at
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95�C for 10 minutes, and then subjected to 40 cycles of amplification (30 s at 95�C and 60 s at 55�C) before enzyme deactivation and

a final extension of 98�C for 10 minutes. After thermal cycling the sealed plate was placed in the QX200 Droplet Reader (Bio-Rad) for

data acquisition. The resulting data was analyzed using QuantaSoft Software (Bio-Rad).

Fluorescence-activated Cell Sorting (FACS) for CD24
Confluent NP cells were dissociated from 10 cm2 tissue culture dishes with accutase at 37�C and incubated with 10 U/ml DNase

in Neurobasal medium for 10 minutes. The cells were passed through a 40 mm filter, centrifuged, and resuspended in 100 mL

NPM with 5 mM EDTA and 0.5% bovine serum albumin (BSA) (about 1x106 cells). 20 mL (1 test) of mouse anti-human CD24-FITC

(BD Biosciences, 560992) was added per sample and incubated in the dark on ice for 30 minutes. The cells were then washed

twice and resuspended in NPM with EDTA and BSA at 2.5 x105 cells/ml. Cells were stored on ice in the dark until analyzed on a

FACSCalibur unit (BD Biosciences) omitting forward and side scatter. Cells incubated without antibody were used as a negative con-

trol to adjust settings above autofluorescence.

Western Blotting
For western blot analysis, samples were resuspended in RIPA-DOC lysis buffer (50 mM Tris-Cl, pH 7.2, 150 mM NaCl, 1% Triton

X-100, 0.1% SDS, and 1% deoxycholate) with 1x PhosSTOP (Roche) and 1x cOmplete protease inhibitor (Roche) and sonicated

for 15 s with a 550 Sonic Dismembrator (Fisher). Protein concentration was measured using DC protein assay kit (Bio-Rad) or

BCA protein assay kit (Thermo Scientific) and adjusted to 0.8-1.5 mg/mL in 5x SDS-reducing sample buffer. Equivalent amounts of

protein were loaded per lane and resolved by 4%–20% SDS-PAGE. Protein was transferred to PVDF membrane and blocked

with 5% nonfat milk in TBS with 0.05% Tween-20 (TBST) for 1 hour at room temperature with shaking. Membranes were cut to allow

targeting of multiple size proteins on the same blot and incubated overnight with primary antibody diluted in TBST with 5% bovine

serum albumin or 5% nonfat milk and 0.05% sodium azide at 4�Cwith shaking. The membranes were thoroughly washed with TBST

before incubation for 1 hour with peroxidase-conjugated secondary antibody (Jackson ImmunoResearch, 1:2500) in 5% nonfat milk

in TBST. After 1 hour, the membranes were washed with TBST before visualization by chemiluminescence (ECL or ECL Prime, GE

Healthcare). Intensities of the immunoreactive bands were quantitatively analyzed on a gel documentation system (SynGene). All

quantified proteins were normalized to tubulin, GAPDH or b-actin and, if multiple membranes were necessary, also to internal control

samples.

Ab Quantification and Inhibition
Levels of Ab40 and Ab42 were quantified in medium conditioned for 5 days by cultures of NP cells or 5-6 week differentiated neurons

using ELISA kits according to the manufacturer’s instructions (Life Technologies). Two dilutions were made for each sample and Ab

levels were compared to a standard curve generated in each experiment. The Ab levels were normalized to the total protein levels of

the cell lysate in the culture, which was harvested at the same time as the conditioned medium and determined using the DC protein

assay kit (Bio-Rad). Ab production was blocked by treatment with the g-secretase inhibitors DAPT (2 mM) or Compound E (20 nM),

or the BACE1 inhibitor IV (0.2 mM) for 4 days. Fresh inhibitors were added every 24 hours. Gene expression was measured using

qRT-PCR and normalized toGAPDH. Ab levels in the inhibition experiments were measured using an Ab40 ELISA kit (Wako) accord-

ing to the manufacturer’s instructions.

