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SUMMARY
Early-onset Alzheimer disease (AD)-like pathology in Down syndrome is commonly attributed to an increased dosage of the amyloid pre-

cursor protein (APP) gene. To test this in an isogenic humanmodel, we deleted the supernumerary copy of theAPP gene in trisomicDown

syndrome induced pluripotent stem cells or upregulated APP expression in euploid humanpluripotent stem cells usingCRISPRa. Cortical

neuronal differentiation shows that an increased APP gene dosage is responsible for increased b-amyloid production, altered Ab42/40

ratio, and deposition of the pyroglutamate (E3)-containing amyloid aggregates, but not for several tau-related AD phenotypes or

increased apoptosis. Transcriptome comparisons demonstrate that APP has a widespread and temporallymodulated impact on neuronal

gene expression. Collectively, these data reveal an important role for APP in the amyloidogenic aspects of AD but challenge the idea that

increased APP levels are solely responsible for increasing specific phosphorylated forms of tau or enhanced neuronal cell death in Down

syndrome-associated AD pathogenesis.
INTRODUCTION

The APP gene encodes the amyloid precursor protein (APP)

and is located on chromosome 21. Increased dosage of this

gene results in an elevated expression of APP in Down syn-

drome (DS; trisomy 21) tissues (Oyama et al., 1994). This is

thought to increase the levels of b-amyloid (Ab), a cleavage

product of APP that aggregates upon misfolding, accumu-

lates in plaques in the brains of people with Alzheimer dis-

ease (AD) and DS (Braak and Braak, 1994), and in turn is

assumed to underlie the development of early-onset, high-

ly penetrant, AD-like pathology in individuals with DS

(Decourt et al., 2013). Ab aggregationwas previously linked

to tau hyperphosphorylation, defective synapse function,

oxidative stress, and increased neuronal cell death

(Spires-Jones and Hyman, 2014). Consistent with these

observations, three cases of partial trisomy of chromosome

21 that exclude the APP locus showed no evidence of early-

onset AD (EOAD) (Korbel et al., 2009) or neurodegenera-

tion at an advanced age (Doran et al., 2017). Similarly,

individuals with a rare familial duplication of the APP locus

develop EOAD, although this is more akin to vascular

dementia than classical AD (Rovelet-Lecrux et al., 2007;

Sleegers et al., 2006). Individuals withDS can, nevertheless,

carry large plaque loads without overt AD signs (Vemuri

et al., 2010), challenging a direct causal relationship be-

tween APP triplication and EOAD in DS. Indeed, the pene-

trance and expressivity of disease phenotypes, including

AD-like pathology, vary between DS individuals, and this

has been attributed to the presence of modifier alleles on

Hsa21 (e.g., DYRK1A, BACE2, miR-155) or other chromo-

somes, such as APOE (Sherman et al., 2007). Several groups
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have generated induced pluripotent stem cells (iPSCs) from

individuals with DS (e.g., Shi et al., 2012). We (Briggs et al.,

2013) and others (Murray et al., 2015) have previously

found that nuclear reprogramming permits the isolation

of isogenic euploid (Hsa21-disomic) iPSCs from otherwise

fully Hsa21-trisomic DS subjects. DS iPSC-derived cortical

neurons were previously shown to exhibit increased pro-

duction of Ab42, and hyperphosphorylation and redistri-

bution of tau (Chang et al., 2015), suggesting that DS

iPSC-derived cortical neuronal cultures can recapitulate

aspects of AD neuropathology in vitro (Shi et al., 2012).

