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CRISPRi-based screens in iAssembloids to elucidate neuron-glia interactions 

Emmy Li  

 

Abstract 

The sheer complexity of the brain has complicated our ability to understand its cellular 

mechanisms in health and disease. Genome-wide association studies have uncovered 

genetic variants associated with specific neurological phenotypes and diseases. In 

addition, single-cell transcriptomics have provided molecular descriptions of specific 

brain cell types and the changes they undergo during disease. Although these 

approaches provide a giant leap forward towards understanding how genetic variation 

can lead to functional changes in the brain, they do not establish molecular 

mechanisms. To address this need, we developed a 3D co-culture system termed 

iAssembloids (induced multi-lineage assembloids) that enables the rapid generation of 

homogenous neuron-glia spheroids. We characterize these iAssembloids with 

immunohistochemistry and single-cell transcriptomics and combine them with large-

scale CRISPRi-based screens. In our first application, we ask how glial and neuronal 

cells interact to control neuronal death and survival. Our CRISPRi-based screens 

identified that GSK3𝛽 inhibits the protective NRF2-mediated oxidative stress response 

in the presence of reactive oxygen species elicited by high neuronal activity, which was 

not previously found in 2D monoculture neuron screens. We also apply the platform to 

investigate the role of APOE-𝜀4, a risk variant for Alzheimer’s Disease, in its effect on 

neuronal survival. This platform expands the toolbox for the unbiased identification of 

mechanisms of cell-cell interactions in brain health and disease.   
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Chapter 1 : Introduction 
 
The human brain contains over 86 billion neurons and approximately the same number 

of non-neuronal cells1, which are all intricately interconnected in the brain. One of the 

most challenging problems in biology is to disentangle the complexity of the brain and to 

understand how brain function is altered in disease. Genetic and genomics approaches 

are uncovering how genetic variation and mutations can drive cellular and molecular 

changes in the brain. For example, single-cell transcriptomics have revealed the 

diversity of cell types and cell states in neuronal and glial cells at the molecular level2, 

while genome-wide association studies (GWAS) have identified genetic variants 

associated with specific neurological phenotypes and diseases3–5. However, these 

approaches do not elucidate the molecular mechanisms, whether cell autonomous or 

cell-non autonomous, by which genes control brain function and disease. 

 

To enable the scalable functional characterization of gene function in brain cell types, 

we previously developed CRISPR-based functional genomics screens in human iPSC-

derived neurons6,7, microglia8,and astrocytes9. However, these screens were conducted 

in monoculture systems and are thus unable to capture mechanisms driven by glia-

neuron interactions. Multiple systems have been developed in hiPSC organoid-based 

culture systems to link specific genetic perturbations to functions10–12. A limitation of 

organoid-based models is the lengthy and labor-intensive process to generate them, 

and remaining challenges in heterogeneity. To address these challenges, we developed 

a 3D co-culture system we call iAssembloids (induced multi-lineage assembloids) that 

enables the rapid generation of homogenous neuron-glia spheroids. iAssembloids 
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enable specific control over the origin of cell types of interest, for instance, to combine 

cells from different genetic backgrounds, enabling the investigation of non-cell 

autonomous mechanisms. This allows for the investigation of cell-type specific roles of 

disease-associated genetic variants.  

 

Here, we characterize these iAssembloids and combine them with large-scale CRISPRi-

based screens to model how glial and neuronal cells can interact to modulate neuronal 

survival. We also apply the platform to investigate the role of APOE-ε4, a major risk 

variant for Alzheimer’s Disease, in its effect on neuronal survival. Our platform aims to 

expand our existing functional genomics toolbox to enable a simple, highly scalable 

method for screening genetic modifiers for neuronal survival in a glial context. Thus, 

iAssembloids in combination with CRISPRi-based functional genomics will enable the 

unbiased dissection of mechanisms underlying neuron-glia interactions in health and 

disease.  
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Chapter 2 : Development of 3D neuron-astrocyte-microglia co-culture system 
(iAssembloids) 

 

Neurons, astrocytes, and microglia integrate into three dimensional cultures 

(iAssembloids) 

To generate a scalable three-dimensional neuron-astrocyte-microglia co-culture system 

that can be used for CRISPRi-based genetic screening approaches, we selected 

differentiation protocols for hiPSC-derived neurons, astrocytes and microglia that are 

scalable and rapid. We used the dox-inducible NGN2 system for neuron differentiation13,14 

and our recently developed six transcription factor (6TF) induction protocol for microglia 

differentiation8. For astrocyte differentiation, we used either of two different protocols, one 

that is serum-based15 and one that is serum-free16. For iAssembloid generation, we 

seeded differentiated astrocytes together with pre-differentiated i3Neurons (day 0) at a 

ratio of 3 neurons to 1 astrocyte into AggreWellTM 800 plates. After one week, we added 

microglia at a third of the number of astrocytes (Figure 1). These cultures self-assemble 

into spheroids within the wells, are uniform in size (200-400 microns; ~10,000 cells) and 

retain their shape over time (Figure 1). 

 

To visualize the three cell types and their interactions, we seeded iAssembloids (induced 

multi-lineage assembloids) with hiPSC-derived neurons expressing BFP, astrocytes 

expressing GFP and microglia expressing mScarlet along with cells expressing no 

fluorescent proteins. Neurons, astrocytes, and microglia were imaged in the iAssembloids 

at 14 days post-culture in the AggreWell™ 800 plate. Astrocytes developed a stellate 

morphology (Figure 1). Neurons developed processes that traversed the iAssembloids 
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(Figure 1). To confirm that all three cell types maintained their cellular identity in 

iAssembloids throughout differentiation, we stained the iAssembloids for neuronal and 

glial markers. Neurons within the culture expressed neuronal cell markers NEUN and 

TUJ1 (Figure 1). Microglia, stained with IBA1, fell into two categories: some were 

amoeboid and migrated towards the middle of the iAssembloid; the others (denoted by 

arrows) sent projections through the iAssembloid (Figure 1). Astrocytes stained positively 

for S100β (Figure 1). Taken together, these data show that the three cell types have 

integrated into the iAssembloids and develop morphologies characteristic of more mature 

neurons and glia than those grown in monoculture. 

 

Neurons cultured in iAssembloids are more active than neurons in 2D monoculture 

We performed single-nucleus RNA sequencing to further characterize each cell type in 

the iAssembloids. Cells within iAssembloids expressed appropriate cell type specific 

markers (neurons: RBFOX3, MAPT; astrocytes: SLC1A3; microglia: SPI1, CSF1R) and 

maintained their identity throughout differentiation (Figure 2.1). We then compared gene 

expression profiles of neurons cultured within iAssembloids to monocultured neurons that 

were harvested at the same time point (day 14 post-differentiation)17. Using EnrichR, we 

found genes related to axon guidance and synaptic transmission were more highly 

expressed in neurons cultured in iAssembloids compared to monoculture (Figure 2.1). 

More specifically, we found that glutamate receptor subunits such as GRIA1 and GRIA2 

as well as ion-channel subunits (CACNA1C, KCNQ1, KCNIP4) were more highly 

expressed in neurons cultured in iAssembloids (Figure 2.1). Therefore, we hypothesized 

that neurons cultured in iAssembloids may have higher levels of neuronal activity than 
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neurons in monoculture. We therefore assessed the neurons’ electrophysiological activity 

by performing multi-electrode array analysis in the two culture conditions (Figure 2.1). 

After two weeks in culture, we found that neurons in iAssembloids had tenfold greater 

number of spikes on average (Figure 2.1). Taken together, these results suggest that 

neurons cultured in iAssembloids are more electrophysiologically active than those 

cultured in monoculture. 

 

Astrocytes in iAssembloids express genes important for supporting neuronal function  

We found that astrocytes cultured in iAssembloids developed transcriptional profiles that 

did not exist in 2D monocultured astrocytes in used in previous CRISPRi-based screens9 

(Figure 2.2). The clusters that overlapped between the two conditions were either in 

TOP2A+ proliferative clusters or clusters without definitive markers. As astrocytes within 

iAssembloids matured, astrocytes had transcriptional profiles more strongly associated 

with supporting neuronal function based on GO annotation of the upregulated genes. 

These functions include BDNF signaling (JUN, BTG1, PEG10, TUBB), axon guidance 

(ROBO2, NRXN1, NCAM1), as well as synaptic transmission (APP, GRID2, NRG3) 

(Figure 2.2). Single-nucleus RNA sequencing also revealed that some astrocytes 

expressed higher levels of genes associated with glycolysis (PFKFB4, PDK1, ENO1) as 

well as the unfolded protein response (HSPA5, DDIT3, HERPUD1). None of the 

iAssembloid-derived astrocytes expressed markers of reactive astrocytes induced by the 

microglial cytokines IL1a+TNF+C1q stimulation such as IL6, IL1B, VCAM1, CXCL2, or 

CXCL109,18, suggesting that astrocytes in iAssembloids do not develop the same 

transcriptional profile as astrocytes activated by the three cytokines. These results 
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suggest that astrocytes develop homeostatic signatures in iAssembloids that are not 

represented in monoculture. 

 

Microglia populations unique to iAssembloids express major histocompatibility complex 

genes  

To characterize transcriptional changes that occur in microglia cultured in iAssembloids, 

we compared single-nucleus RNA-sequencing data for microglia in iAssembloids to those 

for monocultured iPSC-derived microglia8 (Figure 2.3). We found that 95% of the 

microglia in day 14 iAssembloids (iMicroglia age 13 days, 5 days in iAssembloid culture) 

fell into clusters also seen in monocultured microglia. By 28 days in iAssembloid culture, 

79% of microglia fell into unique clusters. These clusters, which we named “iAssembloid 

SPP1+,” “iAssembloid chemokine,” and “iAssembloid proliferative,” have profiles like the 

monocultured microglia SPP1+, chemokine, and proliferative clusters, but are 

characterized by expression of MHC class II markers such as HLA-DRA and HLA-DRB1 

(Figure 2.3), which were either not expressed or not captured by microglia in the 

monoculture dataset. Components of MHC class II pathway have been shown to be 

upregulated in microglia present in neurodegenerative disease models19,20. Therefore, 

iAssembloids provide a model system to study this disease-relevant state of human 

microglia. 
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Chapter 3 : CRISPRi-based screens identify iAssembloid-specific factors in 

neuronal survival 

As neuronal death is a key hallmark of neurodegenerative disease, we wanted to probe 

which pathways can make neurons vulnerable and which can protect neurons from 

neuronal death. While we previously conducted CRISPRi-based modifier screens for 

neuronal survival in 2D monocultured neurons6,7, the more physiological context of our 

iAssembloid model motivated us to conduct similar screens in iAssembloids. To perform 

the screen, hiPSCs expressing the dox-inducible transcription factor, NGN2, and dCas9-

KRAB CRISPRi machinery were transduced with 19,000 sgRNA targeting over 2,900 

genes, including kinases and druggable targets (H1 library)21, as well as 

neurodegeneration-related genes from GWAS (neurodegeneration library). To determine 

genes essential for neuronal survival, we induced neuronal differentiation, incorporated 

these cells into iAssembloids and compared sgRNA frequencies in the starting population 

(1 day in culture) and later timepoints (14 and 28 days in culture) to uncover genes 

controlling neuronal survival (Figure 3.1). Many of the hits fell into categories related to 

metabolism, neuronal activity, cell adhesion, lipid and lipoprotein function, immune 

response, stress response, and endocytosis (Figure 3.1). We confirmed that our screen 

was highly reproducible across two different time points (Figure 3.2) and in iAssembloids 

containing astrocytes generated from two different protocols (Figure 3.3).  

 

We compared our findings to those of screens previously performed in neuron 

monocultures in our lab6,7. The screen using the H1 library were compared to Tian et al., 

2019, while the screen using the neurodegeneration library was compared to the genome-
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wide screen from Tian et al., 2021. Pearson correlation of gene scores from survival 

screens of 2D neurons versus iAssembloids show that iAssembloid screens conducted 

at two different timepoints were not as highly correlated with the original 2D neuron screen 

(Fig. S3C). Essential genes for neuronal survival identified in monoculture, such as 

HMGCR, HMGCS1 and ATP6V1C1 were also found in our iAssembloid screens (Figure 

3.1). Out of these hits, we wanted to select genes of interest that were iAssembloid-

specific and had the same phenotype at day 14 and day 28 in the iAssembloids (Figure 

3.1). These hits represent knockdowns that yielded highly reproducible phenotypes 

whose survival may be uniquely affected by the presence of glia and higher neuronal 

activity in the iAssembloids. In total, we curated a list of 68 genes that fit the criteria for 

further validation.   

 

Focused validation screens assess effect of cell type and media composition on neuronal 

survival in iAssembloids  

We conducted a focused validation screen targeting the 68 curated genes from the 

primary screen. Comparing the focused validation screen conducted with the same 

conditions as the primary screen, we found that the results were highly correlated (r=0.9) 

(Figure 3.3). As media composition is altered when microglia are seeded, we assessed 

whether changing media composition affected neuronal survival in the iAssembloids. In 

addition, we tested BrainPhysTM media as it has been shown to increase neural electrical 

activity in culture22. Through hierarchical clustering, we found that screens conducted with 

differing media compositions were more closely related to each other, except for the 

screen conducted in BrainPhysTM media. We also compared iAssembloids with neurons 
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co-cultured with microglia and 3D neuronal monocultures and found that with 3D neuron 

monoculture clustered more closely to the screen conducted in BrainPhysTM media (Fig. 

