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Summary

We have generated a controlled and manipulable resource that captures genetic risk for 

Alzheimer’s disease: iPSC lines from 53 individuals coupled with RNA and proteomic profiling 

of both iPSC-derived neurons and from brain tissue of the same individuals. Data collected 

for each person includes genome sequencing, longitudinal cognitive scores, and quantitative 

neuropathology. The utility of this resource is exemplified here by analyses of neurons derived 

from these lines, revealing significant associations between specific Aβ and tau species and the 

levels of plaque and tangle deposition in the brain and, more importantly, with the trajectory of 

cognitive decline. Proteins and networks are identified that are associated with AD-phenotypes in 

iPSC-neurons, and relevant associations are validated in brain. The data presented establish this 

iPSC collection as a resource for investigating person-specific processes in the brain that can aid in 

identifying and validating molecular pathways underlying AD.

Graphical Abstract

eTOC blurb

In this study, Lagomarsino et al describe the generation of an iPSC collection from 53 deeply 

phenotyped individuals. These lines are coupled to RNAseq and proteomic profiling of both iPSC­

neurons and brain of the same individuals. Using this system, biological insights are uncovered 

regarding the molecular mechanisms underlying Alzheimer’s disease.
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Introduction

Alzheimer’s disease (AD) affects about 50 million people worldwide, and 2-3 times that 

number are estimated to be presymptomatic. With limited treatment options available, 

understanding the molecular causes of AD is imperative. AD is defined by the accumulation 

of extracellular plaques in the brain composed primarily of amyloid beta peptides (Aβ) 

and intraneuronal tangles containing excessively phosphorylated tau. The vast majority 

of AD patients have the “sporadic,” late-onset form (LOAD). Clinicians and pathologists 

have long recognized that LOAD manifests along a spectrum of cognitive abilities and 

levels of neuropathology. Although AD is somewhat stereotyped in terms of both cognitive 

progression with age and the patterns of pathological aggregation of Aβ and tau in the brain, 

the disease is heterogeneous with respect to rates of progression and the cognitive domains 

that are primarily affected.

Studies of postmortem brain tissue highlight particular pathways and proteins that are 

associated with neuropathology, cognitive decline, and clinical AD diagnosis (Zhang et al., 

2013a, Seyfried et al., 2017, Mostafavi et al., 2018, Johnson et al., 2020). While a causal 

chain of events can be hypothesized from such cross-sectional data (Tasaki et al., 2018, 

Felsky et al., 2019), it cannot be definitively established, as both the alterations which 

are driving disease progression and those resulting from decades of neurodegeneration are 

studied at the end stage of disease. Induced pluripotent stem cell (iPSC) technology offers a 

complementary approach that could fill the scientific gap between genetic and postmortem 

tissue studies, providing a controlled and manipulable human experimental system that 

captures intrinsically encoded genetic risk. Most iPSC studies of AD have focused on highly 

penetrant mutations in APP and PSEN, which cause rare, early-onset cases (Israel et al., 

2012, Shi et al., 2012, Kondo et al., 2013, Muratore et al., 2014, Sproul et al., 2014, Moore 

et al., 2015, Hung and Livesey, 2018, Kwart et al., 2019). While iPSC technology has 

provided insights into deterministic genes in autosomal dominant AD, it has yet to be shown 

whether iPSC-derived brain cells are useful in capturing disease-relevant processes in the 

aging brain and in LOAD.

Here, we have generated iPSC lines from 53 deceased individuals in the Religious Order 

Study (ROS) or Rush Memory and Aging Project (MAP) that span the clinical and 

neuropathological spectrum of aging (Bennett et al., 2018). Sixteen of these individuals had 

a clinical and neuropathological diagnosis of AD/Alzheimer’s dementia. We differentiated 

these lines into cortical neuronal fate (iNs) and measured RNA and protein profiles as well 

as quantitative measures of APP cleavage products and tau species. We identify specific 

proteins and pathways in neuronal cultures that are associated with AD polygenic risk score 

(PRS), neuropathological burden and/or cognitive trajectory in the donors and validate these 

findings through analyses of brain tissue. One of the most compelling sets of associations 
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observed were between protein phosphatase 1 (PP1) levels and LOAD PRS, Aβ, and p-tau 

levels. Experimental modulation of AD-associated Aβ altered PP1 levels, and modulation of 

PP1 activity in turn altered tau proteostasis. These analyses identified PP1 as both a driver 

downstream of AD genetic risk and a mechanistic link between AD-associated Aβ and tau, 

exemplifying the utility of this resource for studying genetic diversity in a complex human 

disease.

Results

Generation of iPSC lines from ROS and MAP participants

Participants in the ROS/MAP projects range in age from 50 to 100+ and are free of dementia 

at enrollment (Bennett et al., 2012a, Bennett et al., 2012b, Bennett et al., 2018). Cognitive 

tests are administered annually that provide quantitative data of multiple cognitive domains 

(episodic, semantic, and working memory, perceptual speed and visuospatial ability)(Barnes 

et al., 2001, Wilson et al., 2004, Aggarwal et al., 2005, Wilson et al., 2007). The longitudinal 

data allows the calculation of person-specific rates of change in cognition over time using 

a linear mixed model adjusted for age, sex, and education (“slope”). Pathologic AD indices 

acquired postmortem include quantitative measures of neuritic and diffuse plaques and 

neurofibrillary tangles determined by silver stain, as well as measures of Aβ load and paired 

helical filament tau tangles based on immunostaining (Bennett et al., 2004, Bennett et al., 

2005, Barnes et al., 2006). Resultant neuropathological scores represent composite data 

from at least 5 regions: entorhinal cortex, hippocampus, mid-frontal, temporal, and inferior 

parietal neocortex.

We generated iPSC lines using cryopreserved peripheral blood mononuclear cells (PBMCs) 

from 53 deceased ROS/MAP participants (Figure 1). Clinical evaluations and postmortem 

pathological information were used to select participants that spanned the neuropathological 

and cognitive spectrum of aging (Figure S1). Approximately one third of the subjects 

selected had neither a pathological nor a clinical diagnosis of AD. Sixteen individuals 

represent the prototypical profile of LOAD with both a pathological and a clinical diagnosis 

of AD and Alzheimer’s dementia and no evidence of dementia from other causes. The 

cohort also contains individuals with high amyloid plaque burden but who were not 

cognitively impaired. Key demographic data of our iPSC cohort align with the distributions 

within the ROS/MAP cohorts (Figure S1).

To generate iPSC lines, PBMCs were transduced with Sendai virus to deliver 

reprogramming factors, and colonies were consolidated to generate polyclonal lines. Quality 

control (QC) analytics were performed using NYSCF’s fully automated Global Stem Cell 

Array technology, minimizing factors that contribute to variability in iPSC behavior and thus 

reducing line-to-line variability (Paull et al., 2015). Each iPSC line described herein passed 

several QC tests confirming proper sterility, identity, karyotype, and pluripotency (Figure 

S2, Figure S3).
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Robust and consistent differentiation to neuronal fate across cell lines

The Neurogenin-2 direct induction protocol was employed to differentiate each of the iPSC 

lines to neuronal fate generating cultures with >98% of cells expressing neuronal markers 

(Figure 2 and (Zhang et al., 2013b, Srikanth et al., 2018)). D21 induced neurons (iNs) 

resulting from this protocol exhibited highly consistent morphology across lines (Figures 

2A, Figure S3). The cells generated are most similar to upper layer glutamatergic projection 

neurons of the cerebral cortex based on RNA and protein expression profiling ((Zhang et 

al., 2013b, Srikanth et al., 2018). Bulk RNA sequencing (RNAseq) and proteomic analyses 

of these cultures highlighted the consistency of differentiation efficiency across iPSC lines 

at the level of cell fate (Figure 2B, Figure S3). Single nucleus RNAseq was used to further 

characterize the cell type composition within iN cultures, benchmarked against iPSC-derived 

astrocytes and microglia (Figure 2C–G). Over 98% of cells in iN cultures express neuronal 

markers such as SYP (Figure 2D), but less than 1% express KI67 (a marker of proliferation, 

Figure 2E), AIF1 (IBA1, a microglial marker, Figure 2F), or GJA1 (an astrocyte marker, 

Figure 2G).

To further show consistency of differentiation, RNAseq was performed on six iPSC lines 

across six differentiation rounds and three RNAseq library preparations by two different 

researchers. Data were processed to eliminate batch effects across library preparation rounds 

and tested for overall similarity using t-distributed Stochastic Neighbor Embedding (tSNE) 

analysis. The samples clustered based on genetic background, showing consistency across 

differentiation rounds and validating the analysis pipeline (Figure 2H).

Multi-electrode array (MEA) analyses of iNs were performed to examine spontaneous 

neuronal activity over differentiation time. INs from different individuals showed consistent 

trends in activity over differentiation, defined by the percent of active electrodes and 

the mean firing rate (Figure 2I,J). Over 98% of activity was inhibited by treatment with 

tetrodotoxin (TTX), and pharmacological blockade of NMDA receptors (AP-5) or AMPA 

receptors (DNQX) at the terminal time point each reduced activity by approximately 50% 

(Figure 2J, inset).

Congruence of gene expression profiles between iPSC-derived neurons and brain tissue

One of the unique strengths of generating iPSC lines from the ROS/MAP cohorts is the rich 

clinical, pathologic, and -omics data from the donors. This enables a direct comparison 

between data generated in the cultures and the data acquired from primary tissues of 

autopsied individuals. Here the level of concordance between RNAseq expression profiles 

from iNs and the medial prefrontal cortex (PFC; BA9/46) of the same individuals was 

determined (Figure 3A). We examined genes in the upper half of percentage variance 

across iN samples to enrich for those with more dynamic expression levels across genetic 

backgrounds. Pearson correlations (rvals) were calculated for each gene-level RNA detected 

in both iNs and brain, identifying 110 genes with significant correlation (Figure 3B, Table 

S1). We rationalized that any genetically encoded congruence between iN and brain would 

be observed as a skew in the distribution of all rvals towards the positive, as a negative 

correlation would have suspect biological significance. We observed a positive skew of all 

brain to iN gene correlations that was significantly higher than what would be expected 
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by chance (Figure 3C,E). These data suggest that this experimental system captures a 

measurable subset of the intrinsically encoded genetic differences between individuals, and 

that there is a quantifiable congruence between iNs and the frontal cortex of the individuals 

from whom they were derived.

We expect that this congruence could be due in part to identifiable expression quantitative 

trait loci (eQTLs) and to differences in sex chromosome complement across human subjects. 

Removal of eQTLs identified in our iN dataset (see STAR methods) and in ROS/MAP 

brain (Ng et al., 2017) reduced skew by 27% (Figure 3C–E). Additional removal of genes 

encoded on the X and Y chromosomes reduced the skew further, but still left a gene set 

with significant correlation between iNs and brains (Figure 3C,E). Importantly, removing all 

genes that pass FDR < 0.05 still resulted in a matrix with significant positive skew. This 

result indicates that the false negatives, inevitable with large comparisons, are sufficient to 

drive significant congruence between expression sets. Even with the obvious differences 

between iNs and brain, we observe a readily detectable and significant correlation of genetic 

regulation. Furthermore, the congruence between iNs and brain can be traced to identified 

eQTLs, sex chromosome-linked genes, and as yet unidentified genetic variants that regulate 

gene expression (Figure 3D–G, Table S1).

Concordance between subsets of altered pathways in AD neuronal cultures and AD brain

We determined which genes, proteins and pathways are altered in AD iNs, and whether 

these same alterations are found in brain from the same individuals. Here, we define 

categories based upon both clinical and pathological diagnosis of AD, but recognize that 

individuals within each category are spread across a spectrum of both neuropathological and 

cognitive measurements. “AD” individuals had both a clinical and pathological diagnosis of 

AD while “NCI” are not cognitively impaired with no clinical AD diagnosis. Individuals 

with high pathology (“HP”) had a pathological diagnosis of AD, and low pathology (“LP”) 

individuals did not.

We performed gene-level differential expression analysis using bulk RNAseq data from d21 

iN cultures comparing AD to LP-NCI, and separately comparing AD to HP-NCI. Here, 

we used iN RNAseq data as a discovery dataset followed by validation analyses using 

better powered RNAseq data from 579 ROS/MAP brain samples (Mostafavi et al., 2018). 