To elucidate the role of APP in EOAD in DS without po-

tential confounding effects of modifier alleles, we manipu-

lated APP dosage and expression in isogenic DS or euploid

iPSC backgrounds; subjected these cell lines to prolonged

cortical differentiation; and analyzed gene expression-, am-

yloid-, and tau-associated changes. Our data reveal APP

gene dosage in DS has neurodevelopmental stage-specific,

genome-wide gene regulatory effects and affects the

Ab42/Ab40 ratio and pyroglutamate aggregates but does

not alter a range of tau-phosphorylation events, abun-

dance of neurofibrillary tangle (NFT)-like tau aggregates,

or neuronal cell death.
RESULTS

Generation of APP Copy-Number-Normalized DS

iPSCs andDoxycycline-InducibleAPP-Overexpressing

Human Embryonic Stem Cells

To address the role of the supernumerary copy of the APP

gene in AD-like neuropathology in DS, we deleted exon 3
).
ns.org/licenses/by/4.0/).
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Figure 1. Manipulating APP Levels in
Human Pluripotent Stem Cells Using
CRISPR/Cas9-Aided Approaches
(A) Vector design for targeting exon 3 of the
APP gene. Green is PCR product, yellow
rectangle is location of the Southern probe.
gRNA, guide RNA; KO, knockout.
(B) Targeted allele-specific PCR.
(C) Southern blot showing APP targeted
allele in DS18 iPSC. KI, knockin; WT,
wild-type.
(D and E) (D) Inactivationof one of the
three APP alleles in day 45 DS iPSC-derived
neurons reduces APP protein expression to
isogenic euploid control levels (quantified
in E, N = 3).
(F) Doxycycline induced upregulation of
HA-tagged dCas9-VP64 in Gen22::TRE-
dCas9-VP64 with HA antibody.
(G) Doxycycline induced APP protein
expression in Gen22::TRE-dCas9-VP64 hESC
(APP gRNA#1 shown).
**p < 0.01, ***p < 0.001, #non-significant;
n = 3, n = 3 for qPCR and western blots.
Means ± SEM values shown.
of one of the APP alleles (Figure 1A) in a previously charac-

terized footprint-free DS iPSC line, clone C11DS (Briggs

et al., 2013) and this was confirmed by genomic PCR (Fig-

ure 1B) and Southern blotting (Figure 1C). As expected,

the �1.5–2-fold increase in APP protein expression

observed in neuronally differentiated DS APP+/+/+ iPSC

was ‘‘normalized’’ to euploid levels in the isogenic

CRISPR-targeted APP+/+/� DS iPSC-derived neuronal cul-

tures (Figures 1D and 1E), and this was maintained during

prolonged neuronal differentiation (up to 90 days tested;

Figure S3A).

APP overexpression in a euploid (Hsa21-disomic) back-

ground was achieved through lentiviral delivery of a

doxycycline-inducible CRISPRa-driven system. We iso-

lated a clonal line that displays tightly controlled

dox-inducible HA-dCAS9-VP64 (Figure 1F) and APP (Fig-

ure 1G) expression, following lentiviral delivery of guide

RNAs (gRNAs) that target the APP promoter (Figure S1J

and Supplemental Experimental Procedures). The

APP+/+/� iPSC and the Genea22::HA-dCAS9-VP64 line

were devoid of chromosomal abnormalities (SNP arrays)

and showed the hallmarks of pluripotent stem cells

(Figure S1).
Neurogenic cultures derived from all six isogenic iPSC

clones (2 DS APP+/+/+, 1 DS APP+/+/�, and three euploid

APP+/+ lines) displayed similar cortical neuronal trajectories

with little contamination of non-neuronal cell types, and

were transcriptionally most similar to the frontal cortex

of a 16–18-week fetal brain (Figure S2A). Temporal changes

in TUBB3 and TBR2 mRNA expression (Figure S2B), and

immune-fluorescent detection of pan-neuronal markers

TUBB3 and NeuN and astrocyte marker GFAP (Figure S2C),

indicates comparable neuronal differentiation trajectories

of all six isogenic lines. This is supported by the transcrip-

tome-based temporal and regional staging of the neuronal

cultures using CoNTExT (Figure S2), although a small

decrease in cortical layer markers SATB2 and TBR1 (Fig-

ure S2C’) was detected in DS samples.