S4B, Table S4). To understand the downstream effects on neuron function after 

perturbation of these genes, we selected hits that maintained a phenotypic difference 

between monoculture and iAssembloid culture for a focused screen with single-cell 

transcriptomic readout.  

 

CROP-seq (CRISPR droplet sequencing) suggests that GSK3B (Glycogen Synthase 

Kinase 3 Beta) influences neuronal NRF2 activity in the iAssembloid system 

To assess transcriptomic changes resulting from genetic perturbations and to uncover 

pathways that are differentially regulated between iAssembloid and monocultures, we 

performed CROP-seq (CRISPR droplet sequencing)23. After transduction with a pooled 

sgRNA library and neuronal differentiation, we enriched the neuronal population using 

magnetic activated cell sorting (MACS) and then we performed single cell sequencing on 

the enriched neuronal population (Figure 4) from iAssembloids and 2D monoculture.  

We found that knockdown of several genes, including GSK3B, TTN, LMAN1 and players 

in the JNK MAPK pathway drove up expression of different targets of the transcription 

factors NRF2 (Nuclear factor erythroid 2-related factor 2) and STAT3 (Figure 4). We were 

interested in the relationship between GSK3β and NRF2. GSK3β is hypothesized to be 

highly relevant in a variety of neurodegenerative diseases24,25. GSK3β is a kinase that 

has been proposed to regulate many different cellular functions, ranging from cellular 

differentiation to apoptosis26. In Alzheimer’s disease, especially, GSK3β has been shown 

to phosphorylate the protein Tau27,28. Phosphorylation of Tau has been suggested to drive 
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Tau aggregation, leading to neuronal death and the progression of disease29 while NRF2 

regulates genes in response to oxidative stress30. When comparing the effect of GSK3B 

knockdown on neurons in iAssembloids (Figure 4) and in 2D monoculture (Figure 4), we 

found differential regulation of NRF2 targets such as some metallothioneins31,32 such as 

MT2A, MT1E, and other genes identified through ChEA Transcription Factor Targets33 

for NRF2 such as RORB, HS3ST5, and MEIS1 only in iAssembloids. We therefore 

concluded that GSK3β may influence NRF2 activity selectively in the iAssembloid system. 
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Chapter 4 : Knockdown of GSK3B protects neurons from oxidative stress related 

death 

 

Knockdown of GSK3B promotes NRF2 activity by promoting NRF2 nuclear localization 

To investigate the mechanism underlying the effect of GSK3B knockdown on NRF2, we 

first confirmed that GSK3β protein levels were reduced by the sgRNAs used in the CROP-

seq screen in iAssembloids (Fig. 5A). We next validated the differential effect of GSK3B 

knockdown on neuronal survival in different contexts. We co-cultured cells expressing 

non-targeting control sgRNAs (GFP+) with cells expressing sgRNAs targeting GSK3B 

(BFP+) at equal ratios and examined changes in those ratios at pre-differentiation and 14 

days post-culture. Strikingly, neuronal survival in iAssembloids and in 3D neuronal culture 

is greatly improved after GSK3B knockdown (Figure 5.1), whereas there was no effect 

of GSK3B KD in 2D-monocultured neurons. Thus, the beneficial effect of GSK3B 

knockdown was dependent on 3D culture, but not on the presence of glia.  

Upon induction of oxidative stress, NRF2 translocates to the nucleus and activates 

transcription of genes protective against oxidative stress30,34,35. To characterize how 

NRF2 activity may be modified by GSK3B knockdown, we sectioned iAssembloids into 

20-micron sections and determined the levels of nuclear NRF2. We found that knockdown 

of GSK3B resulted in higher levels of NRF2 in the nucleus (Figure 5.1), consistent with 

the induction of its target genes (Figure 5.1). We then asked whether the knockdown of 

GSK3B itself increased oxidative stress, resulting in the translocation of NRF2 to the 

nucleus. To test this, we assessed reactive oxygen species (ROS) levels by using the 

dye, CellROXTM Orange. Knockdown of GSK3B did not influence the level of ROS in 
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neurons in 2D or 3D culture (Figure 5.1). This suggests that knockdown of GSK3B does 

not drive oxidative stress and that the effect of GSK3B knockdown is downstream of 

oxidative stress.  

 

GSK3β activity has been reported to be activated in response to ROS to inhibit NRF2 by 

preventing its translocation to the nucleus in a model for acute kidney injury36. We 

hypothesized that GSK3β activity prevented neurons from mounting an appropriate 

response to oxidative stress using a similar mechanism. To test this hypothesis, we first 

assessed ROS levels in 2D as well as 3D neurons and found that ROS levels in 3D 

neurons were consistently higher than in 2D (Figure 5.1, Figure 5.2). We then assessed 

differences in GSK3β expression and activity in 2D neurons versus 3D neurons and 

iAssembloids. We found that although GSK3B expression did not differ between culture 

systems, GSK3β activity (denoted by the loss of the inhibitory phosphorylation site at 

serine 9), was 3-4 times higher in 3D culture versus 2D neurons (Figure 5.1, Figure 5.2). 

We asked if oxidative stress could induce this change in GSK3β activity, and indeed, by 

adding rotenone to 2D neurons, which increases ROS levels (Figure 5.2), we found that 

the activity of GSK3β increased (Figure 5.1). This suggests that GSK3β activity prevents 

the NRF2-mediated protective response to oxidative stress, and that knockdown of 

GSK3β confers a beneficial effect for cell survival by increasing the NRF2 response. We 

then asked whether knockdown of GSK3B could ameliorate downstream effects of 

increased ROS, such as lipid peroxidation7. Indeed, we found that knocking down GSK3B 

led to a decrease in the level of peroxidated lipids in neurons (Figure 5.1, Figure 5.2). 

Peroxidated lipids can drive neuronal death via ferroptosis7,37. Therefore, we 
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hypothesized that the neuronal death occurring in 3D culture was due to this accumulation 

of peroxidated lipids driving ferroptosis. We found that the ferroptosis inhibitor ferrostatin 

trended towards improved neuronal survival in 3D neurons (Figure 5.1) suggesting 

neurons are dying in part via ferroptosis.  

 

Since neuronal activity is much higher in iAssembloids compared to 2D-cultured neurons 

(Figure 2.1), and in 3D-cultured neurons compared to 2D-cultured neurons (Figure 5.1), 

we hypothesized that neuronal activity could be driving higher levels of ROS and thus 

ferroptosis induced cell death. We found that ROS levels of neurons in iAssembloids 

which contains glia are lower when compared to those of 3D neuronal monocultures 

(Figure 5.2). Interestingly, neuronal activity is much higher in 3D-cultured neurons 

compared to iAssembloids, which contain glial cells, suggesting that glial cells may 

prevent neuronal hyperexcitability, such as through glutamate-buffering or through ROS 

clearing activity of astrocytes38–40. Previous studies have shown that high levels of 

neuronal activity lead to a generation of ROS, which can drive excitotoxicity41,42. To test 

whether neuronal activity drives the increase in ROS in our culture system, we added 

tetrodotoxin (TTX), a drug that blocks voltage-gated sodium channels and thus neuronal 

firing. We found that TTX treatment decreased ROS levels (Figure 5.1) and levels of 

peroxidated lipids (Figure 5.1). We also found that blocking neuronal activity improved 

neuronal survival in 3D neurons (Figure 5.1). 
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Excess neuronal activity can drive GSK3β activity and prevent NRF2 from enacting 

protective functions 

Based on the data above, we hypothesize that in 2D-monocultured neurons, there is a 

low level of neuronal activity and ROS levels remain low, thus providing no mechanism 

driving neuronal death via ferroptosis (Figure 6). However, in 3D monocultured 

neurons, higher levels of neuronal activity trigger a build-up in ROS, and both processes 

increase GSK3β activity. This increase in GSK3β activity blocks NRF2 from protecting 

neurons from oxidative stress, ultimately leading to neuronal death via ferroptosis 

(Figure 6). In GSK3β knockdown neurons, the ability for GSK3β to block NRF2 from 

protecting neurons from neuronal death is abrogated, enabling the protective NRF2 

mediated oxidative stress response that improves neuronal survival (Figure 6). The 

presence of glial cells in iAssembloids partially reduces neuronal activity and ROS in 

neurons, thereby reducing, but not abrogating GSK3β activity and its suppression of 

protective NRF2 activity (Figure 6).  

 

  



 
15 

Chapter 5 : CRISPRi-based screens in APOE3 and APOE4 astrocyte-neuron 3D 

co-cultures 

 

CRISPRi screens in iAssembloids uncover cell non-autonomous effects of astrocytes 

expressing different Apolipoprotein E (APOE) variants on neuronal health 

We next applied the iAssembloid system to specifically study the effects of glial cells on 

neurons in a neurodegenerative disease relevant context. We were particularly 

interested in the genetic risk factor for Alzheimer’s Disease, APOE-ε4. APOE-ε4 is a 

variant of the APOE gene and carriers of the APOE-ε4 allele are much more likely to 

develop Alzheimer’s Disease43,44. APOE-ε3 allele is considered “neutral.” APOE is 

mainly expressed by glial cells such as astrocytes, although stress can induce its 

expression in neurons45,46. However, how expression of these APOE variants in glial 

cells may affect neuronal survival is currently unknown. 

 

To assess this, we designed a CRISPRi-based screen in which we transduced ~16,000 

sgRNAs targeting ~2,000 genes in the “druggable genome” (H1 library)21 into hiPSCs 

expressing dox-inducible NGN2 and CRISPRi machinery. These neurons are 

homozygous for the APOE-ε3 allele. We then differentiated these cells into neurons and 

co-cultured them with either APOE-ε3 homozygous or APOE-ε4 homozygous astrocytes 

for 14 days. We then sequenced the sgRNAs from the surviving neurons to determine 

the sgRNA frequencies in the starting versus surviving population in both conditions. By 

comparing the hits from the APOE-ε4 and the APOE-ε4 screen, we can uncover 
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pathways in neurons that differentially control their survival in the presence of APOE-ε4 

and the APOE-ε3 astrocytes (Figure 7).  

 

We conducted this screen in two different cell line background pairs: one where the 

neurons and astrocytes were not isogenic with astrocytes generated from the TCW 

1E33 and 1E44 background47, and neurons from WTC11 background6 (Figure 7), and 

another where the neurons and astrocytes were isogenic with cells from the iNDI 

project48 (Figure 7). We found that hits obtained from both screens were similar, with 

pathways that were related to insulin signaling, MAPK pathway, metabolism, immune 

response, microtubule regulation, and synaptic transmission were most consistently 

different between the APOE-ε3 and APOE-ε4 conditions (Figure 7). Pathways such as 

insulin signaling, the MAPK pathway and metabolism are all intimately interlinked. All in 

all, we hypothesize that APOE-ε4 expressing astrocytes may sensitize neurons to 

neuronal death due to alteration in one or many of these pathways. 
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Chapter 6 : Discussion 

In this study, scalable 3D co-culture model, which we call iAssembloids, in combination 

with CRISPRi-based functional genomics screens to uncover how genes regulate 

neuron and glia function and interactions in a scalable manner. iAssembloids are fast to 

generate and homogeneous, which is ideal for CRISPR-based screens and other 

systems requiring high throughput screening (e.g., compound screening). Relative to 

monoculture, neurons, and glia in iAssembloids adopt more mature states. This enabled 

us to uncover a pathway controlling the survival of highly active neurons, which would 

have been difficult to do in 2D monoculture neurons. iAssembloids allow precise control 

of glial cell genetic backgrounds, allowing causal assessment of those genetic 

backgrounds on neuronal survival. We demonstrate this application to examine the 

effect of glia-expressed APOE-ε4, a variant of the gene APOE known to increase risk of 

late-onset Alzheimer’s Disease43,44, on neuronal survival.  

 

GSK3β as a player in oxidative stress in response to neuronal activity 

Many studies have reported a link between seizure activity and dementia in advanced 

stages49–51. However, developing unprovoked seizures later in life have also been 

associated with early-stage dementia and have been posited as one of the first signs of 

neurodegenerative disease52. Our model shows that neurons in iAssembloids are more 

electrophysiologically active than in monoculture, thus allowing us to assess the 

pathways that are affected by neuronal activity in neuronal survival.  

Our CRISPRi-based screens uncovered GSK3β as a factor controlling the response to 

neuronal activity and oxidative stress. In Alzheimer’s Disease, GSK3β plays a major 
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role in phosphorylating Tau, which is thought to contribute to Tau aggregation28,53. It is 

also commonly found to be hyperactivated in brains of Alzheimer’s Disease patients24,54. 

Here, we unravel a secondary role for GSK3β that may contribute to its role in 

neurodegeneration. In this case, neuronal activity, and an increase in reactive oxygen 

species (ROS) can drive GSK3β activity. GSK3β blocks NRF2 from mounting a 

protective response to oxidative stress. We also find that the addition of glial cells can 

be protective against the generation of reactive oxygen species, which is consistent with 

previously described roles of glia in response to neuronal activity and oxidative 

stress38,39. Therefore, we hypothesize that in disease, the combined effects of aberrant 

neuronal activity driving increases in ROS and GSK3β activity as well loss of glial cell 

homeostasis in protecting neurons against ROS can drive neurodegeneration. 