In our iN dataset, comparing AD to LP-NCI yielded 667 genes with an uncorrected p<0.05; 

HP-NCI versus AD yielded 281 genes that met these same criteria. We then examined 

whether these same genes were differentially expressed in the AD versus LP-NCI in the 

brain RNAseq data set. In brain, 86 genes had significant differential expression following 

multiple comparisons testing (FDR<0.05) with the directionality of these gene expression 

changes concordant between iN and brain data; 11 genes met the same criteria for the AD vs 

HP-NCI comparison (Table S2).

In a previous study, we identified 47 modules of co-expression using brain RNAseq data 

from the dorsolateral prefrontal cortex of 476 ROS/MAP participants (Mostafavi et al., 

2018). Here, we performed gene set enrichment analysis (GSEA) to examine whether any of 

these brain-derived modules of co-expression were enriched along the positive or negative 

tails of the AD vs. LP-NCI expression gradient in iNs. Genes with higher expression in AD 
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iNs were enriched in 8 brain modules (FDR q<0.05). Genes driving enrichment regulate 

synaptic vesicle localization and transport, axonogenesis and microtubule polymerization 

(Figure 4A,B, Table S2). Genes with lower expression in AD were enriched in 7 brain 

modules, and driver genes encoded ribosomal proteins, and proteins involved in transport, 

focal adhesion, and apoptosis (Figure 4A,C).

We next examined protein expression in iNs using liquid chromatography coupled to tandem 

mass spectrometry. As expected, some changes in RNA are reflected in changes in protein, 

while in other cases a change in RNA is discordant with protein levels. Transcript abundance 

and protein levels were significantly associated overall across all genes detected in both 

datasets (skew=2.98 towards positive correlations relative to null distribution, p = 0.0014). 

Using the discovery-validation criteria described above, 69 differentially expressed proteins 

(DEPs) between AD:LP-NCI were identified in iNs, 29% of which met the more stringent 

cutoff of FDR<0.05 in the brain dataset (Figure 4D). Although similarly powered, the 

AD:HP-NCI comparison for iNs identified only 26 proteins, 5 of these validating in the 

brain dataset (Figure 4D).

From 323 ROS/MAP DLPFC samples, 57 modules of protein co-expression were identified 

using weighted correlation network analysis (Table S3). To examine associations between 

proteins within each module and the relationship across modules, protein-protein Pearson 

correlations were calculated. We observe highly similar patterns of correlation both between 

and within these modules in brain and in iN proteomic datasets (Figure 4E,F, Figure S5). 

However, as expected, some brain-derived modules (for example those enriched in glial 

genes) were not well-conserved in iN proteomics data (Figure S5).

Consistent with the transcriptome analyses, protein modules upregulated in AD vs. LP-NCI 

iNs function in synaptic vesicle regulation (“red”), and protein transport (“brown”), while 

AD down regulated modules contained ribosomal proteins (“skyblue3”) and regulate RNA 

splicing (“skyblue”) (Figure 4G,H). Protein modules that were upregulated in AD vs. HP­

NCI iNs are involved in nuclear transport, regulation of serine/threonine phosphorylation 

(“light green”) and synaptic vesicle regulation (“dark green”), while AD downregulated 

modules contained proteins involved in RNA stabilization and splicing as well as protein 

transport proteins (“skyblue” and “purple”) (Figure 4G,H). “Skyblue” was the only module 

enriched in both the “lower in AD vs LP-NCI” and “lower in AD vs HP-NCI” comparisons. 

Many of the “skyblue” proteins are involved in the regulation of RNA metabolism (splicing, 

transport, degradation, translation).

Of particular interest are those biological processes implicated in both the RNA and protein 

analyses that also are associated with AD in brain tissue. M23 (RNA module) and the 

red protein module each contain factors involved in synaptic vesicle regulation, and both 

were upregulated in AD iNs (Figure 4A,G,H). Importantly, this finding was validated in 

brain tissue (FDR q<1x10−5; Figure 4G). Interestingly, while overall numbers of synapses 

are reduced in the AD brain, a subset of synaptic proteins involved in vesicle trafficking 

are elevated in AD brain and iNs. Regarding modules downregulated in AD, both m116 

(RNA) and the skyblue3 protein module contain ribosomal factors, and both are reduced in 

AD relative to LP-NCI iNs (Figure 4G,H). This finding also was validated in brain tissue 
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(FDR q<1x10−5; Figure 4G). Taken together, these results demonstrate agreement between a 

subset of pathways altered in both AD neuronal cultures and AD brain tissue, and highlight 

specific genes, proteins and processes for further study.

Associations between brain neuropathology and Aβ and tau measures in cultured neurons 
from the same individuals

We next examined whether Aβ and/or tau levels measured in iNs from individuals across the 

neuropathological spectrum were correlated to the level of terminal neuritic plaque burden 

or tau tangle burden in the brain of the same individuals. In fAD, mutations in APP and 

PSEN either increase Aβ production generally or increase the ratio of Aβ42 to Aβ40 by 

raising Aβ42 and/or lowering Aβ40 (reviewed in (Bertram et al., 2010)). Different lengths 

of Aβ are determined by both the site of initial cleavage and the processivity of γ-secretase 

generating Aβ peptides ranging from 37-49 amino acids. We have developed a robust and 

specific ELISA to measure Aβ37, and in a parallel study have found that fAD missense 

mutations elevate Aβ42:40 ratio, but that an even stronger and more consistent effect is 

observed on the ratio of Aβ42 to Aβ37 (Liu et al., 2021). Further, age of onset for each of 

the fAD mutations tested was strongly correlated with the 42:37 ratio produced by cells (Liu 

et al., 2021). Therefore, we measured extracellular levels of Aβ37, Aβ38, Aβ40 and Aβ42 

in the media of our iPSC-derived neurons (Figure 5A). Measurements across derivations of 

independent iPSC lines and across a wide range of cell plating densities were reproducible 

and consistent (Figure S6). We also measured Aβ peptides in the protein lysates, which 

captures both intracellular Aβ and cell surface-associated Aβ (referred to here as “intraAβ”).

We hypothesized that neurons derived from individuals who had a high Aβ burden 

in their brain would produce higher levels of Aβ, and/or higher levels of longer 

(more amyloidogenic) Aβ peptides relative to shorter peptides. We calculated rank-order 

correlation coefficients between APP products measured from iNs and neuritic plaque 

pathology in the brain. The Aβ42:37 ratio in the media, Aβ37, Aβ42 and Aβ40 as a 

proportion of all Aβ in the media and the Aβ42:40 ratio in the cell lysate (intraAβ42:40) 

each were significantly associated with neuritic plaque score (Figure 5A–C). The strongest 

association with neuritic plaque burden observed was with intraAβ42:40 ratio, and this 

ratio was associated with levels of TMEM35A, SF3B2 and SART3 (Figure S7, Table 

S4). Further, intraAβ42:40 was highly correlated with Aβ42:40 levels measured in water­

insoluble Triton soluble brain extracts (mPFC, BA9/46) from the same individuals for whom 

we measured intraAβ42:40 in cultured neurons (r=0.44, p=0.0047), as well as Aβ42:40 

levels in Triton-insoluble, GuHCl-soluble fractions of the same brain tissue (r=0.47, 

p=0.0028). These results demonstrate a level of concordance between specific Aβ measures 

in cultured neurons and from the aged brain of the same individuals.

Tau was measured in iNs via Western blot, and quantified immunoreactive bands include 

a 50-60 kDa set of “major” bands and >191 kDa high molecular weight (HMW) bands 

(Figure 5D, example WB shown in Figure 5E). These HMW bands were immunoreactive 

with both AT8 and K9JA, and also were recognized by antibodies to p217-tau and p181-tau 

(Figure S8). The proportion of p-tau in the major band had a significant negative association 

with tau tangle measures in brain (Figure 5C,D). To clarify this seemingly counter-intuitive 
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result, we performed WB of Triton-soluble proteins in brain to determine the relative levels 

of the major band of AT8+ p-tau (example WB shown in Figure 5F). Tau banding in brain 

tissue was overlapping but distinct from that observed in iNs. Differences are likely due to 

variation in both splicing and in the specific patterns of the hundreds of post-translational 

modifications that have been described for tau. In spite of these differences, the correlation 

between AT8+ p-tau(major)/tau measured by WB in the brain and the iNs was remarkably 

high (Figure 5I). Further, levels of p-tau(major)/tau measured by WB in brain tissue were 

inversely correlated with tangle score (r=−0.41; p=8.3x10−3), as was observed in iNs.

HMW tau present in the human brain has recently been shown to significantly correlate 

with seeding capacity in an in vitro assay of tau aggregation, and tau seeding ability 

was associated with aggressiveness of the clinical disease (Dujardin et al., 2020). To 

confirm the identity of the HMW tau immunoreactive bands, we performed size exclusion 

chromatography (SEC) on both iN lysates and brain tissue. We quantified tau in each 

fraction by ELISA using two additional antibodies (Tau13/HT7), and examined tau by WB 

of the SEC fractions (Figure 5G,H). In both iNs and brain, tau was detected by ELISA in 

fractions above the 158 kDa SEC molecular weight standard, and a relatively strong HMW 

anti-tau immunoreactive signal is observed in these fractions via WB in AD samples (Figure 

5G,H).

The amyloid hypothesis postulates that phosphorylation of tau occurs downstream of 

changes in Aβ (reviewed in (Selkoe and Hardy, 2016)). Here, we examined associations 

between Aβ levels and AD-associated tau levels across these different genetic backgrounds 

in human neurons. Similar to associations with plaque pathology, the strongest associations 

between Aβ and tau were between ratiometric measures of Aβ (i.e. Aβ37:total Aβ) rather 

than with absolute Aβ levels (Figure 5J). A single “tau aggregate score” (summation 

of signed values of p-tau(major)/tau, p-tau(HMW)/tau, and tau(HMW)/tau for each line) 

showed significant positive correlation with multiple Aβ measurements, the strongest 

association being with Aβ42:37 (Figure 5K).

Associations between Aβ and tau in neuronal cultures and measures of cognition

We next calculated rank-order correlations between Aβ peptides or tau and the slope of 

global cognition. The relative proportions of extracellular Aβ37, 38, 40 and 42 in iN media 

all were significantly associated with trajectory of cognition (Figure 6A). Examination of 

correlations between Aβ peptides revealed a striking inverse correlation between the relative 

levels of Aβ37 and all other Aβ peptides (Figure S7), and indeed higher relative levels of 

Aβ38, 40 and 42 were associated with worse cognitive outcome while higher relative levels 

of Aβ37 were associated with better cognitive outcome. The Aβ42:total Aβ and Aβ42:Aβ37 

ratios showed the strongest correlations to cognitive trajectory (Figure 6A, r = −0.48, p 

= 4.2x10−4; and r = −0.44, p = 1.1x1 0−3, respectively) and were significantly correlated 

with terminal cognition measures. Further, p-tau also showed significant association with 

cognitive trajectory. Interestingly, p-tau“major”/tau was positively correlated with cognitive 

slope while the >191 kDa “HMW” p-tau/tau was inversely correlated (Figure 6A, r = 0.52, 

p = 9.79x10−5; and r = 0.49, p = 3.57x10−4 .respectively). Remarkably, the magnitudes 

of these associations with cognition in the iNs were equal to or higher than correlations 
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between cognition and plaque or tangle burden in the brain of the same individuals. There 

were no significant associations between Aβ and baseline visit cognitive scores, suggesting 

an association only with age-related cognitive decline.

As a group, AD iN cultures had higher Aβ42 and lower Aβ37 relative to all Aβ peptides. 

Aβ42:37 was significantly higher in AD than LP-NCI, which was driven by both lower 

Aβ37 and higher Aβ42 (Figure 6B,C). Using the same ELISA platforms, we see that high 

pathology brain samples also had a higher proportion of Aβ42 and a lower proportion 

of Aβ37 in all fractions compared to individuals who had low neuropathological burden, 

mirroring what was observed in iNs (Figure 6D,E). In line with the above-described 

observations, Aβ42:37 measured in iN media shows a modest performance in distinguishing 

NCI from AD (Figure 6F, p=0.0008). Aggregating measures of tau into a single score also 

shows a modest performance (Figure 6G, p=0.0003). Aggregating the Aβ and tau measures 

together outperforms either set of measurements alone (Figure 6H, p=5.7x10−5).