Cell Proliferation
NP cells were plated at 5x104 cells per well in a 24-well plate and counted on a Z1 Coulter Particle Counter (Beckman Coulter) after 0,

24, and 48 hours. Three replicates were performed, with one well per time point for two experiments and four wells per time point for

one experiment. Incorporation of EdU (5-ethynyl-2’-deoxyuridine) was analyzed using Click-IT EdU (Life Technologies) according to

the manufacturer’s guidelines. NP cells at 50% confluence were incubated with 10 mM EdU for 16 hours. EdU-positive cells were

quantified relative to all Hoechst-gated cells. Cells not incubated with EdUwere used as a negative control. Two experiments of three

replicates each were performed for each line except NDC2.3 (one experiment of three replicates).

Electrophysiology
Neuronal excitability was assessed bywhole-cell patch clamping using an AxonAxopatch 200B (Molecular Devices). The operator was

blinded to the origin of the culture. The presence of induced APs was determined by measuring voltage in response to current steps

ranging from�100pA to +200pA. Sodiumand potassiumchannel activity was determinedbymeasuring current in response to voltage

steps ranging from�50mV to +55mV. The external solution was 130mMNaCl, 4 mMKCl, 2 mMCaCl2, 1 mMMgCl2, 10mMHEPES,

and 10mMglucose (pH= 7.4, osmolality = 325mOsmkg-1). The internal solutionwas 110mMpotassiumgluconate, 20mMKCl, 2mM

MgATP, 10mM sodium phosphocreatine, 1 mMEGTA, 0.3 mMGTP-Tris, and 20mMHEPES (pH = 7.3, osmolality = 320mOsm kg-1).

Pipettes were fire-polished to resistances between 2-4 mOhm and series resistance was compensated 75%. Between 4 and 12 cells

were tested per coverslip and the software pClamp10 was used for data analysis. Refer to Table S2 for experimental details.
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Isolation of Nuclei and FACS Analysis of REST Levels
Nuclei were isolated from approximately 1x106 trypsinized NP cells in 10 mL NF-1 buffer (0.3% Triton X-100, 0.1 M sucrose, 5 mM

MgCl2, 1 mM EDTA, 10 mM Tris; pH = 7.5) containing 1x cOmplete protease inhibitor (Roche) and 1 mM PMSF. The collected cells

were rocked at 4�C for 30 minutes, then spun down at 1700xg for 10 minutes. The pellets were resuspended in 10 mL NF-1 and

rocked 4�C for another 60 minutes before being spun down again at 1700xg for 20 minutes. The nuclei were inspected and counted

via DAPI staining and resuspended in NF-2 buffer (PBS, 1% BSA, 1x cOmplete protease inhibitor) to a final nuclei concentration

of 106/ml. To measure REST levels, antibodies against REST protein and isotype-matched control IgGs were pre-conjugated

to Allophycocyanin (APC) using lightning-link APC conjugation kit (Innova Biosciences). Approximately 1.5 ml of REST or IgG

antibody was added permillion cells and incubated at 4�C for 12 hr with gentle rocking in the dark. Labeled nuclei were washed twice

by centrifugation with NF-2 buffer, resuspended in 0.3mL NF-3 buffer (PBS, 1%BSA, 0.1mMMgCl2, 10 mg/mL propodium iodide (PI)

and 1x cOmplete protease inhibitor), and filtered through a 0.4 mm cell strainer to remove clumps before performing FACS analysis.

The gate was set using the nuclear marker PI to exclude multiple conjugates (high PI labeled) and debris (very low PI = PI-negative)

(doublet decrimation). 5000 events were recorded per line. Nonspecific background of the IgG control was subtracted for each cell

line. Data was derived from 3-5 replicates per line.

Chromatin Immunoprecipitation
ChIP assays were performed as previously described (Lu et al., 2014). NP cells were cross-linked using 1% formaldehyde at room

temperature for 10 minutes. The reaction was stopped by addition of 125 mM glycine and cells were washed twice by centrifugation

and resuspension. The cell pellet was then dissolved in SDS lysis buffer (1% SDS, 10 mM EDTA, and 50 mM Tri-HCl, pH 8.1) and the

genomic DNA sheared by sonication (Biorupter) at the intensity required to generate 300-1000 bp fragments. The sonicated samples

were centrifuged for 10minutes at 15,000xg at 4�C. The supernatant was diluted 1:10 in ChIP dilution buffer (0.01%SDS, 1.1%Triton