APP Copy Number Has a Significant Impact on the

Transcriptome of DS Cortical Neuronal Cultures

Hierarchical clustering of microarray transcriptome data

from DS APP+/+/+ and isogenic euploid day 65 samples

shows clustering is dictated by the presence of Hsa21 (Fig-

ure 2A). As expected, Hsa21 genes are highly overrepre-

sented among significantly overexpressed transcripts
Stem Cell Reports j Vol. 11 j 32–42 j July 10, 2018 33



Figure 2. Transcriptome Profiling of Isogenic iPSC-Derived Neuronal Cultures at Day 65 of Differentiation
(A) Hierarchical probe clustering-based heatmaps (with limits set at 1.5-fold changes and p < 0.01) in day 65 neuronal cultures from three
euploid, two DS, and one APP-normalized DS iPSC lines.
(B) Venn diagram illustrating overlap between DEG lists from DS-euploid and DS APP copy-adjusted comparisons.
(C) Graphic representation of Hsa21 genes significantly upregulated in APP-independent and APP-dependent manners at indicated days of
differentiation.
(D) Volcano plots exemplifying asymmetrical changes in gene expression levels at day 65, with a larger number of genes upregulated in DS
versus euploid, including numerous Hsa21 genes (shown in green). Similarly, a large number of genes are downregulated upon inactivation
of the third APP copy in day 65 DS iPSC neurons (right panel).
(green dots in volcano plot in Figure 2D), and day 45 gene

expression data show similar trends (Figures S2D and S2E).

At both time points, chromosome 21 genes are signifi-

cantly overrepresented among upregulated differen-

tially expressed genes (DEGs) in Hsa21-trisomic cells

(p < 0.0002), particularly those in the distal part of the

long arm (Figure 2C). The relative contribution of Hsa21

genes diminishes from 22% to 15% from day 45 to 65

(see GEO dataset for chromosomal assignment details).

DS and AD were identified as the top disease signatures

(Table S1), and Ingenuity Pathway Analysis identified

neurological signs, cognitive impairment, and abnormality

of the cerebral cortex (Table S2). We next examined the

transcriptome differences driven by the presence of the su-

pernumerary APP gene copy in an isogenic Hsa21-trisomic

context. Hierarchical clustering analyses revealed that the

impact of the supernumerary APP copy number on the tri-

somy 21 transcriptome increases significantly from day 45

(Figure S2D) to day 65 (Figure 2A). By day 65 about half of

all genes downregulated upon inactivation of the supernu-

merary APP gene in DS neurons were also abnormally upre-

gulated in DS neurons (Figure 2B). This substantial impact
34 Stem Cell Reports j Vol. 11 j 32–42 j July 10, 2018
of the APP gene on DS (Hsa21-trisomy)-associated gene

expression changes in neurons particularly affects the

expression of other Hsa21 genes (Figures 2C and 2D).

APP Copy Number Dictates Ab Levels, Presence of

Pyroglutamate Aggregates, and Neurite Length of DS

iPSC-Derived Cortical Neurons

APP, when processed by the g- and b-secretases, can

generate the amyloidogenic Ab42 peptide or the more

abundant and non-cytotoxic Ab40 peptide. Because these

proteases are expressed (as confirmed by our microarray

and qPCR data; Figure S3D), increased APP levels are ex-

pected to result in elevated neuronal Ab amyloid produc-

tion (Maulik et al., 2015) and an increased ratio of Ab42/

Ab40 peptides. In day 90 DS iPSC-derived cortical neurons,

we indeed detected an increased secretion of both Ab42

(Figure 3A) and Ab40 (Figure S3C) in the culture medium

compared with APP+/+ (euploid) cells, and these levels

were normalized to euploid levels in APP+/+/� neuronal cul-

tures. Upregulation of Ab42 was also observed in the me-

dium of Genea21 DS human embryonic stem cell (hESC)-

derived neurons compared with the euploid Genea22
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sibling hESC-derived neurons, but this was accompanied

by little (day 45) to no (day 90) skewing of the Ab42/

Ab40 ratio (Figure S3B). The correction of APP gene dosage

(APP+/+/� DS iPSC) reversed the elevated Ab42/Ab40 ratio

observed in DS iPSC-derived neuronal cultures (Figure 3A),

albeit only partially, suggesting APP expression may indi-

rectly affect the activity of the processing machinery.