Many genetic variants of small effect size contribute to Aβ profile in neurons across 
individuals

We next examined whether genetic variants or age contribute to variation of Aβ and tau 

profiles in iNs. No association was observed between age at PBMC collection used for 

iPSC generation and any Aβ or tau measure (Figure S9). Whole genome sequencing 

of the individuals for whom iPSC lines were generated revealed rare coding variants in 

genes previously associated with AD (Figure S9). However, it is not known if these are 

pathogenic, protective, or benign variants. Intriguingly, the individual in our cohort who had 

the highest Aβ42 and lowest Aβ37 (BR14) had a PSEN1 coding variant (E318G) that is 

not a fAD mutation, but that may affect γ-secretase processivity (red dots in Figure 6B,C). 

APOE haplotype had only weak effects on the iN phenotypes analyzed. Using RNAseq and 

proteomics datasets, we compared neurons with an e4 allele versus those with no e4 allele. 

No genes passed multiple comparisons testing at the RNA level. In the proteomics analysis, 

one protein, AIP (aromatic hydrocarbon receptor interacting protein), was significantly 

differentially expressed (Figure S9). Of note, analyses of an isogenic set of APOE iNs 

showed no significant differences in tau measures between 4/4, 3/3 and 2/2 haplotypes 

(Figure S10). Previous studies have shown that APOE4 exacerbates tau pathology in iPSC 

experimental systems (Wang et al., 2018, Zhao et al., 2020). Here, the lack of association 

with APOE genotype may be due to many factors, including a lack of glia in these cultures 

(Wang et al., 2021).

No individual LOAD SNP (Lambert et al., 2013, Jansen et al., 2019, Kunkle et al., 2019) 

showed a significant association with Aβ42:37 or tau measures in iNs (Figure S9). Thus, 

we hypothesized that a combinatorial influence of variants converge to influence the Aβ 
and tau profiles in our experimental system. Polygenic risk scores (PRS) incorporate the 

weighted additive effects of common genetic variants genome-wide to quantify heritable 

disease risk (Dudbridge, 2013). We calculated PRS for LOAD at increasingly stringent 

p-value thresholds for SNP inclusion, based on available summary statistics from the most 

recent large-scale genomewide association studies (Felsky et al., 2018). As expected, LOAD 

PRS was significantly higher in those with an AD diagnosis both in our iPSC cohort and in 
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the larger ROSMAP cohort (Figure 6I,J). PRS for LOAD was associated with iN Aβ42:37 

(Figure 6K,L), with the strongest association being with the least stringent cutoff for SNP 

inclusion. LOAD PRS remained associated with iN Aβ42:37 after exclusion of the APOE 
locus (Figure 6L). This indicates that, in the absence of very strong perturbations such 

as fAD mutations, Aβ42:37 is influenced at least in part by numerous genetic variants of 

small effect size. Tau aggregate score was not associated with LOAD PRS, suggesting that 

elevated Aβ42:37 may be a more proximal consequence of LOAD PRS than effects on tau in 

iNs.

We next aimed to identify the pathways and proteins in human neurons most influenced 

by the genome-wide burden of LOAD genetic risk. Pearson correlations were calculated 

between all proteins detected in the iNs and LOAD PRS. Interestingly, the top association 

was a negative association with PICALM (Figure 6M,N), a protein previously linked to 

LOAD by genetics and function (reviewed in (Van Acker et al., 2019)). Proteins negatively 

associated with LOAD PRS were enriched in “protein serine/threonine phosphatase 

complex” (FDR=4.1x10−2), “regulation of mRNA metabolic process” (FDR=3.1x10−8) 

and “proteasome complex” (FDR=2.4x10−5)(Figure 6M). The observation of a genetic 

association with these terms suggests that alterations in these pathways are intrinsically 

encoded in the genome and highlight these as potential causal influencers of LOAD. 

Proteins also associated with PRS in brain tissue proteomic data with the same directionality 

are denoted by red asterisks (Figure 6M).

AD-associated Aβ and tau levels are associated with reduced PP1 protein levels in both 
iNs and in the postmortem human brain

To identify LOAD-associated candidate proteins for experimental validation, we identified 

proteins that were associated with LOAD PRS, Aβ42:37, and tau measures in both iN 

cultures and brain tissue (Figure 7A–D). We chose to pursue the relationship between 

protein phosphatase 1 (PP1) and Aβ and tau for the following reasons: 1) PPP1CA protein 

levels (a core component of PP1) are associated with LOAD PRS and with Aβ42:37 levels 

in iNs (Figure 7A,D); 2) PPP1CA protein levels in brain are associated with LOAD PRS 

and brain Aβ42:37 levels and are significantly lower in AD relative to LP-NCI and HP-NCI 

(Figure 7B,E,G); 3) Protein levels of PPP1R1A (a negative regulator of PP1 activity) are 

associated with LOAD PRS, Aβ42:37 and tau aggregate score in iNs (Figure 7A,D), and 4) 

Brain PPP1R1A protein levels are associated with LOAD PRS and brain Aβ42:37 levels, 

and are significantly higher in AD relative to LP-NCI and HP-NCI (Figure 7B,F,G).

Elevation of Aβ42:37 induces a reduction in PPP1CA protein levels, and PP1 inhibition 
subsequently affects tau proteostasis

Lysates of iNs spanning the range of PPP1CA expression were collected in an independent 

round of differentiation and levels of PPP1CA analyzed by WB. Rank order levels of 

PPP1CA were identical between WB and proteomic data (Figure S11). To determine 

whether changes in the Aβ42:37 ratio affect PP1 levels, we expressed APP harboring both 

the Swedish (KM670/671NL) and Iberian (I716F) fAD mutations (“APP-NLF”), which 

elevates the Aβ42:37 ratio (Figure 7H). Expression of APP-NLF in iNs significantly 

decreased protein levels of PPP1CA (Figure 7I). We also used γ-secretase modulators to 
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reduce (PF-06442609 “PF” Pfizer) or to elevate (fenofibrate “FeFb”; Sigma) Aβ42:37 in iNs 

(Figure 7J). Consistent with the APP-NLF results, pharmacological reduction of Aβ42:37 

resulted in an increase in PPP1CA protein levels, while elevation of Aβ42:37 reduced 

PPP1CA levels (Figure 7K). No changes in PPP1CA RNA levels were detected (Figure 

S11). These findings suggest that the reduced PPP1CA levels observed in AD neurons are at 

least in part downstream of alterations in Aβ processing.

FeFb treatment of iNs consistently resulted in an elevation of HMW p-tau/tau and a decrease 

in major p-tau/tau across four LP-NCI lines (Figure 7L,M). However, PF treatment had 

inconsistent effects on HMW p-tau/tau across four AD lines: in two lines it had no effect 

(BR46, BR57), in one line it induced a subtle reduction (BR83), and in the last line (BR27) 

it significantly reduced HMW p-tau (Figure S11). These results suggest that elevating 

Aβ42:37 in neurons with “healthy” tau is sufficient to induce changes in tau, but that 

reducing Aβ42:37 in iNs is not sufficient for lowering already elevated levels of HMW 

p-tau.

To investigate whether reduction in PP1 activity affects tau phosphorylation and/or Aβ42:37, 

we treated iNs with the PP1 inhibitor tautomycin (TauT)(Knobloch et al., 2007) for 24hrs 

followed by quantification of pan phospho-serine/threonine (pSer,Thr) and p-tau. TauT 

induced a significant elevation in overall pSer-Thr levels but had no effect on Aβ42:37 

levels (Figure S11). However, inhibition of PP1 reduced p-tau(major)/tau, and increased 

p-tau(HMW)/tau in both LP-NCI and AD neurons (Figure 7N–R). Effect sizes of TauT 

were diminished in AD neurons relative to those observed in LP-NCI iNs, perhaps due 

to the already reduced levels of PPP1CA and elevated HMW p-tau observed in AD lines 

at baseline. These effects are consistent with the observed associations between elevated 

Aβ42:37, reduced PPP1CA, reduced p-tau(major)/tau, and elevated p-tau(HMW)/tau. With 

TauT treatment, PPP1R1A transcript levels did not change but transcript levels of PPP1CA 

were elevated, perhaps reflecting a compensatory effort of the cells in response to PP1 

inhibition.

These data indicate that elevating PP1 activity in AD neurons can lower HMW p-tau levels. 

To our knowledge, there are no commercially available small molecules that can specifically 

elevate PP1 activity. However, C2-ceramide has been described to activate PP1 as well 

as PP2A (Dobrowsky and Hannun, 1992, Wolff et al., 1994, Chalfant et al., 1999). Here, 

treatment of AD iNs with C2-ceramide consistently reduced HMW p-tau across five AD 

lines (Figure 7S, Figure S11). Taken together, these results support the hypothesis that 

modulation of Aβ can alter levels of PP1, which in turn affects the phosphorylation and 

aggregation of tau (Figure 7T).

Discussion

We conceptualize two critical steps in the development of AD that are relevant to the 

design of this study. The first is the accumulation of Aβ oligomers in the brain, and the 

second is the complex multicellular response to Aβ oligomer accumulation that leads to 

cognitive decline, in part through effects on tau. By interrogating neurons that span the 

clinical and neuropathological spectrum, we identified proteins and pathways associated 

Lagomarsino et al. Page 12

Neuron. Author manuscript; available in PMC 2022 November 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with the consequence of each step: accumulation of plaque and tangle burden in the brain 

(Figure 5) and cognitive decline (Figure 6,7). Through the analysis of neuron-only cultures, 

we are undoubtedly not capturing all important aspects of AD pathogenesis. In spite of 

this we were able to isolate and analyze the neuronal contribution of genetic risk for AD 

and observe consistent AD-relevant associations between our human culture system and 

the aged human brain. The unique set of iPSC lines developed and phenotyped here offers 

a tractable experimental system, ultimately across many CNS cell types, for probing the 

mechanisms underlying the accumulation of neuropathology and cognitive decline versus 

resilience across individuals.

Genetic studies of LOAD suggest that a combinatorial influence of variants converge to 

initiate the deposition of the hallmark amyloid plaques and tau tangles and associated 

cognitive decline that define the disease. Multiple lines of evidence suggest that soluble Aβ 
oligomers are upstream of changes in tau phosphorylation (Gotz et al., 2001, Oddo et al., 

2004, Jin et al., 2011, Muratore et al., 2014) and that the inductions of AD-related changes 

in tau are a critical step that determines to what extent one is vulnerable or resistant to the 

accumulation of Aβ. We have established an experimental system that captures aspects of 

the cell biological processes relevant to these steps within human neurons (Figure 7T). We 

find that elevated Aβ42 and decreased Aβ37 in iNs are associated with plaque deposition 

and cognitive decline in the same individuals. We find that LOAD PRS is significantly 

associated with Aβ42:37 ratio, suggesting that the effects of multiple LOAD risk variants 

converge to result in an alteration of γ-secretase mediated cleavage of APP.

Previous studies of deterministic fAD mutations have shown a clear connection between rare 

genetic mutations in APP or PSEN1/PSEN2 and changes in Aβ profile (Scheuner et al., 

1996, Bentahir et al., 2006). While numerous lines of evidence support a role of altered Aβ 
production in fAD, much less is known about the contribution of Aβ production to LOAD. 

Our work has revealed for the first time, associations between late-onset AD and measures 

of neuronal Aβ production. In contrast to fAD, in LOAD the ratio of Aβ42:40 generated 

in iNs was not associated with cognition. Rather, the strongest association with cognition 

was with the relative ratio of Aβ42 to the shortest and least amyloidogenic peptide, Aβ37. 