Our findings suggest that there may be some beneficial effects of GSK3β inhibition in 

neurons that enables the activation of a protective response against oxidative stress in 

excitotoxic conditions. GSK3β is a kinase that has many downstream targets, making it 

difficult to target as a therapeutic target55. However, more specific therapeutic strategies 

to boost the oxidative stress response could recapitulate some beneficial aspects of 

GSK3β inhibition, without off-target effects. 
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APOE-ε3 vs APOE-ε4 screen suggest differences in insulin signaling, MAPK signaling, 

and regulation of microtubules 

In our screen comparing APOE-ε3 astrocyte-neuron co-cultures to APOE-ε4 co-

cultures, we found many differential targets relating to insulin signaling and the MAPK 

pathway, which is closely linked to insulin signaling56. This data supports previous 

experiments performed in mice57. Future studies will focus on validating these hits and 

identifying how pathways that may drive differential sensitivity to neuronal death in 

APOE-ε4 vs APOE-ε3 cultures may be interlinked.  

 

Limitations of this study  

Our model does not recapitulate all aspects of an in vivo brain environment. It is a 

simplified model that does not mimic the vast amount of cellular heterogeneity found 

inside a human brain. For instance, iAssembloids do not contain vasculature or other 

glial cell types, such as oligodendrocytes. Due to the nature of the NGN2-induced 

neurons we use, we also cannot accurately model aspects of brain development or 

tissue architecture. However, this platform does enable mixing and matching neuronal 

and glia subtypes, pinpointing the specific contributions to a phenotype by a specific 

glial subtype. It also enables the examination of non-cell autonomous contributions of 

specific genetic variants on neuronal function, such as APOE-ε4. The model can be 

expanded upon by integrating vasculature as previously shown by others58,59 and can 

be applied to study the glial contributions of other genetic risk factors. 

Neuronal survival is highly relevant phenotype for neurodegenerative diseases. 

However, it is a late phenotype that is the result of many preceding functional changes a 
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neuron may experience. Future studies will investigate the functional effects of genetic 

perturbations such as GSK3β on more complex phenotypes such as neuronal activity, 

states of glial cells, and intercellular connections. Beyond these studies, this model 

could provide an additional platform to assess the effectiveness of small molecules on 

neuronal phenotypes relating to neuronal activity. In the future, this model could also 

provide a unique platform to examine cell-cell interactions in the context of other 

neurological diseases where neuron-glia interactions play an important role, such as 

other neuropsychiatric and neurodegenerative disorders.  
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Chapter 8 : Methods 

hiPSC Maintenance and Culture 

We cultured hiPSCs in the WTC1160 and KOLF2.148 backgrounds on plates coated with 

Matrigel (Corning, Cat. No. 356231) at a concentration of 1:100 in Knockout DMEM 

(Gibco/Thermo Fisher Scientific, Cat. No. 10829-018). For plating, hiPSCs were seeded 

with 10 µM Rock Inhibitor (Y-27632, Biotechne/Tocris Cat. No. 1254) diluted in Gibco™ 

StemFlex™ Medium (Gibco/Thermo Fisher Scientific, Cat. No. A3349401). Media (no 

RI) was exchanged when colonies reached ~20 cells in size. hiPSCs were maintained 

with media changes every day. When hiPSCs reached ~80% confluence, hiPSCs were 

coated with either Gibco™ Versene Solution (0.48 mM) (Gibco/Thermo Fisher 

Scientific, Cat. No. 15040066) for routine passaging or StemPro™ Accutase™ Cell 

Dissociation Reagent (Gibco/Thermo Fisher Scientific, Cat. No. A1110501) for 

differentiation and incubated at 37 ºC for 5-7 minutes. After dissociation, cells were 

collected and rinsed with 1X DPBS (MilliporeSigma, Cat. No. D8537). Cells were 

centrifuged at 250g for 5 minutes and replated. 

  

hiPSC derived Neurons  

hiPSC-derived neurons were differentiated using methods previously described6,7. 

Briefly, we dissociated hiPSCs containing doxycycline-inducible NGN2 in the AAVS1 

locus and pC13N-dCas9-BFP-KRAB in the CLYBL locus and re-plated cells on Matrigel 

coated plates with Pre-differentiation medium containing Knockout DMEM/F12 

(Gibco/Thermo Fisher Scientific, Cat. No. 12660-012), 1X GlutaMAX Supplement 

(Gibco/Thermo Fisher Scientific, Cat. No. 35050-061), 1X MEM Non-Essential Amino 
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Acids (Gibco/Thermo Fisher Scientific, Cat. No. 11140-050), 1X N2 Supplement 

(Gibco/Thermo Fisher Scientific, Cat. No. 17502-048), 10uM ROCK inhibitor (Y-27632, 

Biotechne/Tocris, Cat. No. 1254), 1 µg/mL mouse laminin (Thermo Fisher Scientific, 

23017-015), 10 ng/mL BDNF (PeproTech, Cat. No. 450-02B) and 10 ng/mL NT3 

(PeproTech, Cat. No. 450-03B) with 2µg/mL doxycycline (Takara Bio, Cat. No. 631311) 

to induce expression of NGN2. Half of the media was exchanged over the next 2 days 

until hiPSC-derived neurons were ready for iAssembloid generation (Day 0). For 

monocultures, pre-differentiated neurons were plated onto PDL-coated plates (Corning, 

Cat. No. 356469) and maintained in differentiation media: Base media: 50% DMEM/F12 

(Gibco/Thermo Fisher Scientific, Cat. No. 11320-033) and 50% Neurobasal-A 

(Gibco/Thermo Fisher Scientific, Cat. No. 10888-022) with supplements: 1X MEM Non-

Essential Amino Acids, 0.5X GlutaMAX Supplement, 0.5X N2 Supplement, 0.5X B27 

Supplement (Gibco/Thermo Fisher Scientific, Cat. No. 17504-044), 10 ng/mL NT-3, 10 

ng/mL BDNF and 1 μg/mL Mouse Laminin.  

  

hiPSC derived Astrocytes: Serum Free Protocol 

Astrocytes were generated as described previously16,61,62. WTC11 iPSCs were cultured 

and expanded in six-well plates using Essential 8 media (Gibco/Thermo Fisher 

Scientific, Cat. No. A1517001). Once iPSCs were confluent, cells were enzymatically 

dissociated into a single cell suspension using Accutase (Gibco/Thermo Fisher 

Scientific, Cat. No. A1110501). The resulting single cell suspension was transferred into 

T-75 flasks in ~10 ml of neural induction media (50% DMEM/F12 (Gibco/Thermo Fisher 

Scientific, Cat. No. 11320-033) and 50% Neurobasal-A (Gibco/Thermo Fisher Scientific, 
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Cat. No. 10888-022) with supplements: 1X MEM Non-Essential Amino Acids 

(Gibco/Thermo Fisher Scientific, 11140050), 1X GlutaMAX Supplement (Gibco/Thermo 

Fisher Scientific, Cat. No. 35050-061), 1X N2 Supplement (Gibco/Thermo Fisher 

Scientific, Cat. No. 17502-048), 0.5X B27 Supplement (Gibco/Thermo Fisher Scientific, 

Cat. No. 17504-044), Anti-Anti (Gibco/Thermo Fisher Scientific, Cat. No.15240062) to 

allow iPSCs to aggregate into small spheroids in suspension. To facilitate neural 

induction, dual SMAD inhibitors DMH1 (Tocris, Cat. No. 73634) and SB-431542 

(StemCell Technologies, Cat. No. 72234) are added to the media. Once rosette 

formation is observed, spheroids are transferred to culture dishes coated with Matrigel 

(Corning, Cat. No. CB40230C) and allowed to attach and distributed across culture dish 

surfaces. Once sufficiently distributed, neuroepithelial rosettes are mechanically 

removed and isolated. Neuroepithelial spheroids are maintained is suspension in neural 

media (DMEM-F12, N2/B27 supplements, Heparin (Stemcell Tech, Cat. No. 07980), 

Anti-Anti) plus mitogenic growth factors EGF (Peprotech, Cat. No. AF-100-15) and 

FGFβ (Peprotech, Cat. No. 100-18B). Spheroid cultures are maintained in suspension 

and triturated/dissociated regularly to maintain size and structural homogeneity of 

neuroepithelial spheroids. After ~180 days of culture maintenance, neuroepithelial 

progenitor cells have differentiated into unipotent populations of glial progenitors.  

 

hiPSC derived Astrocytes: Serum Based Protocol 

Astrocytes were differentiated as described previously47. hiPSCs were cultured on 

Matrigel and in StemFlex media supplemented with 10 μM RI. hiPSCs were then 

differentiated to neural precursor cells by dual SMAD inhibition using 0.1 mM 
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LDN193189 (Biotechne/Tocris Cat. No. 6053) and 10 mM SB431542 (Biotechne/Tocris, 

Cat. No. 1614) in N2/B27 media inhibition in embryoid bodies (EB) media (DMEM/F12 + 

1x N2 + 1x B27-VA). EBs were cultured in AggreWell™800 (StemCell Technologies, 

Cat. No. 34815) plates rinsed with Anti-Adherence solution (StemCell Technologies, 

Cat. No. 07010) for 7 days and then plated onto a Matrigel coated plate. Neural rosette 

formation occurs at day 14 where rosettes were selected for with STEMdiff™ Neural 

Rosette Selection Reagent (StemCell Technologies, Cat. No. 05832). NPCs were 

expanded in NPC media which contained DMEM/F12 + 1x N2 + 1x B27-VA 

supplemented with FGF2 (Biotechne, Cat. No. 233-FB-010). Using Magnetic Activated 

Cell Sorting (MACS). NPCs were enriched by sorting against neural crest cells (Miltenyi 

Biotech, Cat. No. 130-097-127) and for CD133+ cells (Miltenyi Biotech, Cat. No. 130-

097-049) using LD (Miltenyi Biotech, Cat. No. 130-042-901) and LS (Miltenyi Biotech, 

Cat. No. 130-042-401) columns respectively. Magnet was 3D printed using previously 

published protocol63. by NPCs were maintained in NPC media (were validated with 

immunostaining for SOX2 (Rabbit anti-SOX2, Abcam, Cat. No. ab97959) and Nestin 

(rabbit anti-Nestin, Abcam, Cat. No. ab92391). Dissociated NPCs were transferred to 

astrocyte media (ScienCell, Cat. No. 1801) and cultured for 30 days on Matrigel until 

they stained positively for S100B (mouse anti-S100B, MilliporeSigma, Cat. No. S2532) 

and NFIA (MilliporeSigma, Cat. No. HPA008884). 

 

hiPSC derived Microglia 

Microglia were differentiated as previously described. Briefly, hiPSCs expressing six 

inducible transcription factors (MAFB, CEBPα, IRF, PU1, CEBPβ, IRF5) were grown in 
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Essential 8™ Basal Medium (Gibco/Thermo Fisher Scientific, Cat. No. A15169-01), 10 

μM ROCK inhibitor, and 2 μg/ml Doxycycline on Matrigel and 10 cm Poly-D-Lysine 

coated plates at a density of 1.5 million cells per dish. After 2 days, cells were grown in 

a differentiation media consisting of Advanced DMEM/F12 (Gibco/Thermo Fisher 

Scientific, Cat. No. 35050-061), 1X GlutaMAX, 2ug/ml doxycycline, 100 ng/mL Human 

IL34 (Peprotech; Cat. No. 200-34) and 10 ng/mL Human GM-CSF (Peprotech; Cat. No. 

300-03). Two days later, media was exchanged for iTF-Microglia media consisting of 

Advanced DMEM/F12, 1X GlutaMAX, 2 μg/mL doxycycline, 100 ng/mL Human IL-34, 

10 ng/mL Human GM-CSF, 50 ng/mL Human M-CSF (Peprotech; Cat. No. 300-25) and 

50 ng/mL Human TGFB1 (Peprotech; Cat. No. 100-21C). On day 8, cells were 

dissociated with TypLE express (Gibco/Thermo Fisher Scientific, Cat. No. 12605-028) 

and seeded into iAssembloids.  

  

Generation of iAssembloids 

AggreWell™800 plates were first rinsed with Anti-Adherence rinsing solution and then 

washed with DMEM/F12. Neurons (2 million) and astrocytes (0.66 million) were seeded 

at a 3:1 ratio within each well in Astrocyte Media (0.5X B27 + 0.5X N2 + 1X GlutaMAX 

in DMEM/F12). Plates were centrifuged at 100g for 3 minutes until cells settled at the 

bottom. Half of the media were exchanged with fresh media every day. Microglia were 

seeded a week after initial Neuron-Astrocyte assembloid formation at one-third the 

number of astrocytes (0.2 million). Half the media was exchanged with iTF-Microglia 

media and doxycycline (2 µg/mL). Subsequently, half the media is then removed every 
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other day and replaced with Astrocyte media supplemented with iTF-Microglia media 

cytokines. 