Indeed, mRNA and protein levels of b-secretase BACE2,

an Hsa21 gene already elevated in day 65 DS neurons

(and DS brains; e.g., Cheon et al., 2008), becomes even

further elevated in DS APP+/+/� neurons (Figure 3B). Since

BACE2 activity potentially reduces the substrate pool for

BACE1 (Sun et al., 2006), this may account for the reduc-

tion in Ab40 and thus the only partially normalized

Ab42/Ab40 ratio observed in APP copy-number-normal-

ized DS neurons (Figure S3E). Inhibition of BACE activity

with 1 or 10 nM verubecestat reduced Ab42 production

(Figure S3F) and Ab42/Ab40 ratios in neuronal cultures

from APP+/+/+ DS, APP+/+/� DS, and isogenic euploid iPSCs

(Figure S3E), confirming that BACE activity is responsible.

We next show that increasing the expression of APP in

Genea022::TRE-dCas9-VP64 hESC-derived day 90 neurons

was sufficient to increase both secreted Ab42 andAb40 pep-

tide levels but did not alter the Ab42/Ab40 ratio (Figure 3E).

In euploid iPSC (Eu79)-derived neurons, 1.5-fold overex-

pression of APP using an APP695-expressing plasmid simi-

larly upregulated Ab42 peptide levels but also did not

change the Ab42/Ab40 ratio (Figure 3H).

Collectively these data show that APP copy number is

necessary for increased Ab42 levels and skewing of the

Ab42/Ab40 ratio in DS neurons, and that increasing APP

expression in euploid neurons is sufficient to increase

Ab42 peptide levels but does not alter the Ab42/Ab40 ratio

in this model.

Oligomeric Ab42 is considered to be a key cytotoxic agent

in AD, particularly after it heterodimerizes with N-termi-

nally truncated pyroglutamylated Ab (Gunn et al., 2010).

This further processed species is more aggregation prone

and can make up half of the amyloid load in AD brains
Figure 3. APP Levels Influence b-Amyloidogenic AD-like Phenoty
(A) Levels of secreted Ab42 and Ab42/Ab40 peptide ratios measured in
genotypes (N = 3).
(B) Western blot detection of BACE protein in APP+++, APP++– DS and
(C) Day 120+ DS neuronal cultures display more pE3-pyroglutamate-A
DS cultures.
(D) Quantification of the numbers of pE3-pyroglutamate foci (per fie
(E) CRISPRa-driven overexpression of APP leads to an increase in Ab4
(F) Quantification of pyroglutamate expression relative to TUBB3, as
(G) The effect of APP copy number on neurite length in day 120 DS n
(H) Overexpression of APP in day 90 euploid neurons using APP695 OR
ratio. Means ± SEM (N = 3).
*p < 0.05, **p < 0.01, ***p < 0.001, #non-significant. Scale bar in (
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(Gunn et al., 2016). We detected increased numbers of py-

roglutamate (pE3)-positive foci in 120 day DS iPSC-derived

neuronal cultures (Figure 3C) and increased protein expres-

sion bywestern blot (Figures 3D and S3G), whichwere both

reduced to near-euploid levels upon removal of the super-

numerary copy of the APP gene. CRISPRa-driven overex-

pression of APP in euploid Gen22 hESC was not sufficient

to cause an appreciable increase in the pyroglutamate

(pE3) levels (Figure S3H).

APP is also known to play a role in regulation of the

outgrowth of neuronal processes. N-terminally processed

extracellular fragments (e.g., sAPPa) can enhance neurite

outgrowth, whereas C-terminally derived forms can exert

opposite effects (Trazzi et al., 2013; Young-Pearse et al.,

2008). Normalization of APP copy number in a DS chromo-

somal context increased mean neurite length by �18%

(day 120 neurons), to a size similar to that of isogenic

euploid controls (Figure 3G), suggesting that in DS the ex-

tra copy of APP limits neurite outgrowth. CRISPRa-directed

upregulation of APP in euploid neurons did not increase

neurite length (Figure 3G’).