Remarkably, the associations of cognitive trajectory to Aβ peptide measurements in cultured 

neurons are stronger than the associations to neuritic plaque burden in the brains of the same 

cohort (Figure 6A). Moreover, a lower proportion of Aβ37 relative to all other Aβ peptides 

was observed in LOAD postmortem brain tissue (Figures 6B,C). Thus, the level of the short, 

non-amyloidogenic Aβ37 peptide is associated with relative protection from amyloid plaque 

formation and cognitive decline. It is unclear from our existing data if Aβ37 plays a direct 

protective role in neutralizing longer Aβ peptides, but if further work supports this, there 

may be important implications for the design of immunotherapeutic agents targeting Aβ.

Through multiple analyses, we consistently observed an elevation of a subset of proteins 

associated with synaptic vesicle biology in both AD iNs and brain. In the AD brain, 

reduction in synaptic numbers are the best correlate of cognitive decline (Terry et al., 

1991). However, here we observe an upregulation of RNA and protein levels of a 

subset of pre-synaptic proteins in AD. Additional studies are warranted to experimentally 

validate these findings and determine if this upregulation is compensatory and/or if the 
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dysregulation perhaps causes synapses to be vulnerable. Proteins involved in RNA splicing 

and localization, ribosomal proteins, proteasomal components, and trafficking proteins also 

emerged from multiple analyses. Each of the above-mentioned pathways previously has 

been implicated in studies of AD using model systems and/or in postmortem brain analyses 

(e.g., (Bereczki et al., 2016, Garcia-Esparcia et al., 2017, Canchi et al., 2019, Hsieh et 

al., 2019, Johnson et al., 2020)). Here we show that these same proteins are altered in 

human neurons that have not been exposed to confounding insults such as decades of 

degeneration, exogenously introduced mutations or toxic factors. Because these findings are 

in a well-controlled reductionist system, we raise the possibility that dysregulation of these 

pathways are initiating events that are tied to genetic risk for LOAD. This collection of iPSC 

lines provides a readily manipulable system for future studies that can further interrogate 

these and other hypotheses. As one example of the utility of this resource for probing events 

relevant to AD, we experimentally validate a mechanistic link between Aβ peptides and 

p-tau via PP1, a complex repeatedly associated with AD-related phenotypes in this study.

Limitations of the study

This iPSC resource models naturally occurring genetic diversity across humans. As such, 

we do not expect to observe strong effect sizes like those observed in studies of “knock 

out vs wild type” or “treatment vs no treatment”. Additionally, with -omics level data, one 

needs relatively strong effect sizes in order to overcome the burden of multiple comparisons. 

Our approach to this limitation was two-fold: 1) to strengthen confidence in the biological 

relevance of a subset of findings through analytic validation in better powered RNAseq 

and proteomic datasets from human brain and 2) to experimentally validate findings with 

the strongest evidence, i.e. components of PP1. In this study we predicted that shared 

biological domains may be disrupted across individuals which leads to the characteristic 

accumulation of Aβ and tau in the brain, and ultimately to cognitive decline and clinical 

Alzheimer’s disease. However, the basis of the biological network dysregulation may be 

subtle disruptions, distributed across many genes. Because of the inherent challenge this 

poses, GSEA was a useful complementary tool to single gene analyses that allowed us to 

identify pathways and networks that are associated with AD-relevant measures.

The iPSC system does not capture the accumulation of a lifetime of environmental 

exposures and aging-relating processes that influence disease-related processes. 

Additionally, here we focused upon neuronal biology, and processes across a variety of 

cell types clearly contribute to AD pathogenesis. LOAD is genetically complex, with over 

30 loci identified that contribute significantly to disease risk (Lambert et al., 2013, Jansen et 

al., 2019), and many LOAD genes are expressed and have functions in astrocytes, microglia, 

and at the blood-brain barrier (BBB). Numerous studies have demonstrated the importance 

of neuroinflammation and disruption of the BBB in AD pathogenesis, and those findings 

underscore the utility of future studies in analogous microglial, astrocytic, and endothelial 

cellular systems to uncover non-neuronal pathways relevant to AD biology.
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STAR Methods

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be 

directed to the Lead Contact, Tracy Young-Pearse (tpearse@bwh.harvard.edu).

Materials Availability—IPSC lines described here are made available to the 

scientific community for research purposes via the NYSCF repository following MTA 

and Data Usage Agreement approval by Rush University Medical Center (https://

www.radc.rush.edu/). NYSCF iPSC search tool can be found here (https://nyscf.org/

research-institute/repository-stem-cell-search) and more information about their repository 

by emailing repository@nyscf.org.

Data and Code Availability

• RNAseq and proteomic datasets from iPSC-derivatives and brain tissue 

are available through the AMP-AD Knowledge Portal (http://doi.org/

10.7303/syn25169976). ROSMAP cohort data can be requested at https://

www.radc.rush.edu.

• All original code has been deposited at Zenodo and is publicly available as of the 

date of publication. DOIs are listed in the key resources table.

• Any additional information required to reanalyze the data reported in this work 

paper is available from the Lead Contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Induced Pluripotent Stem Cell Generation and lines—ROS and MAP studies 

were approved by an Institutional Review Board of Rush University Medical Center. All 

participants signed an informed consent, an Anatomical Gift Act, and a repository consent 

to allow their data and biospecimens to be repurposed. IPSC lines were generated following 

IRB review and approval through Partners/BWH IRB (#2015P001676). See also Figure S1 

for details on human subjects cognition, pathology and distribution.

Peripheral blood mononuclear cell (PBMC) samples from the ROS and MAP cohorts 

were first expanded in StemPro-34 SFM Complete Medium (Thermo Fisher, 10639-011) 

supplemented with cytokines SCF (100ng/mL, R&D Systems, 255-SC-050), Flt3 

(100ng/mL, R&D Systems, 308-FK-025/CF), IL3 (20ng/mL, Cell Signaling, 8918SF), 

and IL6 (20ng/mL, Cell Signaling, 8904SC) as previously described (Zhou et al., 2015) 

for 4 days to enrich for myeloid and erythroblast lineages and to generate samples for 

sterility testing by Chocolate Agar or SteriTEC sterility assays, cell line ID fingerprinting 

with SNPtrace genotyping panel (Fluidigm, PN100-6280) as described (Paull et al., 

2015), and to prime cells for reprogramming. Primed PBMC samples passing sterility 

tests were seeded at either 30k or 50k cells/well in a 96-well Cultrex (HESC qualified 

Cultrex, Trevigen, 3434-001-02) coated plate for reprogramming using CytoTune™-iPS 

Sendai Reprogramming v2.0 Kit (Thermo Fisher, A16517) per the manufacturer’s 

recommendations modified for cell number and plate format. In some cases, primed 
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PBMCs were first frozen into barcoded Matrix tubes (Thermo Fisher, 50823819) in Synth­

a-freeze Cryopreservation Media (Thermo Fisher, A125542) before reprogramming. After 

infection, cells were gradually transitioned to Freedom media (DMEM-F12 with Freedom-1 

Supplement, Life Technologies, Custom) for 5 days post-infection with partial daily media 

changes on the NYSCF Global Stem Cell Array® platform (Paull et al., 2015). Live cell 

surface staining using the iPSC marker Tra-1-60 (Tra-1-60 Antibody, Life Technologies) 

was performed 12-14 days post-transfection to identify reprogrammed cells. Successfully 

reprogrammed cell lines were expanded from 96-well plates to 24- and then to 6-well 

Cultrex coated plates to isolate colonies. Colonies were expanded via automation on the 

NYSCF Global Stem Cell Array® platform for further quality control assays and then 

frozen into barcoded Matrix tubes in Synth-a-freeze Cryopreservation Media at ≥500k cells/

vial. All iPSC lines made by the NYSCF Global Stem Cell Array® undergo a rigorous 

quality procedure that includes a sterility check, mycoplasma testing, karyotyping, and a 

pluripotency assays (Figure S2). iPSCs were maintained using StemFlex Medium (Thermo 

Fisher Scientific). APP mutation lines were previously described (Muratore et al., 2014, 

Muratore et al., 2017). Sex of all iPS cell lines reported in Figure 1. See also Figure S2, S3 

for detailed QC data.

Induced neuron differentiation—Induced neurons were generated as described with 

minor modifications described below. Several previously published studies have described 

the use of NGN2 to induce differentiation to neuronal fate (Pang et al., 2011, Zhang et 

al., 2013b, Ho et al., 2016, Nehme et al., 2018). iPSCs were plated in mTeSR1 media 

at a density of 95K cells/cm2 on Matrigel-coated plates for viral transduction. Media was 

changed from StemFlex to mTeSR1 as we found better transduction viability with mTeSR1 

Viral plasmids were obtained from Addgene (plasmids #19780, 52047, 30130). FUdeltaGW­

rtTA was a gift from Konrad Hochedlinger (Addgene plasmid # 19780). Tet-O-FUW-EGFP 

was a gift from Marius Wernig (Addgene plasmid # 30130). pTet-O-Ngn2-puro was a gift 

from Marius Wernig (Addgene plasmid # 52047). Lentiviruses were obtained from Alstem 

with ultrahigh titers (109) and used at the following concentrations: pTet-O-NGN2-puro: 

0.1 ul/ 50K cells; Tet-O-FUW-eGFP: 0.05ul/ 50K cells; Fudelta GW-rtTA: 0.11ul/50K cells. 

Transduced cells were dissociated with Accutase and plated onto Matrigel-coated plates at 

50,000 cells/cm2 in mTeSR1 (day 0). On day 1, media was changed to KSR media with 

doxycycline (2 ug/ml, Sigma). Doxycyline was maintained in the media for the remainder of 

the differentiation. On day 2, media was changed to 1:1 KSR: N2B media with puromycin 

(5 ug/ml, Gibco). Puromycin was maintained in the media throughout the differentiation. 

On day 3, media was changed to N2B media + 1:100 B27 supplement (Life Technologies), 

and puromycin (10 ug/ml). From day 4 on, cells were cultured in NBM media + 1:50 B27 

+ BDNF, GDNF, CNTF (10 ng/ml, Peprotech). All analyses presented here were at day 21 

(d21) post induction of neuronal differentiation unless otherwise noted. Frozen stocks were 

generated at day 4 for all lines to facilitate the synchronized differentiation of dozens of 

lines in parallel.

Induced neuron protocol media:  •KSR media: Knockout DMEM, 15% KOSR, 1x MEM­

NEAA, 55 uM beta-mercaptoethanol, 1x GlutaMAX (Life Technologies).
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•N2B media: DMEM/F12, 1x GlutaMAX (Life Technologies), 1x N2 supplement B 

(Stemcell Technologies), 0.3% dextrose (D-(+)-glucose, Sigma).

•NBM media: Neurobasal medium, 0.5x MEM-NEAA, 1x GlutaMAX (Life Technologies), 

0.3% dextrose (D-(+)-glucose, Sigma).

Induced astrocyte differentiation—Induced astrocytes (iAstros) were generated 

following a previously published paper (Canals et al., 2018) with minor modifications. 

IPSCs were plated at 95k cells/cm2 on a growth factor reduced matrigel (Corning #354230) 

coated plate, then were transduced with three lentiviruses – TetO Sox9 puro (Addgene 

plasmid #117269), TetO Nfib Hygro (Addgene plasmid #117271), and FUdeltaGW-rtTA 

(Addgene plasmid #19780). The cells were then dissociated with Accutase, plated at 

200,000 cells/cm2 using Stemflex and ROCK inhibitor (10uM) (D0). From D1 to D6, 

the media was gradually switched from Expansion media (DMEM/F12, 10% FBS, 1% 

N2 supplement, 1% Glutamax) to FGF media (Neurobasal media, 2% B27, 1% NEAA, 

1% Glutamax, 1% FBS, 8ng/ml FGF, 5ng/ml CNTF, 10ng/ml BMP4). On day 8, cells 

are replated at 84k cells/cm2 and from D8 to the end of differentiation D21, cells were 

cultured with Maturation media (1:1 DMEM/F12 and Neurobasal, 1% N2, 1% Glutamax, 

1% Sodium Pyruvate, 5ug/ml N-acetyl cysteine, 5ng/ml heparin-binding EGF-like GF, 

10ng/ml CNTF, 10ng/ml BMP4, 500ug/ml dbcAMP) and fed every 2-3 days.