  

Tissue clearing for imaging cells expressing fluorescent proteins in iAssembloids 

To obtain images of cells within the iAssembloids, hiPSC derived neurons expressing 

BFP, astrocytes expressing membrane GFP and microglia expressing mScarlet were 

seeded into iAssembloids with cells not expressing any fluorescent proteins at a 1:10 

ratio. iAssembloids were then cleared with the ClearT2 protocol64. In brief, iAssembloids 

were first fixed with 4% paraformaldehyde (16% stock, diluted 1:4 in DPBS, Electron 

Microscopy Sciences, Cat. No. 15710) and then incubated in a 25% formamide 

(MilliporeSigma, Cat. No. F9037) /10% DPBS solution. Then, iAssembloids were 

incubated in a 50% formamide / 20% DPBS solution and imaged with a confocal 

microscope. 

 

Immunohistochemistry  

iAssembloids were fixed with 4% paraformaldehyde in DPBS for 20 minutes on a 

shaker. iAssembloid were then washed with 0.33% Triton X-100 in DPBS 3 times for 5-

10 minutes each time. Following washing, iAssembloids were blocked with 10% Normal 

Goat Serum + 1% BSA (blocking buffer) for an hour at room temperature. iAssembloids 

were incubated in antibodies diluted in blocking buffer overnight at 4oC. Following 

incubation, iAssembloids were washed with 0.33% Triton X-100 in DPBS 3 times for 5-

10 minutes and incubated in secondary antibody diluted in blocking buffer for 1-2 hours 

at room temperature. iAssembloids were mounted and imaged on a confocal 
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microscope. iAssembloids for NRF2 images were sectioned into 20 µm sections. 

Primary antibodies used for this study were as follows: rabbit anti-Iba1 (Wako, Cat. No. 

019-19741), mouse anti-NeuN, clone A60 (MilliporeSigma, Cat. No. MAB377), mouse 

anti-S100 (β-Subunit) (MilliporeSigma, Cat. No. S2532), chicken anti-Tuj1 (Aves Labs, 

Cat. No. TUJ-0020), rabbit anti-NRF2 (Abcam, Cat. No. ab62352).  

 

Nuclear isolation from iAssembloids for single-nuclei sequencing 

Nuclear isolation was performed as previously described65,66. First, ~300 iAssembloids 

were dounce homogenized in 5 ml of lysis buffer (0.25 M sucrose, 25 mM KCl, 5 mM 

MgCl2, 20 mM Tricine-KOH, pH 7.8, 1 mM DL-Dithiothreitol (DTT) (MilliporeSigma, Cat. 

No. D0632-1G), 0.15 mM Spermine tetrahydrochlorine (MilliporeSigma, Cat. No. S1141-

1G), 0.5 mM Spermidine trihydrochloride (MilliporeSigma, Cat. No. S2501-1G), 1X 

protease inhibitor (MilliporeSigma, Cat. No. 4693159001), and RNAse Inhibitor 

(Promega, Cat. No. N2615) with 10 strokes. Following initial dounce homogenization, 

IGEPAL CA-630 (MilliporeSigma, Cat. No. I8896-50ML) was added to a final 

concentration of 0.3% and the sample was homogenized with 5 more strokes. Cells 

were then filtered through a 40 μm cell filter, and Optiprep was added to the cell solution 

for a final concentration of 25% Optiprep (MilliporeSigma, Cat. No. D1556-250ML). This 

solution was layered onto a 30%/40% Optiprep gradient and centrifuged at 10,000g for 

18 minutes using a SW41-Ti rotor. The nuclei were collected at the 30%/40% Optiprep 

interface and quantified using the Countess FL Automated Cell Counter (ThermoFisher 

Scientific/Invitrogen, Cat. No. AMQAX2000). Droplet-based nuclear capture and library 

preparation were performed using the Chromium Single Cell Gene Expression 
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workflow. Nuclei were brought to a concentration of 1000 nuclei/µL in 30% Optiprep 

solution before loading according to manufacturer’s specifications. 10,000 cells per 

sample were targeted for sequencing. Sample preparation and library generation were 

performed using the v3.1 10X 3’ single cell RNA sequencing library kit (10X Genomics, 

Cat. No.1000147). cDNA fragment analysis was performed using the Agilent 4200 

TapeStation System with the D5000 HS Kit (Agilent, Cat. Nos. 5067-5592, 5067-5593, 

5067-5594). Sequencing parameters and quality control were performed as described 

by The Tabula Muris Consortium67. 

 

Multi-well Multielectrode Array (Axion): iAssembloids 

6 (Axion Biosystems, Cat. No. M384-tMEA-6B and 24 (Axion Biosystems, Cat. No.  

M384-tMEA-24W) well Cytoview MEA plates were coated with poly-L-ornithine (0.01%), 

fibronectin (1 µg/mL) and laminin (5 µg/mL) to facilitate iAssembloid adherence. 

iAssembloids were positioned into the well over the electrodes using a microscope. 

iAssembloids were equilibrated in BrainPhys™ Neuronal Medium (StemCell 

Technologies, Cat. No. 05790) 24 hours before plating to facilitate comparison to 2D 

monocultured neurons. Measurements were taken using the Maestro Edge multiwell 

microelectrode array (MEA) and Impedance system (Axion Biosystems) at 15 minute 

intervals with the Maestro MEA platform software (Axion Biosystems) with the “Neural” 

default setting. 
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Multi-well Multielectrode Array (Axion): 2D monoculture  

24 well Cytoview MEA plates (Axion Biosystems, Cat. No. M384-tMEA-24W) were 

coated with 0.1% PEI (MilliporeSigma, Cat. No. 03880) dissolved in 1X Borate Buffer 

(10mM Boric Acid, 2.5mM Sodium Tetraborate, 7.5mM NaCl, adjusted to pH 8.4) 

overnight at 37oC, washed with water, then dried at room temperature. Wells were then 

coated with BrainPhys™ media and 15 µg/mL Laminin. Cells were then seeded at a 

density of 200,000 cells per well on day 0 of differentiation. Measurements were taken 

using the Maestro Edge multiwell microelectrode array (MEA) and Impedance system 

(Axion Biosystems) at 3 x 5-minute intervals with the Maestro MEA platform software 

(Axion Biosystems) with the “Neural” default setting after 14 days in culture. 

 

CRISPRi-based pooled screens 

The H1 CRISPRi library was packed into lentivirus as previously described6. Briefly, H1 

plasmid library with the top 5 sgRNA per gene21 were transfected into HEK293s using 

the TransIT®-Lenti Transfection Reagent (Mirus, Cat. No. MIR 6606) along with third 

generation lentiviral packaging mix. Viral particles were harvested by removing the 

supernatant and filtering it through a 45 nm syringe filter. Virus was concentrated using 

cold Lentivirus Precipitation Solution (Alstem; Cat. No. VC100) was added to this filtered 

solution at a 1:4 ratio. The mixture was then centrifuged at 1500g for 30 minutes at 4oC. 

The supernatant was then removed, and the virus was resuspended in StemFlex. 

CRISPRi-NGN2 expressing iPSCs were then transduced at a MOI < 0.7. Cells 

expressing sgRNAs were then selected for with 2 μg/mL puromycin (Gibco/Thermo 

Fisher Scientific, Cat. No. A1113803) for 2 days as cells were expanded for screens. 
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After expansion, cells were pre-differentiated and seeded into iAssembloids for screens. 

At days 1, 14 and 28 post-assembly of the iAssembloids, iAssembloid were harvested 

using a wide-orifice pipette tip and washed with DPBS, after which samples were frozen 

for later sample preparation. Genomic DNA was extracted with the NucleoSpin® Blood 

XL (Macherey Nagel, Cat. No. 740950.10) and samples were prepared for sequencing 

on an Illumina NextSeq 500 based on previously described protocols68,69 

 

Neurodegeneration library gene selection and cloning  

sgRNAs targeting risk genes for neurodegenerative diseases were selected from 

GWAS and other published studies. Protospacer sequences and gene targets are listed 

in Table S2. This small, focused library consists of 5 sgRNA targeting 376 genes. 

Pooled sgRNA libraries were generated using the same protocol as previously 

described69,70. Briefly, an oligonucleotide pool that encoded the library was synthesized 

by Agilent, amplified via PCR and then cloned into the pLG15 backbone69. HiPSCs 

expressing CRISPRi-NGN2 machinery were then transduced with the sgRNA library at 

an MOI < 0.3. Cells were then differentiated and utilized for screens in iAssembloids. 

 

Focused library secondary screens 

146 sgRNAs, including 136 targeting sgRNAs (2 sgRNAs per gene) and 10 non-

targeting sgRNAs were cloned into the pMK1334 CROP-seq vector6. sgRNA oligos 

were synthesized (top and bottom strands; IDT), annealed, and pooled in equal 

amounts (Table S4). hiPSCs expressing CRISPRi-NGN2 machinery were then 

transduced with the sgRNA library at an MOI < 0.3 and differentiated. Timepoints at 1 
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day after seeding into AggreWell™ 800 plates and 14 days after seeding into 

AggreWell™ 800 plates were taken. The following conditions were then tested: 2D 

monoculture, standard iAssembloids, 3D neurons and microglia, 3D neurons and 

astrocytes, and 3D neurons by themselves. Different media conditions were also tested 

including the normal condition (Standard w/cytokines), without supplementing any 

microglia media (Astrocyte w/cytokines), adding in microglia with microglia base media, 

but with no cytokines (Standard), adding in only astrocyte media with no cytokines 

(Astrocyte) and with BrainPhys™. Half the media was exchanged every day. Genes 

with consistent phenotypes across conditions were selected for CROP-seq.  

 

CROP-seq 

Pooled sgRNA library (Table S4) consisting of 2 sgRNAs per targeted gene and 4 non-

targeting controls was selected from focused library secondary screens. Libraries were 

cloned and transduced as described with the same method above in focused library 

secondary screen with an MOI < 0.30.  

 

Sample preparation for CROP-seq 

iAssembloids and 2D monocultured neurons were dissociated with the Papain 

(Worthington; Code: PAP2; Cat. No.LK003178) diluted in DMEM/F12 at 20U/mL Papain 

solution was warmed to 37oC and 500 μL was added to iAssembloids and incubated for 

5 minutes. iAssembloids were triturated 15 times and filtered through a 22 μm cell filter. 

After filtering, neurons were selected for using the anti-PSA-NCAM microbeads kit 

(Miltenyi Biotec, Cat. No. 130-092-981), similarly to previously described methods71. 
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Cells were centrifuged at 300g for 10 minutes and resuspended in 60 μL of PBS + 0.5% 

BSA (MilliporeSigma, Cat. No. A7979). To this suspension, 20 µL of Anti-PSA-NCAM 

microbeads were added. The mixture was incubated at 4oC for 15 minutes. Cells were 

spun down at 300g for 10 minutes and washed with PBS + 0.5% BSA. MACS was 

performed according to manufacturer’s specifications. After selection, purity was 

evaluated with flow cytometry. Sample preparation and library generation were 

performed using the v3.1 10X 3’ single cell RNA sequencing library kit. cDNA fragment 

analysis was performed using the Agilent 4200 TapeStation System. A portion of the 

cDNA was utilized to enrich for sgRNA sequences as previously described6. 

Sequencing parameters and quality control were performed as described by The Tabula 

Muris Consortium67.  

 

Flow cytometry: Cell Staining  
 
Cells from iAssembloids and 2D neurons were dissociated with papain as described 

above and stained according to manufacturer’s protocols. Cells were washed three 

times with PBS after dissociation and incubated in DMEM/F12 with Liperfluo at 5 μM 

(Dojindo Molecular Technologies Inc., Cat. No. L24810) for 30 min or CellROX™ 

Orange Reagent at 2.5 μM (ThermoFisher Scientific/Invitrogen, Cat. No. C10443). Cells 

were then spun down and washed 2 more time with DPBS before analysis on the flow 

cytometer. Flow cytometry analysis was conducted with FlowJo v10.8.1. 
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Flow cytometry: GSK3Β vs non-targeting guide survival assay  

Neurons expressing two different GSK3B targeting guides and BFP were seeded at a 

1:1 ratio with neurons expressing two different non-targeting guides expressing GFP. 

Seeding ratios were confirmed with flow cytometry before starting culture. After 14 days 

in culture in either iAssembloids or in monoculture, iAssembloids and neurons were 

dissociated with papain as described above and the number of cells expressing BFP 

(GSK3B knockdown) vs GFP (non-targeting guide) were quantified using FlowJo 

v10.8.1. 

 

Quantification of viability using trypan blue 

Cells from iAssembloids and 2D neurons were dissociated with papain as described 

above and stained at 1:1 ratio with trypan blue solution (0.04%) (ThermoFisher 

Scientific/Gibco, Cat. No., 5250061). The cell and trypan blue mixture were then loaded 

into the Countess™ Cell counter. Two counts were taken for each sample and 

averaged. Average percent viability was recorded based on percent of trypan blue 

negative cells. Tetrodotoxin (Biotechne/Tocris, Cat. No. 1069) was used at a final 

concentration of 1.5 µM for a duration of 1 week, and ferrostatin 1 (Biotechne/Tocris, 

Cat. No. 5180) at 10 µM for a duration of 1 week.  

 

Western Blot 

Approximately equal numbers of cells for both 2D monoculture, 3D monoculture and 

iAssembloids were lysed in 4X NuPAGE™ LDS Sample Buffer (ThermoFisher 

Scientific/Invitrogen, Cat. No., NP0007) + 10% 2-Mercaptoethanol, boiled for 10 minutes 
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at 98 oC and then diluted 1:1 with DPBS. Samples were then loaded at equal volume 

into NuPAGE 4–12% Bis-Tris gels (ThermoFisher Scientific/Invitrogen, Cat. No. 