APP and Ab42 Levels Do Not Directly Control

Neuronal Cell Death or Tau-Hyperphosphorylation

Sites Linked to Neurodegeneration

Ab42 is thought to be responsible for increasing neuronal

cell death by increasing oxidative stress (Manterola et al.,

2013). Hydrogen peroxide-induced apoptosis, a measure

of cellular resilience to oxidative stress, is indeed increased

in primary DS fetus-derived neurons (Busciglio and Yank-

ner, 1995). In agreement with these observations we find

that day 90 DS neurons also exhibit increased hydrogen

peroxide-induced apoptosis (Figures 4A and 4B). However,

hydrogen peroxide sensitivity was not corrected by

normalization of APP gene copy number in either day 45

(Figure 4A) or day 90 cultures (Figure 4B). Increasing the

expression of APP in hESCs, which increases Ab42 levels,

only very modestly increased apoptosis in day 90 neuronal

cultures (Figure 4C). We conclude that increased APP gene
pes and Neurite Outgrowth in Neuronal Cultures
medium conditioned by 90-day-old neuronal cultures of respective

isogenic euploid neurons.
b immunoreactive foci than euploid or APP copy-number-corrected

ld of view).
2 levels but does not alter the Ab42/Ab40 ratio (day 90).
measured by western blotting.
eurons and (G0) in euploid neurons with CRISPRa-upregulated APP.
F results in elevated Ab42 levels but does not alter the Ab42/Ab40

C) represents 20 mm.
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load, and increased Ab42 and pE3 pyroglutamate levels, are

not directly responsible for the increased oxidative stress-

induced cell death of DS neurons under these conditions.

We next exploredwhether APP gene load andAb42 levels

affect tau phosphorylation in day 90 neurons from

isogenic DS, euploid, and APP-normalized DS iPSCs. To

account for potential differences in tau protein levels them-

selves or altered neuronal content of the samples, the frac-

tions of P-S396 and P-T212 tau (canonical sites implicated

in AD) were normalized to either total tau or the neuronal

marker bIII-tubulin (TUBB3). Irrespectively, P-S396 and

P-T212 tau levels were significantly higher in DS neurons,

but these were not reduced by normalization of APP gene

dosage (Figure 4D). These data therefore strongly suggest

that the increased levels of Ab42 and skewed Ab42/Ab40 ra-

tio in DS neuronal cultures are not directly responsible for

increasing these tau-phosphorylation events, and this is

consistent with our observation that normalization of

APP also did not affect apoptosis, a process previously

linked to tau phosphorylation (Wu et al., 2016). Immuno-

fluorescent detection of hyperphosphorylated tau with the

AT270 antibody revealed an increase in immunoreactivity

in both cell bodies and axons in a subset of day 120 DS

APP+/+/+ neurons compared with isogenic APP+/+ euploid

neurons, but this was not reduced in DS APP+/+/� cultures

(Figure 4H). Similar data were obtained with the AT8 phos-

pho-tau antibody (Figure S4A). Detection of pathological

tau with the conformation-specific antibodyMC1 revealed

potential early NFT-like structures in day 120 DS neurons

that were absent in isogenic euploid neurons but persisted

in DS APP+/+/� neuronal cultures (Figures 4F and 4G).