X-100, 1.2 mM EDTA, 167 mM NaCl, 16.7 mM Tris-HCl, pH 8.1) and precleared with Protein A Sepharose beads (Life Technologies)

before adding REST-antibody conjugation beads. 5% of the sheared DNA was reserved as input control. The sample/beads was

incubated for 12 hours with rocking at 4�C and then washed twice with low salt wash buffer and once with high salt wash buffer

(0.1% SDS, 1% Triton X-100, 2 mM EDTA, 150 mM NaCl or 500 mM NaCl, 20 mM Tris-HCl, pH 8.1). The beads were washed

once with LiCl wash buffer (0.25 M LiCl, 1% NP-40, 1% deoxycholic acid, 1 mM EDTA, 10 mM Tris-HCl, pH 8.1) and twice with

TE buffer (1 mM EDTA, 10 mM Tris-HCl, pH 8.1). The beads were then incubated with elution buffer (1% SDS, 0.1 M NaHCO3) for

30minuteswith rocking and vortexed every 10minutes. The supernatant was transferred to a new tube and 200mMNaCl was added,

followed by de-crosslinking at 65�C for 4 hours. The eluted preparation was treated with RNase A for 10minutes at room temperature

followed by treated with proteinase K and 10 mM EDTA for 1 hour at 55�C. DNA was isolated using the QIAGEN PCR purification kit

and PCR was run using primers directed to the RE1 binding site of DCX or GABRB3.

Gene Manipulation of REST
The REST gene was overexpessed in NP cells by lentiviral transduction of a construct encoding the ubiquitin C promoter and REST or

GFP as a control, as previously described (Lu et al., 2014). DCX gene expression was measured 1 and 2 weeks after infection, while

quantification of all other genes andwas performed after 1week. Cells were labeled for nestin, DCX, andDAPI according to the above

procedure with secondary antibodies of a-mouse IgG Alexafluor-647 (A21235, Life Technologies) and a-rabbit DyLight 594 (Abcam).

DCX-positive cells were quantified 1 week after infection using MetaMorph (v7.7.0.0) software with consistent inclusion criteria. Data

is the mean from four different experiments with greater than 3 fields scored per experiment. REST knockdown was performed using

either of two distinct shRNAs by lentiviral transduction as previously described (Lu et al., 2014). An shRNA with a scrambled

sequence was used as a control. DCX expression levels were measured 1 week after infection. REST overexpression was confirmed

by qRT-PCR and REST knockdown by western blotting.

RNA library preparation and sequencing
For each biological replicate, 15 cerebral organoids were pooled and pelleted at 1000 g for 1 minute. The supernatant was removed

and the organoids were washed twice in D-PBS without calcium and magnesium, before homogenization in lysis buffer and RNA

extraction using the PureLink RNA Mini Kit (Thermo Fisher). Purified RNA was treated with DNase I (Thermo Fisher) and sent on

dry ice to Macrogen for rRNA-depletion using TruSeq Stranded RNA with Ribo-Zero (Human) and paired-end 101bp sequencing

with at least 30 million reads per sample.

RNA sequencing read alignment and quantification of gene expression
Organoids: Reads were aligned to GRCh38 with Ensembl GRCh38.92 gene models using STAR version 2.5.4a with

options --alignSJDBoverhangMin 1 --alignSJoverhangMin 8 --outFilterMultimapNmax 20 --outFilterType BySJout --alignIntronMin

20 --alignIntronMax 5000000 --alignMatesGapMax 5000000. Expression levels of genes were quantified as gene counts using

STAR version 2.5.4a with option --twopassMode Basic.
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Gene expression sample groups
Neurons

There were 2 groups, SAD and Normal, and each group had 5 biological replicates.

NP cells

There were 2 groups, SAD and Normal, and each group had 5 biological replicates.

IPSCs

There were 2 groups, SAD and Normal. SAD had 5 biological replicates and Normal had 6 biological replicates. One SAD sample,

iPSC_SAD1.1, had degraded RNA and was removed from analysis leaving SAD with 4 biological replicates.

Organoids

There were 2 groups, E4 and E3 ISO, and each group had 3 biological replicates.