NP0336BOX). Gels were then transferred onto nitrocellulose membranes in Towbin 

buffer (25mM Tris base, 192 mM glycine, 20% (v/v) methanol) and blocked with 4% 

BSA in TBST (1X TBS + 0.1% Tween 20) followed by overnight incubation with primary 

antibodies at 4oC. Membranes were then washed 4X with TBST for 5 minutes and 

incubated with secondary antibodies at room temperature for 45 minutes. Membranes 

were imaged on the Odyssey Fc Imaging System (LI-COR, Cat. No. 2800) using Image 

Studio (v5.2) software. Primary antibodies used were mouse anti-GAPDH (Santa Cruz 

Biotechnology, Cat. No. sc-47724), rabbit anti-GSK3β (Cell Signaling, Cat. No. 

12456S), and rabbit-anti S9 GSK3β (Cell Signaling, Cat. No. 9336S). Secondary 

antibodies were IRDye 680RD goat anti-mouse IgG (1:10,000 dilution, LI-COR, cat. no. 

926-68070) and IRDye 800CW goat anti-rabbit IgG (1:10,000 dilution, LI-COR, cat. no. 

926-32211). 

Data Analysis: snRNA sequencing 

Data processing was performed using CellRanger v4.0. Demultiplexing was performed 

using CellRanger mkfastq, a 10x-aware wrapper for bcl2fastq. Due to the large number 

of introns resulting from snRNA-seq, a pre-mRNA GTF was generated using the 

cellranger--mkref function. Briefly, GTF annotation rows were extracted based on the 

feature “transcript” of the original, pre-built GRCh38 GTF file. The feature types were 

then replaced from “transcript” to “exon.” Then cellranger--mkref was run to build a pre-

mRNA GTF file. Alignment, filtering, barcode counting, and UMI counting was 

performed using cellranger count, though which gene expression matrices were 
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generated. Outputs from cellranger were then loaded into Seurat72,73, where nuclei with 

less than 500 UMI or greater than 15000 UMIs were filtered out. Doublets were then 

removed with DoubletFinder74. Using the NormalizeData() function in Seurat, raw 

counts per cell were normalized to the total expression in the cell, scaled to 10,000 

transcripts per nucleus, and then log transformed. After normalization, 2000 of the most 

highly variable genes were identified using the FindVariableFeatures() function. The 

data were scaled such that the mean expression of each gene across all the cells is 

equal to 0 and the variance equal to 1, so that highly expressed genes do not dominate 

downstream analyses. Principal component analysis was performed using RunPCA() 

with default parameters and the first 10 PCAs were considered for clustering. Clustering 

was performed with the FindNeighbors() and FindClusters() functions at a resolution of 

0.5. Uniform Manifold Approximation and Projection (UMAP) was calculated using the 

runUMAP() function in Seurat. Cell identities were then defined based on expression of 

cell type specific markers. Differentially expressed genes were identified by running 

FindMarkers() using the Wilcoxon-rank sum test.  

Datasets from other publications were integrated using Seurat’s pipeline for mapping 

and annotating query datasets72. Briefly, data were preprocessed as above and a list of 

“anchor” genes between datasets were found using the function 

FindIntegrationAnchors(). The data is then integrated using the function IntegrateData().  
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Pathway enrichment analysis for snRNAseq  

Pathway enrichment analysis for snRNAseq for neurons, astrocytes, and microglia were 

performed using EnrichR to classify assigned pathways for specific clusters75–77.  

 

CRISPRi-based screens 

Pooled screens were analyzed as previously described6, with the MAGeCK-iNC 

pipeline. First, sequencing reads were aligned to a reference file using Bowtie v0.99 to 

determine sgRNA frequencies per sample. Further analysis was then performed using 

the MAGeCK-inc software. Gene scores were calculated for each gene, which is 

defined as phenotype score multiplied by the -log10(P value). Hit genes were defined as 

genes with a false discovery rate < 0.05. Volcano plots were generated with ggplot2 and 

heatmaps were generated with the pheatmap function in R.  

 

Pathway enrichment analysis for CRISPRi-based screens 

GO term enrichment analysis was performed using The Database 

for Annotation, Visualization and Integrated Discovery (DAVID)78,79 with the library gene 

list as the background list and hits from the screens as the genes of interest. 

 

Multiwell Multielectrode array (MEA) analysis 

MEA analysis was performed with the default Axion’s Integrated Studio (AxIS) software. 

The default settings were used for spike detection with the Adaptive Threshold Crossing 

method. and network burst detection setting was applied. Spike files were then imported 
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into the Axion neural metrics software where a 120 s snapshot of the total datafile was 

taken, and raster plots were generated. 

 

CROP-seq differentially expressed genes analysis 

sgRNA mapping was performed a previously published program and sgRNA 

assignment was performed using the program quantifyTranscriptome.R 

(https://github.com/powellgenomicslab/CROP-seq). Guides were only assigned if they 

were 1) the only guide found in the cell, 2) have more reads than three times the sum of 

other reads assigned to the other guides in the cell and the guides target a different 

gene, or 3) the guides for a single gene have 3x the sum of reads assigned to other 

guides in the cell. This information was then integrated as metadata for each sample as 

a Seurat object. UMAPs were generated with the same method as described above for 

snRNA-sequencing.  

 

Differentially expressed genes were found using DESeq2 by pseudo bulking cells with 

the same sgRNA sequences by adapting previously described methods80. Cells with 

targeting guides versus non-targeting guides with individual sgRNA sequences counting 

as replicates. The P value cut off was 0.05. All differentially expressed genes were 

identified and compared log2FC for these genes within the cells with targeting guides. 

Differentially expressed genes with a log2FC magnitude greater than 2 in at least one 

condition (one gene target) was selected for heatmap visualization. Genes were 

manually annotated with some guidance from EnrichR. Differentially expressed genes 

for GSK3B was then independently examined and plotted using ggplot2.  
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Image analysis for NRF2 localization in iAssembloids 

Three different iAssembloid sections for GSK3B KD and non-targeting control were 

taken and analyzed after staining with the protocol described above. Images were taken 

with a Leica SoRA confocal microscope. Nuclei were recognized as nuclear localized 

BFP+ (blue) objects while NRF2+ cells were recognized in a separate channel (red+). 

Nuclei were then masked onto the NRF2 stain to determine the location of the nuclei in 

relationship to NRF2 levels and then the intensity of the objects were then quantified 

using the MeasureObjectIntensity function.  

 

Data availability  

snRNA, CROPseq and CRISPRi-based screen datasets generated in this study will be 

available on NCBI GEO. CRISPRi-based screens will be uploaded to CRISPRbrain 

(https://www.crisprbrain.org/). Protocols for iAsssembloid culture, dissociation, and 

nuclear dissociation for snRNAseq will be uploaded to protocols.io.  
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Figure 1. Integrating hiPSC-derived neurons, astrocytes, and microglia into three-
dimensional cultures (iAssembloids) 
 
(A) hiPSCs expressing CRISPRi machinery and inducible NGN2 are pre-
differentiated and seeded with hiPSC-derived astrocytes at a 3:1 
neurons:astrocyte ratio. After 1 week, hiPSC-derived microglia are seeded at 
one-third of the number of astrocytes.  
(B) Brightfield images of iAssembloids 30 min, 1 day, 1 week and 2 weeks 
post seeding. Scale bar = 800 µm. 
(Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) 
(C) Neurons (gray), astrocytes (green) and microglia (red) expressing different 
fluorescent proteins were seeded to form iAssembloids. Left image: maximum- 
intensity projection, other images: individual images from the horizontal sample  
images (z-stack) generated from confocal microscopy. Arrows denote neurons 
co-localized with microglia (closed arrowheads) as well as neuronal extensions 
across the culture (open arrowheads). Scale bar = 50 µm. Images were taken 14 
days post seeding into AggreWell 800 plates. 
(D) Maximum intensity projections of iAssembloids stained with antibodies 
against neuronal markers NEUN and TUJ1. Scale bar = 50 µm. Images were 
taken 14 days post seeding into AggreWell™ 800 plates. 
(E) Maximum intensity projections of iAssembloids stained with antibodies against the 
microglial marker IBA1 and the astrocyte marker S100β. Scale bars = 50 µm. Images 
were taken 14 days post seeding into AggreWell™ 800 plates. Arrows denote microglia 
projections.  
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(Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) 
 
Figure 2.1: Neurons cultured in iAssembloids are more functionally mature than 
monocultured neurons 
 
(A) Single-nucleus RNA sequencing was performed on iAssembloids in culture 
for 1 day, 2 weeks and 4 weeks. In total, 43,182 nuclei passed quality control and 
are represented in this dataset. Cell types were assigned to clusters using cell 
type-specific markers such as RBFOX3 and MAPT for neurons, SLC1A3 
(GLAST) for Astrocytes, and CSF1R and SPI1 for microglia. The heatmap is 
subsampled at 5,000 cells for visualization. UMAP is labeled by cell type and 
sample. 
(B) Most significant Gene Ontology Biological Processes enriched in the 500 top genes 
expressed more highly in neurons in iAssembloids vs. 2D monocultured neurons. 
Adjusted P values were calculated using the Benjamini-Hochberg method for correction 
for multiple hypothesis testing. 
(C) Analysis of selected differentially expressed genes comparing iAssembloid 
and monocultured neuronal culture systems shows that expression of glutamate 
receptor subunits, glutamate receptor interactors and various ion channel 
subunits is significantly higher in iAssembloids versus monoculture17. 
(D) Example raster plot from multi-electrode array (MEA, Axion) analysis 
of spikes of neuronal activity in monocultured neurons versus 
iAssembloids.  
(E) Bar graphs represent cumulative spike data over a 15-minute time 
span from 3 independent wells of 2D monoculture neurons and 2 
independent wells of iAssembloids cultured on a MEA plate. Bars 
represent the median and the error bars represent the 95% confidence 
interval.  
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Figure 2.2: Astrocytes in iAssembloids express genes associated with neuronal 
support 

(A) Cells identified as astrocytes from snRNA-seq in iAssembloids (this study) were 
integrated with data from single cell sequencing of monocultured astrocytes (Leng et al., 
2022) using Seurat’s data integration pipeline. A UMAP was generated and split by 
origin of sample and time point. Cluster names were defined by running defined 
markers through EnrichR. Clusters include a CDK15+ cluster, cells undergoing DNA 
replication, an immature astrocyte cluster (TOP2A+), cells expressing genes related to 
BDNF signaling, axon guidance, glycolysis, synaptic transmission modulation, the 
unfolded protein response, and a cluster that had no specific markers (miscellaneous). 
The final cluster (IL1α, TNF, C1q induced) is based on previous studies for cytokine-
induced markers9.  

(B) Heatmap generated based on markers defined in A.  
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Figure 2.3. Microglia within iAssembloids express MHC Class II members 
(A) Cells identified as microglia from snRNA-seq in iAssembloids were 
integrated with single-cell sequencing of microglia8 using Seurat’s data 
integration pipeline. A UMAP was generated and split by origin of sample and 
the time point. Clusters include those that fall into the interferon, chemokine, 
metallothioneins, P54, proliferative and SPP1+ cluster. iAssembloid microglia 
specific clusters (iAssembloid SPP1+, iAssembloid chemokine, and 
iAssembloid proliferative are also highlighted). Microglia mainly map to existing 
clusters. However, cells in iAssembloids uniquely express MHC Class II 
members such as HLA-DRA and HLA-DRB1. 
(B) Heatmap was generated based on markers defined in A.  
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(Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) 
Figure 3.1. CRISPRi-based screens in iAssembloids reveals genes affecting 
neuronal survival not found in screens in 2D monoculture. 
(A) Schematic of screen design. 
(B) Volcano plot of knockdown phenotypes from the survival screen from day 14 
iAssembloids. Hit genes (FDR < 0.05) are labeled in either light blue (knockdown 
decreases survival) or light pink (knockdown increases survival). Selected hit 
genes were color-coded based on curated functional categories. 
(C) Scatterplot of gene scores from our previous survival screen in 2D 
monocultured neurons6 (x-axis) compared to the screen in iAssembloid (y-
axis). Both screens used the H1 sgRNA library targeting the “druggable 
genome.”  Selected genes with consistent phenotypes in both screens are 
labeled in black. Other genes of interest are color-coded based on functional 
category as in panel B. 
(D) Heatmap representing gene scores for neuronal survival from screens in 2D 
monoculture screens6,7, and from iAssembloids (this study, screens were 
conducted with the H1 sgRNA library and an sgRNA library targeting 
neurodegeneration-related genes). Neurodegeneration library hits were 
compared to gene scores from a genome-wide 2D monoculture screen7. Genes 
are grouped by functional categories as in panels B and C. Genes selected for 
secondary screens are highlighted by yellow boxes on the left. 
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Figure 3.2. CRISPRi-based functional genomics screens in iAssembloids are 
reproducible  
(Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) 
(A) Scatterplot comparing CRISPRi-based neuronal survival screens at 14 days vs. 28 
days post seeding into AggreWell plates. 
(B) Scatterplot comparing CRISPRi-based neuronal survival screens using 
astrocytes from serum-based differentiation protocol15,47 vs. the serum-free 
differentiation protocol16,61. 
(C) Correlation heatmap of CRISPRi-based neuronal survival screens in the 
context of 2D monocultures6 vs. iAssembloids (this study). 
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(Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) 
Figure 3.3 Focused validation screens for top hits from the primary screen  
(A) Scatterplot of gene scores from the primary iAssembloid screen hits vs the 
secondary validation screen. Phenotypes from the secondary screen have a 
narrower dynamic range but are highly correlated with the primary screen (r = 
0.9). 
(B) Results from secondary screens comparing iAssembloid culture in various 
media: normal media (composed of 0.5X astrocyte media and 0.5X microglia 
base media), normal media plus cytokines (our iAssembloid culture 
condition), astrocyte media, and astrocytes media plus cytokines, as well as 
3D cultures with different cell type compositions: neurons only (N) and 
neurons plus microglia (N,M). 
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(Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) 
Figure 4.  CROP-seq screen reveals that GSK3B knockdown induces neuronal 
expression of NRF2 target genes in iAssembloids, but not 2D monoculture 
(A) Schematic of CROP-seq experimental design.  
(B) Heatmap of combined significantly expressed genes (p<0.05) from CROP-seq in 
neurons cultured in iAssembloids. Rows represent genes that were knocked down in 
the cells, columns are differentially expressed genes in cells with knockdowns 
compared to controls. Highlighted are upregulated genes that are putative NRF2 targets 
(yellow) and STAT3 targets (green). 
(C) Differentially expressed genes comparing GSK3B knockdown versus cells 
containing non-targeting controls in iAssembloids were determined. Red dots represent 
upregulated genes below the p<0.05 cutoff whereas pink dots represent genes below 
the p<0.1 cutoff. Dark blue represents downregulated genes meeting p<0.05 cutoff 
whereas light blue represents downregulated genes below the p<0.1 cutoff. The target 
gene, GSK3B, is highlighted in purple and genes that have been putatively shown to be 
regulated by NRF2 are highlighted in yellow. P values were determined using the Wald 
test.  
(D) Differentially expressed genes comparing GSK3B knockdown versus cells 
containing non-targeting controls in 2D neuronal monoculture were determined as 
specified in C.  
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(Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) 
 