CRISPRa upregulation of APP to DS levels in euploid hESCs

over 90 days of neuronal differentiation did not lead to

increased tau T212-phosphorylation (Figure 4E). This

does lead to amodest upregulation of total tau in these neu-

rons (Figure 4E), in agreement with previously reported

effects of APP on tau proteostasis (Moore et al., 2015).
Figure 4. Hyperphosphorylation of Tau and Apoptosis Are Not Co
(A) Hydrogen peroxide-induced cell death measured by fluorescence-a
at days 45.
(B and C) (B) Day 90 DS cultures and (C) day 90 Gen22::TRE-dCas9-V
(D) Western blots of P-T212, P-S396, and total Tau in day 90 DS, AP
quantification relative to TUBB3.
(E) Western blotting of day 90 Gen22::TRE-dCas9-VP64 hESC-derive
total Tau.
(F) Overlaid images of MC1+ (paired helical filament-containing) NFT-l
copy-number-normalized, and euploid day 120 cortical neurons.
(G) Quantification of the frequency of MC1+ NFT-containing neurons
(H) Detection of hyperphosphorylated tau accumulation using AT270
euploid neurons.
(I) Levels of total Tau protein in day 90 Genea22::TRE-dCas9-VP64 hE
*p < 0.05, **p < 0.01, ***p < 0.001, #non-significant. Values shown
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Collectively our data suggest that the increased APP and

Ab42 levels do not affect the increased abundance of

neuro-pathology-associated species of phosphorylated tau

or apoptotic sensitivity of DS neurons.
DISCUSSION

In iPSC-derived DS neurons, APP mRNA and protein levels

are �2-fold increased over the entire neuronal differentia-

tion time course, in agreement with elevated gene dosage

and previous reports (Buxbaum and Greengard, 1996).

We show that inactivating one copy of theAPP gene in a tri-

somy 21 background normalized APP, secreted levels of

Ab42, Ab42/Ab40 ratio (at least in part), and pyroglutamate

(pE3)-containing Ab levels and foci numbers to euploid

levels. This indicates that increased expression of APP is

directly responsible for these hallmark features of AD path-

ogenesis in this in vitro DS model. A considerable body of

literature suggests that Ab42 (either aggregated or in its

monomeric form) directly or indirectly induces tau hyper-

phosphorylation and that this in turn leads to synaptic de-

fects, neuronal dysfunction, and cell death (e.g., Gotz et al.,

2001). Our data show that normalization of APP copy num-

ber and Ab42 levels in DS cortical neurons does not reduce

tau phosphorylation, nor does it affect the sensitivity of

neurons to oxidative stress-induced apoptosis. Further-

more, overexpression of APP to physiologically relevant

levels (1.5–2-fold) in euploid cortical neurons increased

Ab42 but was not sufficient to increase amyloid pyrogluta-

mate E3 levels, or tau (T212) hyperphosphorylation, and

only very moderately increased oxidative stress-induced

apoptosis. APP overexpression by itself did not signifi-

cantly skew the Ab42/40 ratio, suggesting that other

Hsa21 genes might attenuate APP processing.

These data challenge thenotionof a direct linear relation-

ship between APP/Ab42 levels and tau pathology-induced
ntrolled by the Levels of APP Gene Expression
ctivated cell sorting of TUNEL-labeled cells in DS neuronal cultures

P64 hESC-derived neurons (gRNAs as labeled).
P copy-number-corrected, and isogenic euploid neurons and their

d neurons with T212 Tau antibody and quantification relative to

ike aggregates (highlighted by arrowheads) in Hsa21-trisomic, APP

per field of view in D120 cortical neuronal cultures.
antibody in day 120 DS, APP copy-number-corrected, and isogenic

SC-derived neurons overexpressing APP, relative to TUBB3.
are means ± SEM of three experiments.



neuronal cell death in this DS model. In agreement with

this notion, mouse models that display typical Ab pathol-

ogy with amyloid plaque deposition, such as mice with a

humanized App gene (Saito et al., 2014) or overexpression

of wild-type APP protein (Cataldo et al., 2003), also did

not exhibit tau pathology. In agreement with previous ob-

servations (Moore et al., 2015), APP gene copy number af-

fects tau proteostasis, albeit modestly. Interestingly, we do

not observe this in DS iPSC-derived neurons, suggesting

compensatory effects of the dosage of other Hsa21 genes

or other compensatory processes (Simon et al., 2012).