Generation of iMGs from iPSCs—For the differentiation of iPSC-derived microglia­

like cells (iMGs), iPSCs were differentiated using a previously-established protocol (Abud 

et al., 2017, McQuade et al., 2018) that was further optimized, as described here. HPCs 

were generated from iPSCs using the StemDiff Hematopoietic Kit. Cells were replated at 

day 12 at 100,000 cells per 35 mm well (1 well of a 6 well plate). Cells were plated in 

2 mL of iMG media per well: DMEM/ F12, 2X insulin-transferrinselenite, 2X B27, 0.5X 

N2, 1X glutamax, 1X non-essential amino acids, 400μM monothioglycerol, 5 μg/mL insulin. 

Microglia media is supplemented with fresh cytokines before each use: 100 ng/mL IL-34, 

50 ng/mL TGFβ1, and 25 ng/mL M-CSF. On days 14, 16, 18, 20, and 22, each well was 

supplemented with 1 mL of iMG media with freshly added cytokines. On day 24, all media 

is removed from the wells and the cells are dissociated by incubating with 5 minutes of PBS 

at room temperature. Both the media and the PBS is centrifuged at 300 x G for 5 minutes 

to pellet adherent and non-adherent cells. Cells are combined and replated at 100,000 cells 

per 15.6 mm well (1 well of a 24 well plate) in 1 mL of a 1:1 mixture of old media and 

fresh iMG media with tricytokine cocktail. On days 26, 28, 30, 32, 34, 36, each well is 

supplemented with 0.5 mL of iMG media with freshly added 3 cytokines. On day 37, all but 

0.5 mL of media was removed from each well. Media was centrifuged for 5 minutes at 300 

x G to pellet non-adherent cells. Cells are resuspended in iMG media supplemented with 

100 ng/mL IL-34, 50 ng/mL TGFβ1, 25 ng/mL M-CSF, 100 ng/mL CD200 and 100 ng/mL 

CX3CL1. On days 39 and 41, cells are fed with microglia media with five cytokine cocktail 

(0.5 mL per well).
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METHOD DETAILS

STR Profiling—Genomic DNA (gDNA) was prepared using QuickExtract DNA extraction 

solution (Epicentre, QE09050). iPS-NGN2 transduced cell lines were routinely sent to 

Genetica DNA Laboratories to confirm identity through STR profiling. gDNA from 

neuronal cultures were also STR profiled to confirm identity prior to RNAseq and proteomic 

analyses. Any samples failing identity verification were eliminated from all analyses.

Bulk RNA sequencing—For iNs, at least 250 ngs of total RNA input was oligo(dT) 

purified, then double-stranded cDNA was synthesized using Superscript III Reverse 

Transcriptase with random hexamers. Sequencing libraries were generated by processing 

1 ng of generated cDNA through the Illumina Nextera Tagmentation library protocol. RNA 

and cDNA were quantified on a TapeStation 4200. Multiplexed libraries were sequenced 

on an Illumina NextSeq 500 to an average depth of 24 million mapped paired-end reads 

(150 bases) per sample. RNAseq reads were quality trimmed, then quantified using the 

Kallisto pseudoalignment quantification program (v0.43.1) (Bray et al., 2016) running 100 

bootstraps against a Kallisto index generated from GRCh38. Kallisto quantified samples 

were compared using Sleuth (Pimentel et al., 2017)(v0.30.0) in R Studio (v3.6.1 of R; 

v1.2.5019 of R Studio). Differentially expressed genes were identified using a Wald test 

after controlling for library preparation batch. Expression values were exported from the 

Sleuth object as normalized TPM values. The RNAseq library preparation of all ROSMAP 

libraries took several rounds to complete. To generate a master expression matrix the 

exported expression vectors were combined, quantile normalized, then batch effects were 

regressed using the ComBat algorithm in the SVA (v3.34.0) package in R. Any gene with 

very low average expression (0.6TPM for gene level analysis, and 0.2TPM for transcript 

level analysis) was excluded from the matrix. Samples with abnormally high levels of either 

Oct2/3 or LEFTY2 (>20TPM) were suspected to have a high percentage of undifferentiated 

cells and were removed from the analysis. One additional outlier was identified in PCA 

analysis and was removed from the matrix. Of the remaining samples, 18 of the lines had 

replicate entries and their expression vectors were averaged in the final expression matrix. 

The final RNAseq master expression matrix has 49 samples and quantifies expression of 

104,090 transcripts from 22,799 genes.

Single nucleus RNA sequencing—At the end of iN and iA differentiation, all media 

was removed from the wells and cells were washed once in ice-cold PBS with 0.04% BSA. 

Cells were lysed on ice for 15 minutes using lysis buffer: 10 mM Tris, 0.49% CHAPS, 

0.1% BSA, 21 mM magnesium chloride, 1 mM calcium chloride, 146 mM sodium chloride. 

The nuclei were pelleted through centrifugation (5 minutes at 500 x G) and resuspended in 

PBS + 1% BSA for counting prior to loading into the 10X. At the end of iMGL cultures, 

cells were dissociated by incubating for 5 minutes in PBS at room temperature. Cells were 

centrifuged for 5 minutes at 300 x G and the pellets were combined and washed once in 

ice-cold PBS with 0.04% BSA. The suspension was centrifuged for 5 minutes at 500 x G 

to pellet cells and then lysed on ice for 15 minutes with lysis buffer. Nuclei were pelleted 

similar to previously described. Filtered single nucleus suspensions at 1k cells/ul were used 

to generate gel emulsion bead suspensions using the 10xGenomics Chromium controller 

and NextGEM 3’ reagents v3.1 (10X Genomics, San Francisco, CA) with a targeted 
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recovery of 10000 cells. Single cell libraries were generated following the “Chromium 

NextGEM” protocol (CG000204 Rev D). A TapeStation 4200 was used to assay library 

quantity and size distribution. Libraries were sequenced at the New York Genome Center 

using a NovaSeq at a depth of 4E8 reads per sample (4E4 reads per cell). Fastq files were 

processed using the 10xGenomics CellRanger pipeline and standard CellRanger outputs 

were visualized using the Loupe Browser. Because samples from different donors were 

multiplexed together, individual nuclei were assigned to donors with the demuxlet software 

package (PMID:29227470), using genotype files derived from whole genome sequence data 

on these donors. Only nuclei that were called “singlets” and unambiguously identified as 

belonging to one donor were used for downstream visualization.

Gene Set Enrichment Analyses (GSEA)—GSEA were performed using both the 

desktop GSEA application (https://www.gsea-msigdb.org/gsea/index.jsp), and with the 

updated fgsea package for R, both giving highly comparable results (Mootha et al., 2003, 

Subramanian et al., 2005). Rank files for GSEA analyses of differentially expressed 

genes were generated by calculating the −log10(pValue) from Student’s t (2-sided 

unpaired, heteroscedastic) comparison and signed to reflect the directionality of differential 

expression. For GSEA of correlations we generated rank files using the -log10(pValue)*(r 

value) to factor both the significance as well as the magnitude and directionality of effect. 

Gene sets (*.gmt files) were generated using the gene set modules described in (Mostafavi et 

al., 2018) and separately using WGCNA (see “Generation of Co-expression Modules from 

ROS/MAP Brain Tissue Proteomics”). Normalized Enrichment Scores reflect the amount of 

enrichment of each gene set (module) in the top (+) or bottom (−) of the gene rank files 

(from DEG or correlation analysis), normalized to account for gene set sizes.

qPCR: In brief, samples were prepared using the Power SYBR™ Green Cells-to-Ct kit 

(Invitrogen #4402953) according to manufacturer’s instructions. Each biological sample 

had three technical replicates, and the qPCR was performed using ViiA7 System (Applied 

Biosystems), analyzed with Comparative CT method (ΔΔCT) normalized to GAPDH. 

Primers were ordered from IDT. Primers:

Forward Reverse

GAPDH GGGAGCCAAAAGGGTCATC TGGTTCACACCCATGACGAA

PPP1CA ACTACGACCTTCTGCGACTAT AGTTCTCGGGGTACTTGATCTT

PPP1R1A CCACGGCAACGGAAGAAGAT CCCCAGGTGATGTTCAACCA

LC-MS/MS proteomics—For each cell line, 1x106 cells were plated per well of a 6 well 

plate and were cultured for 21 days. On D21 iNs were lysed in NP40 lysis buffer (500 uL 

NP40, 1.5 mL 5M NaCl, 2.5 mL 1M Tris pH 7.6, 1.0 mL 0.5 M EDTA, 1 Complete protease 

inhibitor tablet, and brought up to 50 mL with MilliQ water). Lysates were stored at −80 

degrees and then used for label-free LC-MS/MS proteomics through the Emory School of 

Medicine Proteomics Core, as described (Seyfried et al., 2017).
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Protein concentrations were determined by the bicinchoninic acid (BCA) method, and 100ug 

of total protein was aliquoted for each sample. Protein homogenates were treated with 1 mM 

(final concentration) dithiothreitol (DTT) at 25°C for 30 minutes, followed by 5 mM (final 

concentration) iodoacetimide (IAA) at 25°C for 30 minutes in the dark and digested with 

1:100 (w/w) lysyl endopeptidase (Wako) at 25°C overnight. The samples were then diluted 

with 2-fold with 50 mM NH4HCO3 and further digested overnight with 1:50 (w/w) trypsin 

(Promega) at 25°C. Detergent was removed using detergent removal spin columns (Thermo 

Scientific Pierce) according to manufacturer’s protocol. The samples were then acidified and 

desalted with a Sep-Pak C18 column (Waters). All samples were dried under vacuum.

The dried peptides were resuspended in peptide loading buffer (0.1% formic acid, 0.03% 

trifluoroacetic acid, 1% acetonitrile). Peptide mixtures (1ug) were separated on a self-packed 

C18 (1.9 um Dr. Maisch, Germany) fused silica column (25 cm x 75 uM internal diameter; 

New Objective, Woburn, MA) by Thermo Easy-nLc 1200 and monitored on a Q-Exactive 

HFX mass spectrometer (ThermoFisher Scientific , San Jose, CA) (Seyfried et al., 2017). 

Elution was performed over a 60 minute gradient at a rate of 300nl/min with buffer B 

ranging from 3% to 50% (buffer A: 0.1% formic acid in water, buffer B: 0.1 % formic in 

80% acetonitrile). The mass spectrometer cycle was programmed to collect one full MS 

scan followed by 20 data dependent MS/MS scans. The MS scans (400-1600 m/z range, 

1,000,000 AGC, 100 ms maximum ion time) were collected at a resolution of 60,000 at 

m/z 200 in profile mode and the MS/MS spectra (2 m/z isolation width with an isolation 

offset of 0.5 m/z, 32% collision energy, 50,000 AGC target, 50 ms maximum ion time) 

were acquired at a resolution of 15,000 at m/z 200. Dynamic exclusion was set to exclude 

previous sequenced precursor ions for 10 seconds within a 10 ppm window. Precursor ions 

with +1, and +6 or higher charge states were excluded from sequencing.

RAW data for all samples were analyzed using MaxQuant v1.6.3.4 with Thermo Foundation 

2.0 for RAW file reading capability. The search engine Andromeda, integrated into 

MaxQuant, was used to build and search a concatenated target-decoy IPI/Uniprot human 

reference protein database (retrieved April 20, 2015; 90,411 target sequences), plus 

245 contaminant proteins from the common repository of adventitious proteins (cRAP) 

built into MaxQuant. Methionine oxidation (+15.9949 Da), asparagine and glutamine 

deamidation (+0.9840 Da), and protein N-terminal acetylation (+42.0106 Da) were variable 

modifications (up to 5 allowed per peptide); cysteine was assigned a fixed carbamidomethyl 

modification (+57.0215 Da). Only fully tryptic peptides were considered with up to 2 

miscleavages in the database search. A precursor mass tolerance of ±20 ppm was applied 

prior to mass accuracy calibration and ±4.5 ppm after internal MaxQuant calibration. 