Figure 5.1 GSK3𝛽 activity prevents NRF2 from protecting neurons from oxidative 
stress 
(A) Western blot validation of GSK3𝛽 knockdown in 3D Neurons. NTC: non-targeting 
control sgRNA. 3D cultures generated from NTC cells from results for 2 independent 
non-targeting control (NTC) sgRNAs and 2 independent sgRNAs targeting GSK3B are 
shown.  
(B) Validation of the effect of GSK3𝛽 knockdown on cell survival over 14 days 
comparing the ratio of surviving cells expressing a non-targeting control sgRNA and 
GFP versus the proportion of cells expressing an sgRNA targeting GSK3𝛽 and BFP. 
Experiment was performed with two different NTC sgRNAs as well as two GSK3𝛽 
sgRNAs with a total of four different combinations of NTC and GSK3𝛽 sgRNAs. 
Medians and 95% confidence intervals are represented. ANOVA followed by Tukey’s 
multiple comparison test was conducted to determine significance.  
(C) Immunohistochemistry staining for NRF2 (red) in iAssembloids. Neuronal nuclei 
express BFP (blue). Scale bars = 50 µm. Images taken at 14 days post seeding of 
iAssembloids into AggreWellTM 800 plates. Nuclei were identified using BFP in images 
and the integrated intensity for NRF2 within nuclei was quantified. Images from three 
different iAssembloids expressing NTC sgRNA 1 (n = 71 cells) and GSK3𝛽 KD sgRNA 1 
(n = 94 cells) were taken. Mean with standard deviation is represented. P values were 
determined using Student’s t-test. 
(D) Levels of reactive oxygen species (ROS, via CellROXTM orange staining) 
determined via flow cytometry of neurons expressing a non-targeting control sgRNA or 
an sgRNA knocking down GSK3𝛽 in 3D monoculture. NTC sgRNA 1 and GSK3𝛽 KD 
sgRNA 1 were used in this experiment. Neurons with those sgRNAs were co-cultured 
and sgRNA identity was assigned based on expression of a BFP (GSK3𝛽 sgRNA 1) or 
mClover (NTC sgRNA 1) marker.  
(E) ROS levels (CellROXTM orange staining) comparing 2D monoculture neurons versus 
3D monoculture neurons. Each dot represents an independent culture well. Bars 
represent means of the median fluorescence level and error bars represent standard 
deviation. 
(F, G) Western blot of GSK3𝛽 with the inhibitory phosphorylation at serine 9 (pS9-
GSK3β) and total GSK3𝛽 levels in 2D monoculture neurons versus 3D monoculture 
neurons. F, western blot image. G, quantification of western blot. Bars represent means 
of phosho-S9 GSK3B normalized to total GSK3B levels. Error bars represent standard 
deviation.  
(H) Western blot of pS9-GSK3𝛽 levels in 2D monocultured neurons after induction of 
oxidative stress with rotenone (200 nM for 24 hours). 3 independent wells are shown for 
each the vehicle and rotenone conditions. 
(I, J) Peroxidated lipid levels of GSK3𝛽 KD cells as compared to NTC. Cells were 
stained with Liperfluo and median fluorescence levels were measured. Levels were then 
normalized to the NTC. H, example trace. I, quantification of 3 replicates (3 cell culture 
wells), bars represent mean, error bars represent standard deviation. 
(Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) 
(K) Viability of 3D neurons treated with vehicle or with 10 µM ferrostatin. Neurons were  
treated starting at one week in 3D culture. Cells were stained with trypan blue and the 
percentage of trypan blue negative cells were obtained after 14 days in 3D culture (total 
7 day treatment). Individual points represent one well of 3D neuronal cultures. Bars 
represent mean, error bars represent standard deviation.  
(L) Neuronal activity of 2D neurons, iAssembloids and 3D neurons at day 14 was 
characterized using multielectrode arrays (MEA). Dots represent the number of spikes 
from individual MEA wells. Bars represent mean, error bars represent standard 
deviation. 
(M, N) Reactive oxygen species (ROS) levels of 3D neurons treated with tetrodotoxin 
(1.5 µM, duration of 1 week). Neurons are stained with CellROXTM orange and 
fluorescence levels were read out using flow cytometry. M, example trace. N. median 
fluorescence was normalized to the fluorescence level of the vehicle condition to 
account for different levels of background fluorescence across experiments. Dots 
represent individual wells. Error bars represent standard deviation.  
(O) Peroxidated lipid levels (Liperfluo stain) in 3D monocultured neurons treated with 
vehicle, tetrodotoxin (1.5 µM, duration of 1 week), and ferrostatin (10 µM, duration of 1 
week). Bars represent mean, error bars represent standard deviation. Dots represent 
cells from 3 independent wells.  
(P) Viability of 3D monocultured neurons after 14 days in culture with and without 
tetrodotoxin (TTX, 1.5 µM, duration of 1 week) treatment. Cells were stained with trypan 
blue, and the percentage of trypan blue negative cells were obtained. Bars represent 
mean, error bars represent standard deviation. Dots represent cells from independent 
wells.  
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Figure 5.2 Representative flow cytometry results for neuronal phenotypes  
  (Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) 
(A) Three replicates of 2D monoculture neurons with and without GSK3𝛽 
knockdown stained with CellROXTM orange. 
(B) Replicates of 2D vs 3D monocultured neurons stained for ROS levels by 
CellROXTM orange.  
(C, D) Western blot for phosho-S9 GSK3𝛽 and total GSK3β. Two independent culture 
wells are shown for each 2D monocultured neurons and iAssembloids. C, blot image. D, 
quantification of C.  
(E) Replicates of 2D monocultured neurons with and without rotenone treatment 
stained for ROS levels by CellROXTM orange.  
(F) Replicates of 3D cultured neurons with and without GSK3𝛽 knockdown 
stained with Liperfluo to detect peroxidated lipid levels 
(G) Neurons from 3 different culture systems (2D monoculture, 3D monoculture, 
iAssembloids) stained for ROS levels by CellROXTM orange.  
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Figure 6. Proposed model of GSK3𝛽 function in oxidative stress and neuronal 
death 
(A) In 2D monocultured neurons, there is not sufficient neuronal activity to drive 
oxidative stress. Therefore, GSK3𝛽 activity is low and neuronal death is not triggered. 
(B) In 3D monocultured neurons, neuronal activity is high. This triggers an increase in 
ROS and oxidative stress and leads to an increase in GSK3𝛽 activity. Increase of 
GSK3𝛽 activity blocks NRF2 from translocating to nucleus to mount a protective 
oxidative stress response. In the absence of the protective response, neurons undergo 
ferroptosis.  
(C) In 3D monocultured neurons with GSK3B knockdown, neuronal activity and 
oxidative stress is triggered, but in the absence of GSK3β, NRF2 can translocate to the 
nucleus, preventing ferroptosis.  
(D) In iAssembloids, the addition of glial cells reduces neuronal activity and ROS, 
possibly by regulation of glutamate levels via glutamate reuptake, which could lessen 
GSK3𝛽 activity and protect cells against ferroptosis.  
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(Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) 
Figure 7. CRISPRi-based screen for neuronal survival in APOE-𝜀3 (ΑPOE3/3) 
versus APOE4-ε4 (APOE4/4) astrocyte 3D co-cultures 
(A) Schematic of experimental design. Screens for neuronal survival were conducting in 
APOE3/3 neurons with dCas9-KRAB and dox-inducible CRISPRi that were 3D co-
cultured with APOE3/3 vs APOE4/4 astrocytes. 
(B) Scatterplot of gene scores from screens using APOE3/3 (x-axis) 
compared to APOE4/4 (y-axis) astrocytes (TCW 1E33-C, TCW 1E44-C) and 
APOE3/3 neurons (WTC11). Hits (FDR < 0.05) from screens were included in 
the scatterplot. Genes belonging to selected functional categories were 
annotated in different colors; other genes are shown in gray.  
(C) Screen as described in B, but both neurons and astrocytes were in the 
KOLF2.1 background. 
(D) Heatmap of hit genes that were consistent between the two screens (WTC11 and 
KOLF2.1) and had the strongest difference in gene score between APOE3/3 and 
APOE4/4 astrocyte co-cultures were selected and annotated.  
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Figure 8. Charlie, the best boy.  
(A) Charlie getting ready for a walk.  
(B, C) Charlie after his first groom. He looks very dapper.  
(D) Charlie sniffing ocean breeze. He is at Fort Funston. 
(E, F) Charlie waiting for me outside Sandler for me to finish tissue culture. Such a 
good, patient boy.  
  



 
65 

References 

1. Azevedo, F.A.C., Carvalho, L.R.B., Grinberg, L.T., Farfel, J.M., Ferretti, R.E.L., 

Leite, R.E.P., Jacob Filho, W., Lent, R., and Herculano-Houzel, S. (2009). Equal 

numbers of neuronal and nonneuronal cells make the human brain an isometrically 

scaled-up primate brain. J Comp Neurol 513, 532–541. 10.1002/cne.21974. 

2. Ecker, J.R., Geschwind, D.H., Kriegstein, A.R., Ngai, J., Osten, P., Polioudakis, D., 

Regev, A., Sestan, N., Wickersham, I.R., and Zeng, H. (2017). The BRAIN Initiative 

Cell Census Consortium: Lessons Learned toward Generating a Comprehensive 

Brain Cell Atlas. Neuron 96, 542–557. 10.1016/j.neuron.2017.10.007. 

3. Grove, J., Ripke, S., Als, T.D., Mattheisen, M., Walters, R.K., Won, H., Pallesen, J., 

Agerbo, E., Andreassen, O.A., Anney, R., et al. (2019). Identification of common 

genetic risk variants for autism spectrum disorder. Nat Genet 51, 431–444. 

10.1038/s41588-019-0344-8. 

4. Bellenguez, C., Küçükali, F., Jansen, I.E., Kleineidam, L., Moreno-Grau, S., Amin, 

N., Naj, A.C., Campos-Martin, R., Grenier-Boley, B., Andrade, V., et al. (2022). New 

insights into the genetic etiology of Alzheimer’s disease and related dementias. Nat 

Genet 54, 412–436. 10.1038/s41588-022-01024-z. 

5. Karch, C.M., and Goate, A.M. (2015). Alzheimer’s Disease Risk Genes and 

Mechanisms of Disease Pathogenesis. Biological Psychiatry 77, 43–51. 

10.1016/j.biopsych.2014.05.006. 



 
66 

6. Tian, R., Gachechiladze, M.A., Ludwig, C.H., Laurie, M.T., Hong, J.Y., Nathaniel, D., 

Prabhu, A.V., Fernandopulle, M.S., Patel, R., Abshari, M., et al. (2019). CRISPR 

Interference-Based Platform for Multimodal Genetic Screens in Human iPSC-

Derived Neurons. Neuron 104, 239-255.e12. 10.1016/j.neuron.2019.07.014. 

7. Tian, R., Abarientos, A., Hong, J., Hashemi, S.H., Yan, R., Dräger, N., Leng, K., 

Nalls, M.A., Singleton, A.B., Xu, K., et al. (2021). Genome-wide CRISPRi/a screens 

in human neurons link lysosomal failure to ferroptosis. Nat Neurosci 24, 1020–1034. 

10.1038/s41593-021-00862-0. 