Collectively these data underline the need for a better un-

derstanding of the role(s) of other Hsa21 genes and elucida-

tion of the intra-chromosomal and genome-wide gene reg-

ulatory networks they affect. Our gene expression data

comparing isogenic euploid, DS, and APP copy-number-

normalized DS neurons at days 45 and 65 of cortical differ-

entiation highlight a number of important concepts in this

regard. The initial idea that DS is exclusively driven by the

overexpression of all Hsa21 genes or by genes that reside in

aDS critical region (Korbel et al., 2009) has been superseded

by more sophisticated models that take into account intra-

and inter-chromosomal gene regulatory networks as well as

epigenetic effects (Antonarakis, 2017). We now show that

the number, identity, and expression levels of overex-

pressed Hsa21 genes in DS neurons vary during different

temporal windows of neuronal differentiation, a concept

well accepted in developmental biology. The corollary of

this observation is that each cell type at each stage of devel-

opment may be differentially affected by overexpression of

specific combinations of Hsa21 genes (either directly, or

indirectly by altering the expression of genes on other

chromosomes, or by affecting the global epigenetic land-

scape), adding further complexity to understanding the eti-

ology of DS-associated pathologies.

At later time points (days 90–120) we find that presence

of a supernumerary APP copy decreases neurite length in a

trisomic genetic background, in agreement with previous

data in a DS mouse model (Trazzi et al., 2013). Our gene

expression data reveal that a surprisingly large proportion

of genes differentially expressed between euploid and DS

neurons are controlled by APP copy number and that this

proportion dramatically increases from day 45 to day 65.

Remarkably, a disproportionally large fraction (�10%) of

these APP-controlled genes reside on chromosome 21 (see

GEO dataset for details).

Themolecularmechanism thatmediates this unexpected

gene regulatory role of APP remains unclear at this stage. It

hasbeen suggested thatAPPcan functionas a ligand, act as a

(co)-receptor (Deyts et al., 2016), and can release a Notch-

like intra-cellular domain of APP (AICD) that can alter

transcription following dimerization with intra-cellular

partners such as Fe65 and Tip60 (Cao and Sudhof, 2001;
Chang and Suh, 2010). However, when we examined the

cohort of genes identified using ChIP (chromatin immuno-

precipitation)-on-chip in neuroblastoma cells overexpress-

ing AICD and Fe65 (Muller et al., 2007), we found very

limited overlap with our sets of APP copy-number-depen-

dent up- or downregulated genes in DS neurons.

Our functional data indicating that tau phosphorylation

and neuronal cell death were not affected by APP copy

number or Ab42 normalization are supported by our

bioinformatics analyses that show that genes that change

their behavior in an APP-dependent fashion in a Hsa21-

trisomic background overlap with pathways related to

abnormal nervous system development (Enrichr portal,

MP0003632, p < 10�16) and abnormal brain morphology

(MP0002152, p < 10�11) but not with AD (Table S1).

Conversely, genes that are differentially expressed between

DS and euploid neurons and overexpressed independently

of the APP gene copy number show high congruence with

gene sets upregulated in DS at both days 45 and 65 (false

discovery rate [FDR]-corrected p values <6 3 10�15 and

<3 3 10�8, respectively, see Table S1), indicating that, in

this in vitro model, Hsa21 genes other than APP drive

many of theDS and ADpathogenic processes. Gene expres-

sion comparisons of DS and euploid neurons identified AD

as the top disease, whereas comparison of DS with DS

APP aligns with the ‘‘abnormal brain development and

morphology’’-associated gene list (input datasets shown

in Tables S1A and S4A). Collectively, our data reveal that

the APP gene plays an important role in moderating the

expression of genes in trans, many of which reside on chro-

mosome 21 itself, and that this changes during the course

of cortical neuronal differentiation in vitro. We further

demonstrate that the supernumerary copy of APP is indeed

responsible for increased Ab42 and pyroglutamate-con-

taining amyloid levels in DS but is not directly involved

in stimulation of tau hyperphosphorylation or increased

neuronal cell death in DS neuronal cultures.