Other search settings included a maximum peptide mass of 6,000 Da, a minimum peptide 

length of 6 residues, 0.05 Da tolerance for high resolution MS/MS scans. Co-fragmented 

peptide search was enabled to deconvolute multiplex spectra. The false discovery rate 

(FDR) for peptide spectral matches, proteins, and site decoy fraction were all set to 1 

percent. Quantification settings were as follows: re-quantify with a second peak finding 

attempt after protein identification has completed; match MS1 peaks between runs; a 0.7 

min retention time match window was used after an alignment function was found with 

a 20 minute RT search space. The quantitation method only considered razor plus unique 

peptides for protein level quantitation. Quantitation of proteins was performed using LFQ 
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intensities given by MaxQuant. The full list of parameters used for MaxQuant are available 

as parameters.txt accompanying the public release.

Proteomic data were log2 transformed, filtered to remove any proteins with 7 or more 

missing values (out of 40 samples), and imputed with MinProb, q = 0.1. The ComBat 

algorithm was used to remove variance induced by differentiation round.

Generation of Co-expression Modules from ROS/MAP Brain Tissue 
Proteomics—ROS/MAP DLPFC Proteome abundance data was batch-normalized using 

a median polish algorithm as previously described ((Seyfried et al., 2017, Johnson et 

al., 2020), code available on https://www.github.com/edammer/TAMPOR/), 60/400 case 

samples not meeting AD, AsymAD, or NCI-low pathology status were excluded, 17 

additional outliers based on a preliminary sample connectivity network (|z.k|>3) were 

removed, and then data were bootstrap regressed to remove age, sex, and PMI covariance, as 

previously published (Seyfried et al., 2017, Johnson et al., 2020). The WGCNA package for 

R v3.5.3, blockwise Modules function was used to cluster co-expression modules with the 

following parameters: scale free topology power beta=7; deepSplit=4; minimum module size 

20; mergeCutHeight=0.07; TOMDenominator-’mean”; corType-’bicor”; “signed” network 

type; pamStage=TRUE; pamRespectsDendrogram=TRUE; and a p value reassignment 

threshold of 0.05. 56 modules met a minimum module size of 20, and additional smaller 

module member proteins were returned to grey (not in a module). Following calculation of 

signed kMEs using signedKME function with parameter corFnc-’bicor”, module members 

with kMEintramodule < 0.30 were first returned to grey, and then all proteins with a 

kME>0.30 were assigned to the module with the highest correlation, signed kMEs were 

recalculated, and the process was iterated until all assignments met the above criteria. Data 

for the 323 regressed and 400 unregressed ROSMAP proteomes can be found on https://

www.synapse.org/Consensus.

For analyses of individual proteins, data were filtered to include tissue from only those 

participants that met the criteria for our three categories: LP-NCI (no clinical diagnosis of 

AD “pm_AD”=0, no pathological diagnosis of AD “pathoAD”=0); HP-NCI (no clinical 

diagnosis of AD “pm_AD”=0, pathological diagnosis of AD “pathoAD”=1); AD (clinical 

diagnosis of AD “pm_AD”=1, pathological diagnosis of AD “pathoAD”=1). This resulted in 

analysis of 366 brain samples. Following filtering for no missing values, 4,291 proteins were 

quantified.

Immunocytochemistry and microscopy—Cells were fixed with 4% paraformaldehyde 

(Sigma) for 10 minutes, followed by membrane permeabilization and blocking with 0.25% 

Triton X-100 (Sigma) and 2% donkey serum (Jackson Immunoresearch) in PBS for 1 hour 

at room temperature. Cells were then incubated with primary antibodies overnight at 4°C, 

secondary antibodies for 1 hour at room temperature, and 1:1000 DAPI (Life Technologies) 

for 10 minutes, with multiple washes between each step. Samples were imaged using Zeiss 

LSM710 or LSM880 confocal microscopes and Zen black software. Zen black and FIJI 

were used to pseudo-color images and add scale bars. Antibodies are listed below.
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Western blotting—Lysates were prepared in a buffer containing 1% NP40, 10mM EDTA, 

150mM NaCl, 50mM Tris, complete Protease Inhibitors (PI) and phosSTOP (Roche). BCA 

protein assays were performed on all samples to normalize for protein content (Pierce). 

Equal protein amounts 1.5-10 ug, depending on target) for each sample was loaded 

onto 4–12% Bis-Tris NuPAGE gels (Life Technologies) and transferred to nitrocellulose 

membranes. Prior to blocking with LI-COR TBS blocking buffer, blots were treated with 

REVERT Total Protein Stain (LI-COR). Blots were imaged in the 700 channel of the 

Odyssey-Clx system (LI-COR). REVERT Total Protein Stain was then removed with 

REVERT Destaining Solution (LI-COR) and then blocked in LI-COR TBS blocking buffer. 

Blots were then probed with primary antibodies (see “Antibodies for Immunocytochemistry 

and Western blotting” and KRT) in LI-COR TBS blocking buffer overnight. Following 

washes in TBST, blots were incubated with fluorophore-conjugated secondary antibodies 

and imaged on the Odyssey system (LI-COR).

Antibodies for Immunocytochemistry and Western blotting:

Antigen Host ICC/WB Dilution Vendor Catalog #

MAP2 Chicken ICC 1/2000 Abcam ab5392

SATB2 Mouse ICC 1/500 Abcam ab51502

SYN1 Rabbit ICC 1/1000 Calbiochem 574777

Tau (MAPT) Rabbit ICC 1/200 Dako A0024

Tau (MAPT) Rabbit WB 1/2000 Dako A0024

P202,205 AT8 (MAPT) Mouse WB 1/250 ThermoFisher MN1020

TUJ1 Mouse ICC 1/1000 Millipore MAB1637

NeuN Mouse ICC 1/1000 Millipore MAB377

PPP1CA Mouse WB 1/200 Santa Cruz sc-7482

PPP1R1A Rabbit WB 1/2000 Abcam ab40877

Sequential human brain extraction for Αβ and tau analyses—For analyses of Aβ 
levels in the brain, grey matter from medial prefrontal cortex (BA9/46) was dissected and 

homogenized in Tris-buffered saline (TBS) + PI +phosSTOP and centrifuged at 100,000 

g for 30 minutes. Supernatant was collected (“TBS-soluble”) and the pellet homogenized 

in 1% Triton X-100 in TBS + PI +phosSTOP and centrifuged at 100,000 g. Supernatant 

was collected (“Triton-soluble”) and the pellet homogenized in 6M guanidine hydrochloride 

(GuHCl) using a sonicator and centrifuged at 100,000g. The supernatant was then collected 

(“GuHC-soluble”).

Size-exclusion chromatography—Brain or iN TBS homogenate (350 μL total volume) 

were injected onto a Superdex 200 increase (24 mL bed volume) and run on a fast protein 

liquid chromatography (FPLC) system (AKTA; GE Healthcare) in PBS, pH 7.4. 500-μL 

fractions were collected after void volume for downstream experiments. Columns were 

calibrated with Gel Filtration Standard (Bio-Rad), which ranges from 1,350 to 670,000 Da.
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ELISAs—48 hours before harvest (D19), neuronal media was changed and 100ul fresh 

NBM was dispensed into each well. On D21, media was collected and stored in −80C. 

Cells were then washed with cold PBS and lysed with 1% NP40 lysis buffer for 30 minutes 

on ice, as described above in LC-MS/Proteomics methods. Extracellular Aβ 38, 40, and 

42 levels were measured using MSD V-PLEX Plus Aβ Peptide Panel 1 (6E10) Kit (cat. 

# K15200G-1) with controls diluted in given buffer. Intracellular Aβ 38, 40, and 42 were 

measured with the same kit, with controls diluted in lysis buffer. Each cell line had at least 3 

experimental replicates (differentiation rounds) and 2-3 technical replicates (wells) for both 

intra-and extracellular ELISAs. sAPPα and sAPPβ levels were examined with the MSD 

sAAPα/sAAPβ Kit (cat. #K15120E-1).

For Aβx-37 assay, each well of an uncoated 96-well multi-array plate (Meso Scale 

Discovery, #L15XA-3) was coated with a PBS solution containing 3 μg/mL of 266 capture 

antibody (Elan) and incubated at room temperature overnight. A detection antibody solution 

was prepared with biotinylated monoclonal antibody recognizing C-terminus residues 

(D2A6H, Cell Signaling Tech), 100 ng/mL Streptavidin Sulfo-TAG (Meso Scale Discovery, 

#R32AD-5), and 1% BSA diluted in wash buffer. Following overnight incubation, 50 μL/

well of the sample, followed by 25 μL/ well of detection antibody solution were incubated 

for 2 hr at room temperature with shaking at >300 rpm, washing wells with wash buffer 

between incubations. The plate was read and analyzed according to manufacturer protocol.

Aβ values were batched normalized to control for lot-to-lot variability in the ELISA kits 

and standards. Outliers were excluded (ROUT 10%) and a mean value calculated for each 

Aβ peptide (37, 38, 40, 42). The means were then summed to generate a “total” Aβ 
measurement, and this value used to calculate a “percent of total” measurement for each Aβ 
peptide. Mean values were used to examine associations with clinical and pathological data 

from the same individuals from whom the iPSC lines were derived.

For our home-made MSD electrochemiluminescence platform for the tau ELISA, each well 

of an uncoated 96-well multi-array plate (Meso Scale Discovery, #L15XA-3) was coated 

with 30 μL of a PBS solution containing capture antibody (3 μg/mL Tau-13, Biolegend, 

for both human Tau ELISAs) and incubated at room temperature (RT) overnight followed 

by blocking with 5% BSA in wash buffer for 1h at RT with shaking at >300 rpm. A 

detection antibody solution was prepared with biotinylated detection antibody, 100 ng/mL 

Streptavidin Sulfo-TAG (Meso Scale Discovery, #R32AD-5), and 1% BSA diluted in wash 

buffer. Following the blocking step, 50 μL/well of the sample, followed by 25 μL/well of 

detection antibody solution were incubated for 2 h at room temperature with shaking at >300 

rpm, washing wells with wash buffer between incubations. The plate was read and analyzed 

according to the manufacturer’s protocol. The antibodies used to detect specific antigens 

were for for N-terminal tau (biotinylated HT-7, Thermofisher) and phospho tau (biotinylated 

AT8, Thermofisher). N-terminal tau concentration was calculated through calibration by 

recombinant Tau 441 (rPeptide).

IncuCyte assay—Day 4 iNs were dissociated and plated on Matrigel coated 96 well plates 

(Greiner Bio-One, 655090) at ~15,000 cells/cm2. Plates were cultured and imaged in an 

Essen live cell analysis IncuCyte system for up to 120 hours (DIV 9). Each cell line was 
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plated in 3 wells per 96wp and 4 images were taken per well. Neurite outgrowth and cell 

body cluster analysis was performed using IncuCyte ZOOM software, neurite outgrowth 

pipeline.

Multi-Electrode Array (MEA)—The night before MEA culturing, each well of a 96 

well plate (Axion Biosystems) was coated with Poly-D-Lysine (Sigma, P6407) and laminin 

(Invitrogen, 23017-015) overnight. The next day, laminin was washed with PBS and coated 

with Matrigel for 1 hour. D4 iN stocks were then thawed and plated in NBM media at a 

density of 25K cells per well (78K/cm2) (n=8 wells per line). During differentiation, iNs 

were fed with NBM media every 3-4 days. Doxycycline and puromycin treatment were 

stopped after D14. MEA plates were recorded every 1-2 days for 30 minutes for up to 20 

days after plating (D24). For the inhibitor treatment, plates were first recorded for baseline 

neuronal activity and then 20 μM DNQX (Fisher Scientific, 23-121-0), 50 μM D-AP5 

(Fisher Scientific, 01-061-0), or 0.1 μM TTX (Biotium, 00060) were applied for the final 

30 minute recording. Background noise in spike data per electrode was calculated using 

TTX-treated wells (>95% of noise removed by eliminating all electrodes with 0 or 1 spikes/

recording period). Mean firing rates over time (spikes/second) were calculated (Negri et al., 

2020). Percent reduction in firing after inhibitor treatments were calculated per electrode 

after removing outliers (ROUT 10%, Prism).