8. Dräger, N.M., Sattler, S.M., Huang, C.T.-L., Teter, O.M., Leng, K., Hashemi, S.H., 

Hong, J., Aviles, G., Clelland, C.D., Zhan, L., et al. (2022). A CRISPRi/a platform in 

human iPSC-derived microglia uncovers regulators of disease states. Nat Neurosci 

25, 1149–1162. 10.1038/s41593-022-01131-4. 

9. Leng, K., Rose, I.V.L., Kim, H., Xia, W., Romero-Fernandez, W., Rooney, B., 

Koontz, M., Li, E., Ao, Y., Wang, S., et al. (2022). CRISPRi screens in human iPSC-

derived astrocytes elucidate regulators of distinct inflammatory reactive states. 

Nature Neuroscience 25, 1528–1542. 10.1038/s41593-022-01180-9. 

10. Meng, X., Yao, D., Chen, X., Kelley, K.W., Reis, N., Thete, M.V., Kulkarni, S., 

Bassik, M.C., and Pașca, S.P. (2022). CRISPR screens in 3D assembloids reveal 

disease genes associated with human interneuron development. 

2022.09.06.506845. 10.1101/2022.09.06.506845. 



 
67 

11. Li, C., Fleck, J.S., Martins-Costa, C., Burkard, T.R., Stuempflen, M., Vertesy, Á., 

Peer, A.M., Esk, C., Elling, U., Kasprian, G., et al. (2022). Single-cell brain organoid 

screening identifies developmental defects in autism. 2022.09.15.508118. 

10.1101/2022.09.15.508118. 

12. Esk, C., Lindenhofer, D., Haendeler, S., Wester, R.A., Pflug, F., Schroeder, B., 

Bagley, J.A., Elling, U., Zuber, J., von Haeseler, A., et al. (2020). A human tissue 

screen identifies a regulator of ER secretion as a brain-size determinant. Science 

370, 935–941. 10.1126/science.abb5390. 

13. Wang, C., Ward, M.E., Chen, R., Liu, K., Tracy, T.E., Chen, X., Xie, M., Sohn, P.D., 

Ludwig, C., Meyer-Franke, A., et al. (2017). Scalable Production of iPSC-Derived 

Human Neurons to Identify Tau-Lowering Compounds by High-Content Screening. 

Stem Cell Reports 9, 1221–1233. 10.1016/j.stemcr.2017.08.019. 

14. Zhang, Y., Pak, C., Han, Y., Ahlenius, H., Zhang, Z., Chanda, S., Marro, S., Patzke, 

C., Acuna, C., Covy, J., et al. (2013). Rapid single-step induction of functional 

neurons from human pluripotent stem cells. Neuron 78, 785–798. 

10.1016/j.neuron.2013.05.029. 

15. Tcw, J., Wang, M., Pimenova, A.A., Bowles, K.R., Hartley, B.J., Lacin, E., Machlovi, 

S.I., Abdelaal, R., Karch, C.M., Phatnani, H., et al. (2017). An Efficient Platform for 

Astrocyte Differentiation from Human Induced Pluripotent Stem Cells. Stem Cell 

Reports 9, 600–614. 10.1016/j.stemcr.2017.06.018. 



 
68 

16. Krencik, R., Seo, K., van Asperen, J.V., Basu, N., Cvetkovic, C., Barlas, S., Chen, 

R., Ludwig, C., Wang, C., Ward, M.E., et al. (2017). Systematic Three-Dimensional 

Coculture Rapidly Recapitulates Interactions between Human Neurons and 

Astrocytes. Stem Cell Reports 9, 1745–1753. 10.1016/j.stemcr.2017.10.026. 

17. Cooper, Y.A., Teyssier, N., Dräger, N.M., Guo, Q., Davis, J.E., Sattler, S.M., Yang, 

Z., Patel, A., Wu, S., Kosuri, S., et al. (2022). Functional regulatory variants 

implicate distinct transcriptional networks in dementia. Science 377, eabi8654. 

10.1126/science.abi8654. 

18. Liddelow, S.A., Guttenplan, K.A., Clarke, L.E., Bennett, F.C., Bohlen, C.J., Schirmer, 

L., Bennett, M.L., Münch, A.E., Chung, W.-S., Peterson, T.C., et al. (2017). 

Neurotoxic reactive astrocytes are induced by activated microglia. Nature 541, 481–

487. 10.1038/nature21029. 

19. Mathys, H., Adaikkan, C., Gao, F., Young, J.Z., Manet, E., Hemberg, M., De Jager, 

P.L., Ransohoff, R.M., Regev, A., and Tsai, L.-H. (2017). Temporal Tracking of 

Microglia Activation in Neurodegeneration at Single-Cell Resolution. Cell Reports 

21, 366–380. 10.1016/j.celrep.2017.09.039. 

20. Abud, E.M., Ramirez, R.N., Martinez, E.S., Healy, L.M., Nguyen, C.H.H., Newman, 

S.A., Yeromin, A.V., Scarfone, V.M., Marsh, S.E., Fimbres, C., et al. (2017). iPSC-

derived human microglia-like cells to study neurological diseases. Neuron 94, 278-

293.e9. 10.1016/j.neuron.2017.03.042. 



 
69 

21. Horlbeck, M.A., Gilbert, L.A., Villalta, J.E., Adamson, B., Pak, R.A., Chen, Y., Fields, 

A.P., Park, C.Y., Corn, J.E., Kampmann, M., et al. (2016). Compact and highly 

active next-generation libraries for CRISPR-mediated gene repression and 

activation. Elife 5, e19760. 10.7554/eLife.19760. 

22. Bardy, C., van den Hurk, M., Eames, T., Marchand, C., Hernandez, R.V., Kellogg, 

M., Gorris, M., Galet, B., Palomares, V., Brown, J., et al. (2015). Neuronal medium 

that supports basic synaptic functions and activity of human neurons in vitro. 

Proceedings of the National Academy of Sciences 112, E2725–E2734. 

10.1073/pnas.1504393112. 

23. Datlinger, P., Rendeiro, A.F., Schmidl, C., Krausgruber, T., Traxler, P., Klughammer, 

J., Schuster, L.C., Kuchler, A., Alpar, D., and Bock, C. (2017). Pooled CRISPR 

screening with single-cell transcriptome readout. Nat Methods 14, 297–301. 

10.1038/nmeth.4177. 

24. Schaffer, B.A.J., Bertram, L., Miller, B.L., Mullin, K., Weintraub, S., Johnson, N., 

Bigio, E.H., Mesulam, M., Wiedau-Pazos, M., Jackson, G.R., et al. (2008). 

Association of GSK3B With Alzheimer Disease and Frontotemporal Dementia. 

Archives of Neurology 65, 1368–1374. 10.1001/archneur.65.10.1368. 

25. Li, J., Ma, S., Chen, J., Hu, K., Li, Y., Zhang, Z., Su, Z., Woodgett, J.R., Li, M., and 

Huang, Q. (2020). GSK-3β Contributes to Parkinsonian Dopaminergic Neuron 

Death: Evidence From Conditional Knockout Mice and Tideglusib. Frontiers in 

Molecular Neuroscience 13. 



 
70 

26. Doble, B.W., and Woodgett, J.R. (2003). GSK-3: tricks of the trade for a multi-

tasking kinase. Journal of Cell Science 116, 1175–1186. 10.1242/jcs.00384. 

27. Avila, J., León-Espinosa, G., García, E., García-Escudero, V., Hernández, F., and 

DeFelipe, J. (2012). Tau Phosphorylation by GSK3 in Different Conditions. Int J 

Alzheimers Dis 2012, 578373. 10.1155/2012/578373. 

28. Rankin, C.A., Sun, Q., and Gamblin, T.C. (2007). Tau phosphorylation by GSK-3β 

promotes tangle-like filament morphology. Molecular Neurodegeneration 2, 12. 

10.1186/1750-1326-2-12. 

29. Wesseling, H., Mair, W., Kumar, M., Schlaffner, C.N., Tang, S., Beerepoot, P., 

Fatou, B., Guise, A.J., Cheng, L., Takeda, S., et al. (2020). Tau PTM Profiles 

Identify Patient Heterogeneity and Stages of Alzheimer’s Disease. Cell 183, 1699-

1713.e13. 10.1016/j.cell.2020.10.029. 

30. Ma, Q. (2013). Role of Nrf2 in Oxidative Stress and Toxicity. Annu Rev Pharmacol 

Toxicol 53, 401–426. 10.1146/annurev-pharmtox-011112-140320. 

31. Gu, J., Cheng, Y., Wu, H., Kong, L., Wang, S., Xu, Z., Zhang, Z., Tan, Y., Keller, 

B.B., Zhou, H., et al. (2017). Metallothionein Is Downstream of Nrf2 and Partially 

Mediates Sulforaphane Prevention of Diabetic Cardiomyopathy. Diabetes 66, 529–

542. 10.2337/db15-1274. 

32. Ohtsuji, M., Katsuoka, F., Kobayashi, A., Aburatani, H., Hayes, J.D., and Yamamoto, 

M. (2008). Nrf1 and Nrf2 Play Distinct Roles in Activation of Antioxidant Response 



 
71 

Element-dependent Genes. Journal of Biological Chemistry 283, 33554–33562. 

10.1074/jbc.M804597200. 

33. Rouillard, A.D., Gundersen, G.W., Fernandez, N.F., Wang, Z., Monteiro, C.D., 

McDermott, M.G., and Ma’ayan, A. (2016). The harmonizome: a collection of 

processed datasets gathered to serve and mine knowledge about genes and 

proteins. Database 2016, baw100. 10.1093/database/baw100. 

34. Manford, A.G., Rodríguez-Pérez, F., Shih, K.Y., Shi, Z., Berdan, C.A., Choe, M., 

Titov, D.V., Nomura, D.K., and Rape, M. (2020). A Cellular Mechanism to Detect 

and Alleviate Reductive Stress. Cell 183, 46-61.e21. 10.1016/j.cell.2020.08.034. 

35. Baird, L., and Yamamoto, M. (2020). The Molecular Mechanisms Regulating the 

KEAP1-NRF2 Pathway. Mol Cell Biol 40, e00099-20. 10.1128/MCB.00099-20. 

36. Lu, M., Wang, P., Qiao, Y., Jiang, C., Ge, Y., Flickinger, B., Malhotra, D.K., Dworkin, 

L.D., Liu, Z., and Gong, R. (2019). GSK3β-mediated Keap1-independent regulation 

of Nrf2 antioxidant response: A molecular rheostat of acute kidney injury to chronic 

kidney disease transition. Redox Biology 26, 101275. 10.1016/j.redox.2019.101275. 

37. Bersuker, K., Hendricks, J.M., Li, Z., Magtanong, L., Ford, B., Tang, P.H., Roberts, 

M.A., Tong, B., Maimone, T.J., Zoncu, R., et al. (2019). The CoQ oxidoreductase 

FSP1 acts parallel to GPX4 to inhibit ferroptosis. Nature 575, 688–692. 

10.1038/s41586-019-1705-2. 

38. Ioannou, M.S., Jackson, J., Sheu, S.-H., Chang, C.-L., Weigel, A.V., Liu, H., Pasolli, 

H.A., Xu, C.S., Pang, S., Matthies, D., et al. (2019). Neuron-Astrocyte Metabolic 



 
72 

Coupling Protects against Activity-Induced Fatty Acid Toxicity. Cell 177, 1522-

1535.e14. 10.1016/j.cell.2019.04.001. 

39. Moulton, M.J., Barish, S., Ralhan, I., Chang, J., Goodman, L.D., Harland, J.G., 

Marcogliese, P.C., Johansson, J.O., Ioannou, M.S., and Bellen, H.J. (2021). 

Neuronal ROS-induced glial lipid droplet formation is altered by loss of Alzheimer’s 

disease–associated genes. Proceedings of the National Academy of Sciences 118, 

e2112095118. 10.1073/pnas.2112095118. 

40. Voutsinos-Porche, B., Bonvento, G., Tanaka, K., Steiner, P., Welker, E., Chatton, J.-

Y., Magistretti, P.J., and Pellerin, L. (2003). Glial Glutamate Transporters Mediate a 

Functional Metabolic Crosstalk between Neurons and Astrocytes in the Mouse 

Developing Cortex. Neuron 37, 275–286. 10.1016/S0896-6273(02)01170-4. 

41. Reynolds, I.J., and Hastings, T.G. (1995). Glutamate induces the production of 

reactive oxygen species in cultured forebrain neurons following NMDA receptor 

activation. J Neurosci 15, 3318–3327. 

42. Peng, J.-J., Lin, S.-H., Liu, Y.-T., Lin, H.-C., Li, T.-N., and Yao, C.-K. (2019). A 

circuit-dependent ROS feedback loop mediates glutamate excitotoxicity to sculpt the 

Drosophila motor system. eLife 8, e47372. 10.7554/eLife.47372. 

43. Raulin, A.-C., Doss, S.V., Trottier, Z.A., Ikezu, T.C., Bu, G., and Liu, C.-C. (2022). 

ApoE in Alzheimer’s disease: pathophysiology and therapeutic strategies. Molecular 

Neurodegeneration 17, 72. 10.1186/s13024-022-00574-4. 



 
73 

44. Chen, Y., Strickland, M.R., Soranno, A., and Holtzman, D.M. (2021). Apolipoprotein 

E: Structural Insights and Links to Alzheimer Disease Pathogenesis. Neuron 109, 

205–221. 10.1016/j.neuron.2020.10.008. 