Systematic CRISPR-assisted genome manipulation in DS

iPSC should permit the further elucidation of the transcrip-

tional and putative epigenetic modulatory effects of APP

and the roles and interactions of other Hsa21 genes

involved in AD pathogenesis in DS, and provide further

insight into the complex molecular mechanisms and

gene regulatory networks underlying AD pathogenesis in

DS and the general population.
EXPERIMENTAL PROCEDURES

Human Pluripotent Stem Cell Culture
Experiments were performed with approval by the University of

Queensland Human Research Ethics Committee (HREC/09/QRCH/

103, approval number 2015000667) and University of Queensland

Animal Ethics Committee (AIBN/178/15/SCA/LEJEUNE/KACST).
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Derivation of isogenic DS and euploid human iPSCs from skin

fibroblasts was described (Briggs et al., 2013) and the near-isogenic

hESC cell lines Genea021 and Genea022 (Dumevska et al., 2016a,

2016b) were obtained from Genea Biocells (San Diego, United

States). Pluripotent cell cultures were maintained on Matrigel

substrate (BDBiosciences, United States) inmouse embryonic fibro-

blast-conditioned knockout serum replacement (KOSR) medium

supplemented with 100 mM b-mercaptoethanol and 100 ng/mL

basic fibroblast growth factor (bFGF) (for iPSCs) or 50 ng/mL

bFGF (for hESCs), and passaged by manual cutting or enzymatic

dissociation using dispase as described (Ovchinnikov et al., 2015b).

Generation of the Cortical Neurogenic Cultures
Simultaneous inhibition of transforming growth factor b/activin

and bone morphogenetic protein/growth differentiation factor

signaling pathways was used to generate neurogenic cultures

(Briggs et al., 2013; Chambers et al., 2009). Production of the

neuroprogenitor and neuronal populations was performed using

conventional approaches (see Supplemental Experimental Proced-

ures), and maturation for 90- and 120-day-old cultures was

achieved by supplementing the differentiation medium from day

65 with 20 ng/mL brain-derived neurotrophic factor, 10 ng/mL

glial cell-derived neurotrophic factor, 500 nM ascorbic acid, and

1 mM dibutyl-cyclic AMP.

Transcriptome Analyses
Description of sample preparation and Illumina-HT12 microarray

analysis is outlined in Supplemental Experimental Procedures. A

log2 detection threshold of 3.2 was applied to the quantile normal-

ized log2 data, retaining probes expressing above threshold in at

least 50%of samples. After filtering, 17,259 probeswere considered

for a two-factor differential expression analysis (by phenotype and

day) using Limma (Ritchie et al., 2015). Due to earlier removal of

two outlying samples, a mixed linear model was applied, treating

variance within cell line clones as random effects. Multiple pair-

wise contrasts between phenotypes and days of interest were fitted

to the linear model and top tables of significant differential expres-

sion probes by empirical Bayes moderated t test were produced.

Results were FDR p < 0.01 adjusted (Benjamini-Hochberg). A fold

change threshold of 1.5 was used in heatmaps and volcano plots.

Probes were annotated to genes using the hg19 Ensembl human

genome assembly.

Immunofluorescence and Flow Cytometry
Staining with antigen-specific and fluorescent antibodies was per-

formed essentially as described (Ovchinnikov et al., 2015a) with

minormodifications (see Supplemental Experimental Procedures).

Antibodies used in this study are listed in Supplemental Experi-

mental Procedures.

Western Blotting
Western blotting of the Laemmli/RIPA-based protein lysates

supplemented with protease and phosphatase inhibitors (Roche/

Life Sciences, USA) was performed using the iBlot transfer

system (Life Technologies, USA) and detected using Clarity ECL

(Bio-Rad) according to the manufacturer’s recommendations

(see details in Supplemental Experimental Procedures).
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Measuring Soluble Products of APP Proteolysis
To measure production of different forms of Ab in the medium of

neurogenic cultures of various genotypes, we utilized ELISA kits

specifically aimed at detection of the two most relevant and domi-

nant Ab species: Ab40 (KHB3482) and Ab42 (KHB3441) (Thermo

Fisher Scientific/Life Technologies). Mediumwas used in 1:20 dilu-

tion in ELISA buffer for direct measurement of absolute peptide

concentration using the provided standard curves. Peptide con-

centrations were normalized to bIII-tubulin as measured by west-

ern blotting from cells that produced secreted APP products.
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