QUANTIFICATION AND STATISTICAL ANALYSIS

Information regarding statistical analyses can be found in the figure legends. All statistical 

tests were computed using GraphPad Prism or R Studio. More information on the software 

and codes used for computational analyses can also be found in the Method Detail section 

and the KRT. All data is graphed with +/− standard error of the Mean (SEM) or else with 

standard deviation (SD), as noted in the figure legends. For correlation analyses Pearson 

correlations were employed when measurements were proximal or linear relationships were 

anticipated, while rank-order (Spearman) correlations were used when comparing more 

distant measures whose linearity could not be assumed. Analyses were executed using 

algorithms in the Harrell (Hmisc) biostatistical package and visualized using corrplot in R.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Generation and characterization of iPSC lines from 53 deeply phenotyped 

aged humans

• Degree of congruence in expression profiles between iNs and brain of the 

same person

• Association of cognitive decline and measures of Aβ and tau in iPSC-derived 

neurons

• Identification and validation of PP1 as a molecular link between LOAD PRS, 

Aβ and tau
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Figure 1. Generation of human iPSC lines from ROS and MAP cohorts.
(A) Overview of the study. (B-F) Relevant data on ROS/MAP participants from whom iPSC 

lines were generated, each line identified using a BWH identifier (BRID). Quantification of 

plaques in the brain by modified Bielschowsky’s Silver Stain (E), paired helical filament tau 

by immunostaining using AT8 (F). Red bars display data from those individuals with both a 

clinical and pathological diagnosis of AD. See also Figures S1, S2.
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Figure 2. Consistent differentiation of iPSC lines to neuronal fate.
(A) Example images of immunostaining for neuronal markers across iNs from multiple 

iPSC lines. DNA is stained with DAPI, scale bars = 50μM

(B) Heat map of cell fate markers in iNs across lines, determined by RNAseq and compared 

to other iPSC-derivatives including neural progenitor cell (NPC), astrocyte (iAstro), and 

microglialike (iMG) fates. There were no significant differences in cell fate marker 

expression between NCI and AD individuals (t-test, with Holm-Sidak multiple comparisons 

test; q-values all >0.75).
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(C-G) iPSCs from two donors (BR09, BR57) differentiated to neuronal, astrocyte, and 

microglial fates in parallel. On the day of harvest iNs were d21, iAstros were d28 and iMGs 

were d43. Cells from the two donors were pooled and single nucleus RNAseq libraries 

prepared. UMAP plots show consistency across lines at the single cell level (C), with 

expression of the neuronal marker SYP (D) in >95% of cells in iN cultures, and <1% of the 

iN cells expressed the proliferation marker MKI67 (E), the microglial marker AIF1 (IBA1), 

or the astrocyte marker GJA1 (G). (H) Bulk RNAseq was performed on iNs derived from 6 

lines over 6 different batches of differentiation. After controlling for sequencing batch, tSNE 

analysis showed tight clustering of iN samples by genotype. Data are shown as an inset 

within another plot showing their location within PCA space relative to other iPSC-derived 

cell types.

(I,J) Percentage of active electrodes up to d24 of differentiation (I) and well-level mean 

firing rate over time (J), measured in multi-electrode arrays for 12 lines, n=8 wells/line 

(16 electrodes/well). After the last recording, wells were treated either with vehicle, TTX, 

DNQX or AP-5 and activity recorded for 30 mins. Inset shows the electrode-level percent 

reduction in mean firing rate (MFR) with each compound relative to vehicle, comparing 

pre-treatment recording to the post-treatment recording. Shown is mean +/−SEM, n>195 

electrodes/condition. See also Figure S3.
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Figure 3. Congruence of gene expression profiles between neuronal cultures and brain.
(A) RNAseq profiles from iNs and corresponding brain samples (mPFC) were compared. 

For each gene in the upper half of percentage variance, a Pearson correlation (rval) was 

calculated between iNs and brain across 49 human subjects. (B) Waterfall plot of rvals for 

all 8,265 genes. Arrow denotes point where the number of positive rvals equals the number 

of negative rvals. 110 genes had correlations that individually passed Benjamini-Hochberg 

multiple comparisons testing (FDR q<0.05). (C) Positive skew of all rvals as a population 

was measured by dividing the sum of the highest 100 rvals to the absolute value of the 
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lowest 100 rvals. Density plot of null distribution of skews is shown. The measured skew 

is significantly higher than what would be expected by chance even after successively 

removing eQTLs and sex chromosome genes from the dataset (red arrows to the right 

of null distribution). (D) Top 12 genes with expression correlated between iN and brain. 

Green shaded cells indicate membership in one of the tested gene sets (sex chromosomes, 

iN cis and trans eQTLs, brain eQTLs). (E) Table of the number of genes compared after 

successive gene set removal and effect on skew and significance (z score and pvals) of skew 

comparison to null distribution. (F) Correlation plot of top correlation (LERFS) between iNs 

and brain. Each dot indicates a single human subject with expression in iNs on the x-axis 

and expression in brain on the y-axis. (G) Same plot for RPL9, top cis-eQTL correlation. 

Dot colors indicate copy number of rs2687969 SNP. See also Figure S4, Table S1.
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Figure 4. Brain-derived modules of RNA and protein co-expression are associated with AD 
diagnosis in both iNs and prefrontal cortex.
(A-C) Differential gene expression analyses were performed between LP-NCI and AD iNs 

and between HP-NCI and AD iNs, with GSEA to examine enrichment in brain-derived 

co-expression modules generated from ROS-MAP DL-PFC brain tissue (Mostafavi et al., 

2018). See also Table S2 showing all genes with an uncorrected p-value<0.05 (t-test) in 

the iN RNAseq dataset that then showed concordant differences (FDR q<0.05) in a better 

powered brain RNAseq data set (Mostafavi et al., 2018). A) Table of modules significantly 

enriched in genes upregulated (blue) or down regulated (red) in AD. For iNs n=18 LP-NCI, 
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15 HP-NCI, 16 AD; t-tests performed. For brain, n=196 LP-NCI, 171 HP-NCI, 212 AD; 

t-test with multiple comparisons testing: FDR calculation using Benjamini, Krieger, and 

Yekutieli (BKY).

(B, C) Gene-concept networks of GSEA leading edge genes in m23 and m116.

(D-H) Proteomic analyses of iNs, comparing AD to LP-NCI or HP-NCI. Shown in (D) 

are all proteins that met an uncorrected p-val<0.05 in iNs, which then showed concordant 

changes in a better powered brain dataset (FDR q<0.05). For iNs n=16 LP-NCI, 14 HP-NCI, 

8 AD; t-tests performed. For brain, n=138 LP-NCI, 131 HP-NCI, 100 AD; t-test with 

multiple comparisons testing: FDR calculation using BKY.

(E-H) GSEA using protein modules from frontal cortex to compare proteomic results 

between AD and LP-NCI or HP-NCI iNs. Pearson correlations between each module protein 

for both brain (E) and iNs (F). Heat maps of correlations show concordant patterns of 

association between modules and within modules between brain and iNs. Table (G) shows 

brain-derived modules enriched in AD vs LPNCI and AD vs HPNCI comparisons using 

GSEA analysis. Rank files for GSEA analyses of all genes were generated by calculating the 

−log10(pval) from Student’s t (2-sided unpaired, heteroscedastic) comparison and signed to 

reflect the directionality of differential expression. Leading edge genes for each module with 

significant enrichment are shown (H). NE = not enriched; NES = normalized enrichment 

score. See also Figure S5, Table S3.
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Figure 5. Significant association between Aβ and tau species in neuronal cultures and 
postmortem plaque and tangle pathology in the brain.
A-F) Aβ37, 38, 40 and 42 were quantified from the media of iNs and Aβ40 and 42 also were 

measured in cell lysate (“intraAβ”) by ELISA. Tau was quantified in cell lysates via WB. 

Tau was detected using K9JA (“tau”) and AT8 (p-tau). Measurements were made in at least 

3 differentiations (average of 7 differentiations), 2-3 wells per differentiation.

(A) Stacked bar graph showing relative levels of each Aβ peptide measured in the media 

across lines (mean +/− SEM). (B) Aβ42:37 for each individual across differentiations (mean 

+/− SEM shown). Lines are listed in order of increasing neuritic plaque burden in the brain.

Lagomarsino et al. Page 39

Neuron. Author manuscript; available in PMC 2022 November 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



C) The mean for each metric was calculated across differentiations and a rank-order 

correlation coefficient calculated between each in vitro measure and neuritic plaque burden 

or tau tangle burden in the postmortem brain across 51 ROS/MAP individuals. Asterisks 

mark those associations with p<0.05.

D) Quantification across lines of the level of the major band of ptau relative to tau. Lines are 

listed in order of increasing tau tangle burden in the brain.

E,F) Representative WBs of iN lysates using AT8, K9JA, and GAPDH for iN (E) and brain 

tissue (F) lysates. Red arrowheads indicate “HMW” tau and red lines indicate “major” bands 

quantified.

G,H) iN and brain tissue lysates from two subjects (BR89, LP-NCI and BR27, AD) were 

fractionated using size exclusion chromatography and tau levels quantified in each fraction 

via ELISA (Tau13/HT7). Select fractions also were run on reducing gels and immunoblotted 

for tau (K9JA).

I) P-tau/tau in iNs (x-axis) relative to p-tau/tau in brain tissue (y-axis) quantified by WB 

(each dot represents data from a single individual).

J) Spearman correlations between Aβ and tau measures in iNs. Asterisks mark those 

associations with p<0.05.

K) Graph showing the relationship between Aβ42:37 and tau aggregate score in iNs. 

Tau aggregate scores were calculated by summation of the z-scores of: tau(HMW)/tau, p­

tau(HMW)/tau, and −(p-tau(major)/tau). Red dots=AD; blue dots=HP-NCI; black dots=LP­

NCI. See also Figures S6–S8.
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Figure 6. Significant association between Aβ and tau measurements in neuronal cultures and 
cognitive trajectory in the same individuals.
(A) Spearman correlation coefficients were calculated between measures of Aβ and tau in 

the iNs and slope of global cognition over age, global cognition at last visit and MMSE 

(n=52 individuals). Also shown are the correlations between brain pathology scores and 

measures of cognition for the same individuals.

(B,C) Plots of the mean value for each individual across the three diagnostic categories 

for Aβ37 (B) and Aβ42 (C) as a percent of all Aβ measured. One-way ANOVA with 
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Tukey’s multiple comparisons test comparing across categories. Data points in red highlight 

an individual that we discovered had a PSEN1 coding variant (see main text).

(D,E) Sequential extractions were performed on postmortem brain (mPFC) of ROS/MAP 

individuals. Aβ levels were measured in sequential fractions (TBS-soluble, Triton-soluble 

and GuHCl-soluble) by ELISA. One-way ANOVA with Dunnett’s multiple comparison’s 

test.

F-H) Area under the curve (AUC) was calculated by plotting the receiver operating 

characteristic curve between NCI (n=36) and AD (n=16) iNs for Aβ42:37 (F), tau aggregate 

score (G) and Aβ+tau aggregate score (H). Aβ+tau aggregate score was calculated by 

summing the z-scores of tau aggregate score and Aβ42:37.

I,J) Polygenic risk scores (PRS) were calculated for each subject in our iPSC cohort (I) and 

in the entire ROS/MAP cohort (J) by incorporating all SNPs with p<0.1 association with 

LOAD. One-way ANOVA with Kruskal-Wallis test.

(K) Heat map showing Pearson correlations between iN Aβ42:37 or tau aggregate score and 

LOAD PRS, calculated using different thresholds of inclusion for SNPs. White asterisks 

show significant associations (*p=0.026; **p=0.008). Also shown are the absence of 

associations between Aβ42:37 or tau aggregate score and unrelated diseases: MS=multiple 

sclerosis; PD=Parkinson’s disease; T2D=type-2 diabetes. (L) Correlation between Aβ42:37 

and LOAD PRS with (p=0.008) and without (p=0.009) inclusion of the APOE locus (chr19: 

44,000,000-47,000,000).

(M) Waterfall blot of the strongest correlations between LOAD PRS and proteomic 

measurements acquired from iNs. Protein components related to the proteasome, RNA 

splicing/export, and serine threonine phosphatases are highlighted by colored bars, as 

indicated. Red asterisks denote those proteins that also were observed in brain tissue to 

be associated with LOAD PRS (defined by p<0.05).

(N) Correlation between PICALM protein levels in iNs and LOAD PRS.