45. Boyles, J.K., Pitas, R.E., Wilson, E., Mahley, R.W., and Taylor, J.M. (1985). 

Apolipoprotein E associated with astrocytic glia of the central nervous system and 

with nonmyelinating glia of the peripheral nervous system. J Clin Invest 76, 1501–

1513. 

46. Huang, Y., Weisgraber, K.H., Mucke, L., and Mahley, R.W. (2004). Apolipoprotein E: 

diversity of cellular origins, structural and biophysical properties, and effects in 

Alzheimer’s disease. J Mol Neurosci 23, 189–204. 10.1385/JMN:23:3:189. 

47. Tcw, J., Qian, L., Pipalia, N.H., Chao, M.J., Liang, S.A., Shi, Y., Jain, B.R., 

Bertelsen, S.E., Kapoor, M., Marcora, E., et al. (2022). Cholesterol and matrisome 

pathways dysregulated in astrocytes and microglia. Cell 185, 2213-2233.e25. 

10.1016/j.cell.2022.05.017. 

48. Pantazis, C.B., Yang, A., Lara, E., McDonough, J.A., Blauwendraat, C., Peng, L., 

Oguro, H., Zou, J., Sebesta, D., Pratt, G., et al. (2021). A reference induced 

pluripotent stem cell line for large-scale collaborative studies. 2021.12.15.472643. 

10.1101/2021.12.15.472643. 

49. Palop, J.J., and Mucke, L. (2009). Epilepsy and cognitive impairments in Alzheimer 

disease. Arch Neurol 66, 435–440. 10.1001/archneurol.2009.15. 



 
74 

50. Vossel, K.A., Ranasinghe, K.G., Beagle, A.J., Mizuiri, D., Honma, S.M., Dowling, 

A.F., Darwish, S.M., Van Berlo, V., Barnes, D.E., Mantle, M., et al. (2016). Incidence 

and Impact of Subclinical Epileptiform Activity in Alzheimer’s Disease. Ann Neurol 

80, 858–870. 10.1002/ana.24794. 

51. Cheng, C.-H., Liu, C.-J., Ou, S.-M., Yeh, C.-M., Chen, T.-J., Lin, Y.-Y., and Wang, 

S.-J. (2015). Incidence and risk of seizures in Alzheimer’s disease: A nationwide 

population-based cohort study. Epilepsy Research 115, 63–66. 

10.1016/j.eplepsyres.2015.05.009. 

52. Keret, O., Hoang, T.D., Xia, F., Rosen, H.J., and Yaffe, K. (2020). Association of 

Late-Onset Unprovoked Seizures of Unknown Etiology With the Risk of Developing 

Dementia in Older Veterans. JAMA Neurology 77, 710–715. 

10.1001/jamaneurol.2020.0187. 

53. Li, T., and Paudel, H.K. (2006). Glycogen Synthase Kinase 3β Phosphorylates 

Alzheimer’s Disease-Specific Ser396 of Microtubule-Associated Protein Tau by a 

Sequential Mechanism. Biochemistry 45, 3125–3133. 10.1021/bi051634r. 

54. Leroy, K., Yilmaz, Z., and Brion, J.-P. (2007). Increased level of active GSK-3β in 

Alzheimer’s disease and accumulation in argyrophilic grains and in neurones at 

different stages of neurofibrillary degeneration. Neuropathology and Applied 

Neurobiology 33, 43–55. 10.1111/j.1365-2990.2006.00795.x. 

55. Bhat, R.V., Andersson, U., Andersson, S., Knerr, L., Bauer, U., and Sundgren-

Andersson, A.K. (2018). The Conundrum of GSK3 Inhibitors: Is it the Dawn of a 



 
75 

New Beginning? Journal of Alzheimer’s Disease 64, S547–S554. 10.3233/JAD-

179934. 

56. Taniguchi, C.M., Emanuelli, B., and Kahn, C.R. (2006). Critical nodes in signalling 

pathways: insights into insulin action. Nat Rev Mol Cell Biol 7, 85–96. 

10.1038/nrm1837. 

57. Zhao, N., Liu, C.-C., Van Ingelgom, A.J., Martens, Y.A., Linares, C., Knight, J.A., 

Painter, M.M., Sullivan, P.M., and Bu, G. (2017). Apolipoprotein E4 Impairs 

Neuronal Insulin Signaling by Trapping Insulin Receptor in the Endosomes. Neuron 

96, 115-129.e5. 10.1016/j.neuron.2017.09.003. 

58. Mansour, A.A., Gonçalves, J.T., Bloyd, C.W., Li, H., Fernandes, S., Quang, D., 

Johnston, S., Parylak, S.L., Jin, X., and Gage, F.H. (2018). An in vivo model of 

functional and vascularized human brain organoids. Nat Biotechnol 36, 432–441. 

10.1038/nbt.4127. 

59. Bhaduri, A., Andrews, M.G., Mancia, W., Jung, D., Shin, D., Allen, D., Jung, D., 

Schmunk, G., Haeussler, M., Salma, J., et al. (2020). Cell Stress in Cortical 

Organoids Impairs Molecular Subtype Specification. Nature 578, 142–148. 

10.1038/s41586-020-1962-0. 

60. Miyaoka, Y., Chan, A.H., Judge, L.M., Yoo, J., Huang, M., Nguyen, T.D., Lizarraga, 

P.P., So, P.-L., and Conklin, B.R. (2014). Isolation of single-base genome-edited 

human iPS cells without antibiotic selection. Nat Methods 11, 291–293. 

10.1038/nmeth.2840. 



 
76 

61. Krencik, R., and Zhang, S.-C. (2011). Directed differentiation of functional astroglial 

subtypes from human pluripotent stem cells. Nat Protoc 6, 1710–1717. 

10.1038/nprot.2011.405. 

62. de Majo, M., Koontz, M., Marsan, E., Salinas, N., Ramsey, A., Kuo, Y.-M., Seo, K., 

Li, H., Dräger, N., Leng, K., et al. (2023). Granulin loss of function in human mature 

brain organoids implicates astrocytes in TDP-43 pathology. Stem Cell Reports 18, 

706–719. 10.1016/j.stemcr.2023.01.012. 

63. Kim, C.C., Wilson, E.B., and DeRisi, J.L. (2010). Improved methods for magnetic 

purification of malaria parasites and haemozoin. Malar J 9, 17. 10.1186/1475-2875-

9-17. 

64. Kuwajima, T., Sitko, A.A., Bhansali, P., Jurgens, C., Guido, W., and Mason, C. 

(2013). ClearT: a detergent- and solvent-free clearing method for neuronal and non-

neuronal tissue. Development 140, 1364–1368. 10.1242/dev.091844. 

65. Mo, A., Mukamel, E.A., Davis, F.P., Luo, C., Henry, G.L., Picard, S., Urich, M.A., 

Nery, J.R., Sejnowski, T.J., Lister, R., et al. (2015). Epigenomic Signatures of 

Neuronal Diversity in the Mammalian Brain. Neuron 86, 1369–1384. 

10.1016/j.neuron.2015.05.018. 

66. Leng, K., Li, E., Eser, R., Piergies, A., Sit, R., Tan, M., Neff, N., Li, S.H., Rodriguez, 

R.D., Suemoto, C.K., et al. (2021). Molecular characterization of selectively 

vulnerable neurons in Alzheimer’s disease. Nat Neurosci 24, 276–287. 

10.1038/s41593-020-00764-7. 



 
77 

67. Tabula Muris Consortium, Overall coordination, Logistical coordination, Organ 

collection and processing, Library preparation and sequencing, Computational data 

analysis, Cell type annotation, Writing group, Supplemental text writing group, and 

Principal investigators (2018). Single-cell transcriptomics of 20 mouse organs 

creates a Tabula Muris. Nature 562, 367–372. 10.1038/s41586-018-0590-4. 

68. Kampmann, M., Bassik, M.C., and Weissman, J.S. (2014). Functional genomics 

platform for pooled screening and generation of mammalian genetic interaction 

maps. Nat Protoc 9, 1825–1847. 10.1038/nprot.2014.103. 

69. Gilbert, L.A., Horlbeck, M.A., Adamson, B., Villalta, J.E., Chen, Y., Whitehead, E.H., 

Guimaraes, C., Panning, B., Ploegh, H.L., Bassik, M.C., et al. (2014). Genome-

Scale CRISPR-Mediated Control of Gene Repression and Activation. Cell 159, 647–

661. 10.1016/j.cell.2014.09.029. 

70. Chen, J.J., Nathaniel, D.L., Raghavan, P., Nelson, M., Tian, R., Tse, E., Hong, J.Y., 

See, S.K., Mok, S.-A., Hein, M.Y., et al. (2019). Compromised function of the 

ESCRT pathway promotes endolysosomal escape of tau seeds and propagation of 

tau aggregation. Journal of Biological Chemistry 294, 18952–18966. 

10.1074/jbc.RA119.009432. 

71. Mertens, J., Paquola, A.C.M., Ku, M., Hatch, E., Böhnke, L., Ladjevardi, S., 

McGrath, S., Campbell, B., Lee, H., Herdy, J.R., et al. (2015). Directly 

Reprogrammed Human Neurons Retain Aging-Associated Transcriptomic 

Signatures and Reveal Age-Related Nucleocytoplasmic Defects. Cell Stem Cell 17, 

705–718. 10.1016/j.stem.2015.09.001. 



 
78 

72. Stuart, T., Butler, A., Hoffman, P., Hafemeister, C., Papalexi, E., Mauck, W.M., Hao, 

Y., Stoeckius, M., Smibert, P., and Satija, R. (2019). Comprehensive Integration of 

Single-Cell Data. Cell 177, 1888-1902.e21. 10.1016/j.cell.2019.05.031. 

73. Hao, Y., Hao, S., Andersen-Nissen, E., Mauck, W.M., Zheng, S., Butler, A., Lee, 

M.J., Wilk, A.J., Darby, C., Zager, M., et al. (2021). Integrated analysis of multimodal 

single-cell data. Cell 184, 3573-3587.e29. 10.1016/j.cell.2021.04.048. 

74. McGinnis, C.S., Murrow, L.M., and Gartner, Z.J. (2019). DoubletFinder: Doublet 

Detection in Single-Cell RNA Sequencing Data Using Artificial Nearest Neighbors. 

Cell Systems 8, 329-337.e4. 10.1016/j.cels.2019.03.003. 

75. Chen, E.Y., Tan, C.M., Kou, Y., Duan, Q., Wang, Z., Meirelles, G.V., Clark, N.R., 

and Ma’ayan, A. (2013). Enrichr: interactive and collaborative HTML5 gene list 

enrichment analysis tool. BMC Bioinformatics 14, 128. 10.1186/1471-2105-14-128. 

76. Kuleshov, M.V., Jones, M.R., Rouillard, A.D., Fernandez, N.F., Duan, Q., Wang, Z., 

Koplev, S., Jenkins, S.L., Jagodnik, K.M., Lachmann, A., et al. (2016). Enrichr: a 

comprehensive gene set enrichment analysis web server 2016 update. Nucleic 

Acids Res 44, W90-97. 10.1093/nar/gkw377. 

77. Xie, Z., Bailey, A., Kuleshov, M.V., Clarke, D.J.B., Evangelista, J.E., Jenkins, S.L., 

Lachmann, A., Wojciechowicz, M.L., Kropiwnicki, E., Jagodnik, K.M., et al. (2021). 

Gene Set Knowledge Discovery with Enrichr. Current Protocols 1, e90. 

10.1002/cpz1.90. 



 
79 

78. Huang, D.W., Sherman, B.T., and Lempicki, R.A. (2009). Systematic and integrative 

analysis of large gene lists using DAVID bioinformatics resources. Nat Protoc 4, 44–

57. 10.1038/nprot.2008.211. 

79. Sherman, B.T., Hao, M., Qiu, J., Jiao, X., Baseler, M.W., Lane, H.C., Imamichi, T., 

and Chang, W. (2022). DAVID: a web server for functional enrichment analysis and 

functional annotation of gene lists (2021 update). Nucleic Acids Research 50, 

W216–W221. 10.1093/nar/gkac194. 

80. Khetani, M.P., Lorena Pantano, Amélie Julé, Meeta Mistry, Radhika (2021). Single-

cell RNA-seq: Pseudobulk differential expression analysis. Introduction to single-cell 

RNA-seq. https://hbctraining.github.io/scRNA-

seq_online/lessons/pseudobulk_DESeq2_scrnaseq.html. 

 

 



 
Publishing Agreement 
 
It is the policy of the University to encourage open access and broad distribution of all 
theses, dissertations, and manuscripts. The Graduate Division will facilitate the 
distribution of UCSF theses, dissertations, and manuscripts to the UCSF Library for 
open access and distribution.  UCSF will make such theses, dissertations, and 
manuscripts accessible to the public and will take reasonable steps to preserve these 
works in perpetuity. 
  
I hereby grant the non-exclusive, perpetual right to The Regents of the University of 
California to reproduce, publicly display, distribute, preserve, and publish copies of my 
thesis, dissertation, or manuscript in any form or media, now existing or later derived, 
including access online for teaching, research, and public service purposes.  
  
 
__________________________       ________________ 

   Author Signature               Date 
 

80

11/13/2023