Gene expression normalization
Neurons, NP Cells, IPSCs

Gene expression profiling was performed using Affymetrix U133 Plus 2.0 arrays. Each dataset was analyzed separately and similarly.

We utilized a chip description file to reorganize probes to Ensembl gene ids (version 22.0.0 [Dai et al., 2005]). This converted 54675

probe sets to 20118 Ensembl genes. Gene ids without annotation were then removed leaving 20027 expressed genes for analysis.

Raw intensity values for each gene were transformed using robust multi-array average function (rma) from the affy R package with

arguments fast = FALSE, normalize = TRUE, background = TRUE. These normalized gene expression values were used to visualize

gene expression and for differential expression analysis.

Organoids

Gene counts were input to edgeR. Genes were deemed expressed if > = 3 samples had > = 1 counts per million (CPM). Genes not

satisfying these criteria were removed keeping the original library sizes. Of 58395 annotated genes this filtering retained 16581 ex-

pressed genes. Counts were then normalized using the TMMmethod in edgeR. Finally, log(CPM) values were calculated for analyses

other than differential expression. These normalized gene expression values were used to visualize gene expression.

To visualize DEGs in heatmaps normalized gene expression values were transformed to a z-score per gene and thresholded to

[-3, 3].

Differential expression analysis
Neurons, NP Cells, IPSCs

Each dataset was analyzed separately and similarly. Differential expression analysis between the SAD and normal (NL) groups was

performed using linear regression models in limma in R. lmFit used arguments method = ’’robust’’ and maxit = 1000. eBayes used

default arguments. Genes were considered differentially expressed if FDR < 0.05 and absolute value(fold change) > = 1.2.

Organoids

Differential expression analysis of APOE4 CTR versus APOE3 ISO was performed for expressed genes using edgeR (estimateDisp,

glmFit, and glmLRT with default arguments) in R. Genes were considered differentially expressed if FDR < 0.05.

Gene sets and gene set enrichment analysis
Gene annotation and gene sets used for functional gene classification into biological process (BP), molecular function (MF), and

cellular component (CC) were from the GRCh38.p12 database downloaded from Ensembl Biomart on March 4, 2018.

ENCODE ChIP-seq transcription factor target gene sets were from the ENCODE_TF_ChIP-seq_2015 database downloaded from

http://amp.pharm.mssm.edu/Enrichr/ on March 8, 2018 (Chen et al., 2013).

To calculate the statistics for overlap of REST, EZH2, and SUZ12 target genes using the ENCODE ChIP-seq database we used the

cell line with themost significant overlap with the upregulated genes for NPCs or organoids and used the SuperExactTest R package.

REST target genes. The REST RE1 motif position-specific weight matrix MA0138.2 was obtained from JASPAR. FIMO was used

with the Homo sapiens genome sequence GRCh38 to predict REST binding sites. A gene was defined to be a REST target if it had a

RE1 motif with motif pvalue < 1e-7 that was ± 10kb from the transcription start site of any transcript of the gene in the Ensembl

GRCh38.86 gene models. This procedure identified 2632 REST target genes before filtering for expressed genes in each dataset

during gene set enrichment analysis.

For gene set enrichment analysis of DEGs, we only retained genes in each gene set that were expressed in that differential expres-

sion analysis. Gene set enrichment analysis was performed separately for upregulated genes versus not upregulated genes, down-

regulated genes versus not downregulated genes, and differentially regulated genes versus not differentially regulated genes.

For Gene Ontology gene sets, gene set enrichment was determined using the TopGO R package using the classic algorithm and

Fisher’s statistic. Gene set enrichment for other gene sets was performed using the hypergeometric distribution (one-tailed).

Gene sets with < 5 genes after filtering for expressed genes were removed before the gene set enrichment false discovery rates

were calculated using the R function p.adjust with argument method = ’’fdr.’’
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis
Statistical analysis was performed using R, Graphpad Prism, and Excel. Statistical analysis details are described in the figure

legends. To determine if datasets show a normal distribution, the Shapiro-Wilk test was used. P values less than 0.05 were consid-

ered statistically significant.

DATA AND SOFTWARE AVAILABILITY

Gene expression data are available in the Gene Expression Omnibus under accession number GEO: GSE117589.
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