For A-J, *p<0.05, **p<0.01, ***p<0.005, ****p<0.001. See also Figure S9.
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Figure 7. Elevated Aβ42:37 induces a reduction in PP1 which in turn affects tau proteostasis in 
human neurons.
Waterfall plots of top associations (Pearson correlations, p-values ranging from 

0.02-1.6x10−5) between Aβ42:37 and proteomic measurements acquired from iNs (A) and 

between brain Aβ42:37 (Triton-soluble fraction) and proteomic measurements acquired 

from brain tissue of the same individuals (B). Associations highlighted in red and blue were 

shared between the iNs and brain, a number greater than would be expected by chance 

(Chi-square test, p=0.0024).
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(C) GSEA analysis of protein correlations in iNs highlight two brain-derived co-expression 

modules that are enriched with higher and two with lower Aβ42:37. These same protein 

modules also are associated with Aβ42:37 in the brain tissue. Rank files were generated 

using the −log10(pValue)*(r value) to factor both the significance as well as the magnitude 

and directionality of effect.

D) Heat map of all proteins associated with at least 2 of the 3 measures shown (LOAD PRS, 

Aβ42:37, tau aggregate score).

E,F) Protein levels of PPP1CA are significantly lower and PPP1R1A levels higher in 

AD brain compared to HP-NCI and LP-NCI. One-way ANOVA with Tukey’s multiple 

comparisons test.

G) Correlation between PPP1CA and PPP1R1A protein levels in iNs (as quantified by 

proteomics) and LOAD PRS.

H,I) IPSCs were transduced with lentivirus encoding either wild type APP, APP-NLF, 

or else with control lentivirus and differentiated to iNs. Aβ was measured in the media 

and WBs run on lysates to measure PPP1CA levels. Aβ42:37 levels were elevated (H) 

and PPP1CA levels reduced (I) with APP-NLF expression. Shown are data from three 

independent differentiations, >11 wells per condition. One-way ANOVA with Tukey’s 

multiple comparisons test.

J,K) iNs were treated with γ-secretase modulators to reduce (PF-06442609; 0.5 μM) or 

elevate (FeFb, 100 μM) the generation of longer versus shorter Aβ peptides. iNs were 

treated for 48-72 hours, and media collected for ELISA for Aβ (J) and cell lysates collected 

and WB performed for PPP1CA (K). Data show mean +/−SEM from six differentiations, 3 

iPSC lines (BR15, BR21, BR89); n=20 wells per condition, each line normalized to vehicle. 

One-way ANOVA with Tukey’s multiple comparisons test.

L,M) Treatment of LP-NCI iNs with FeFb induces a reduction in p-tau(major)/tau, and 

an elevation in p-tau(HMW)/tau. Data show mean +/−SEM from three differentiations, 4 

iPSC lines (BR21, BR40, BR60, BR89); n=14 wells per condition, each line normalized to 

vehicle. Welch’s t-test.

N-R) iNs were treated with tautomycin (TauT, 1μM) or vehicle (DMSO) for 24 hrs. Cells 

were lysed and WBs performed to measure levels of p-tau and total tau. Representative 

WB of 3 LP-NCI lines (N; see also Figure S11 for AD representative WB). Quantification 

across LP-NCI iNs (O,P) and AD iNs (Q,R). Data in O-R show mean +/−SEM from 5-7 

differentiations, 5 LP-NCI iPSC lines (BR21, BR89, BR04, BR40, BR60), and 5 AD iPSC 

lines (BR27. BR54, BR14, BR46, BR103), n=18 wells per condition, each line normalized 

to vehicle. Welch’s t-test.

S) AD iNs (BR27, BR46, BR57, BR83, BR92) were treated with 10 μM C2-ceramide for 48 

hours, lysed and tau analyzed by WB. Data shows mean +/−SEM, n=21 wells per condition, 

each line normalized to mean of vehicle treated wells within each differentiation round. 

Welch’s t-test.

For D-S, *p<0.05, **p<0.01, ***p<0.005, ****p<0.001. See also Figure S10, S11.

T) Schematic overview outlining cellular phenotypes and hypotheses regarding the cascade 

of events contributing to AD pathogenesis. Graphic created with BioRender.com.

Lagomarsino et al. Page 44

Neuron. Author manuscript; available in PMC 2022 November 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.BioRender.com


A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Lagomarsino et al. Page 45

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Chick polyclonal Anti-MAP2 ABCAM Cat. # AB5392,
RRID AB_2138153

Mouse monoclonal Anti-SATB2 (C-terminal) ABCAM Cat. # AB51502
RRID AB_882455

Rabbit polyclonal Anti-Synapsin 1 Calbiochem Cat. # 574777

Rabbit polyclonal Anti-Tau (MAPT) Dako Cat. # A0024
RRID AB_10013724

Mouse monoclonal Anti-Phospho-Tau (Ser202, Thr205) 
(AT8)

ThermoFisher Cat. # MN1020
RRID AB_223647

Rabbit monoclonal Anti-β-Tubulin III (clone 5H16) Millipore Cat. # MAB1637
RRID AB_2210524

Mouse monoclonal Anti-NeuN Millipore Cat. # MAB377
RRID AB_2298772

Rabbit monoclonal Anti-PPP1R1A (clone EP902Y) Abcam Cat. # Ab40877
RRID AB_775773

Mouse monoclonal Anti-PP1, PPP1CA (clone E-9) Santa Cruz Cat. # sc-7482
RRID AB_628177

Rabbit monoclonal anti-β-Amyloid (1-37) (D2A6H) Cell Signaling Technology Cat. # 12467S
RRID AB_2797928

Mouse monoclonal Anti-pT181 Tau (AT270) ThermoFisher Cat. # MN1050
RRID AB_223651

Rabbit polyclonal Anti-pT217 Tau GeneTex Cat. # GTX24851
RRID AB_373931

Bacterial and Virus Strains

FUdeltaGW-rtTA Zhang et al., 2013 Addgene plasmid # 19780

Tet-O-FUW-EGFP Zhang et al., 2013 Addgene plasmid # 30130

pTet-O-Ngn2-puro Zhang et al., 2013 Addgene plasmid # 52047

Biological Samples

HUMAN BRAIN SAMPLES MPFC RUSH RADC BRAIN BANK https://www.radc.rush.edu/

Chemicals, Peptides, and Recombinant Proteins

PP1 inhibitor: Tautomycin Sigma CAS 109946-35-2

iGSM Fenofibrate Santa Cruz Biotechnologies cat. # F6020

GSM PF-06442609 Pfizer cat. # PF-06442609

DNQX disodium salt, Tocris Bioscience Fisher Scientific cat. # 23-121-0

D-AP5, Tocris Bioscience Fisher Scientific cat. # 01-061

Streptavidin Sulfo-TAG Meso Scale Discovery cat. # R32AD-5

C2 Ceramide MedChemExpress cat. # HY-101180

Critical Commercial Assays

MSD V-PLEX Plus Aβ Peptide Panel 1 (6E10) Kit MesoScale Discoveries cat. # K15200G-1

MSD V-PLEX sAPPα/sAPPβ Kit MesoScale Discoveries cat. #K15120E-1

Aβx-37 ELISA Liu et al., 2021. N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited Data

RNAseq data from human iNs This paper http://doi.org/10.7303/syn25169976

Proteomics data from human iNs This paper http://doi.org/10.7303/syn25169976

Experimental Models: Cell Lines

HUMAN IPSC LINE: BR01 This paper BR01, AJ0006

HUMAN IPSC LINE: BR04 This paper BR04, AJ0056

HUMAN IPSC LINE: BR08 This paper BR08, AJ0044

HUMAN IPSC LINE: BR09 This paper BR09, AJ0038

HUMAN IPSC LINE: BR103 This paper BR103, AJ0121

HUMAN IPSC LINE: BR104 This paper BR104, AJ0113

HUMAN IPSC LINE: BR108 This paper BR108, AJ0117

HUMAN IPSC LINE: BR11 This paper BR11, AJ0002

HUMAN IPSC LINE: BR13 This paper BR13, AJ0039

HUMAN IPSC LINE: BR14 This paper BR14, AJ0003

HUMAN IPSC LINE: BR15 This paper BR15, AJ0008

HUMAN IPSC LINE: BR21 This paper BR21, AJ0046

HUMAN IPSC LINE: BR22 This paper BR22, AJ0021

HUMAN IPSC LINE: BR24 This paper BR24, AJ0040

HUMAN IPSC LINE: BR26 This paper BR26, AJ0043

HUMAN IPSC LINE: BR27 This paper BR26, AJ0001

HUMAN IPSC LINE: BR28 This paper BR28, AJ0029

HUMAN IPSC LINE: BR29 This paper BR29, AJ0030

HUMAN IPSC LINE: BR30 This paper BR30, AJ0042

HUMAN IPSC LINE: BR33 This paper BR33, AJ0047

HUMAN IPSC LINE: BR36 This paper BR36, AJ0022

HUMAN IPSC LINE: BR37 This paper BR37, AJ0031

HUMAN IPSC LINE: BR39 This paper BR39, AJ0005

HUMAN IPSC LINE: BR40 This paper BR40, AJ0045

HUMAN IPSC LINE: BR41 This paper BR41, AJ0024

HUMAN IPSC LINE: BR43 This paper BR43, AJ0020

HUMAN IPSC LINE: BR46 This paper BR46, AJ0004

HUMAN IPSC LINE: BR48 This paper BR48, AJ0028

HUMAN IPSC LINE: BR50 This paper BR50, AJ0041

HUMAN IPSC LINE: BR54 This paper BR54, AJ0048

HUMAN IPSC LINE: BR57 This paper BR57, AJ0073

HUMAN IPSC LINE: BR58 This paper BR58, AJ0068

HUMAN IPSC LINE: BR59 This paper BR59, AJ0072

HUMAN IPSC LINE: BR60 This paper BR60, AJ0067

HUMAN IPSC LINE: BR61 This paper BR61, AJ0076
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REAGENT or RESOURCE SOURCE IDENTIFIER

HUMAN IPSC LINE: BR62 This paper BR62, AJ0069

HUMAN IPSC LINE: BR63 This paper BR63, AJ0070

HUMAN IPSC LINE: BR64 This paper BR64, AJ0066

HUMAN IPSC LINE: BR65 This paper BR65, AJ0080

HUMAN IPSC LINE: BR66 This paper BR66, AJ0094

HUMAN IPSC LINE: BR67 This paper BR67, AJ0099

HUMAN IPSC LINE: BR68 This paper BR68, AJ0095

HUMAN IPSC LINE: BR69 This paper BR69, AJ0103

HUMAN IPSC LINE: BR72 This paper BR72, AJ0090

HUMAN IPSC LINE: BR83 This paper BR83, AJ0083

HUMAN IPSC LINE: BR89 This paper BR89, AJ0089

HUMAN IPSC LINE: BR91 This paper BR91, AJ0115

HUMAN IPSC LINE: BR92 This paper BR92, AJ0116

HUMAN IPSC LINE: BR93 This paper BR93, AJ0114

HUMAN IPSC LINE: BR95 This paper BR95, AJ0119

HUMAN IPSC LINE: BR97 This paper BR97, AJ0123

HUMAN IPSC LINE: BR98 This paper BR98, AJ0109

HUMAN IPSC LINE: BR99 This paper BR99, AJ0107

Human iPS Cell Line (Episomal, CD34+, ApoE2) Alstem cell advancement iPS46

Human iPS Cell Line (Episomal, CD34+, ApoE 
Knockout)

Alstem cell advancement iPS36

Human iPS Cell Line (Episomal, CD34+, ApoE3) Alstem cell advancement iPS26

Human iPS Cell Line (Episomal, CD34+) Alstem cell advancement iPS16

Software and Algorithms

R Studio, v3.6.1 of R; v1.2.5019 of R Studio R Core Team, 2020 https://www.rstudio.com

pairwiseCorrSkew.R for generating Figure 3 correlations 
and skew

This paper; zenodo https://doi.org/10.5281/zenodo.5161656

FIJI Schindelin et al., 2012 https://imagej.net/Fiji/Downloads

Kallisto pseudoalignment quantification program, 
v0.43.1

Bray et al., 2016. https://github.com/pachterlab/kallisto
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