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SUMMARY

Glioblastoma (GBM) integrates extensively into brain-wide neuronal circuits; however, neuron-tumor interactions have largely been 

studied with glutamatergic neurons in animal models. The role of neuromodulatory circuits for GBM biology in all-human cell sys

tems remains unclear. Here, we report a co-culture system employing patient-derived GBM organoids and human induced 

pluripotent stem cell (hiPSC)-derived cholinergic neurons. We provided evidence of structural human cholinergic synaptic inputs 

onto GBM cells via trans-monosynaptic tracing and electron microscopy and functional synaptic interactions through the metab

otropic CHRM3 receptor via calcium imaging. Deep single-cell RNA sequencing of co-cultures compared to GBM monocultures 

further revealed shifts in tumor transcriptional profiles toward a more proliferative state, with contributions from both diffusible 

factors and direct contacts, the latter of which are dependent on cholesterol biosynthesis. Together, our findings support the 

role of cholinergic inputs in promoting GBM progression and highlight hiPSC-derived co-culture models as a useful platform for 

cancer neuroscience.

INTRODUCTION

The role of neuronal influences on cancer pathogenesis 

and progression is increasingly appreciated in the nervous 

system (Monje et al., 2020). Neurons enhance glioma pro

liferation and migration via diffusible paracrine factors or 

synaptic inputs onto tumor cells (Monje et al., 2020). In 

glioblastoma (GBM), mostly glutamatergic inputs have 

been identified (Venkataramani et al., 2019; Venkatesh 

et al., 2019). While the potential for GBM to receive projec

tions from neurons of other neurotransmitter subtypes, 

such as from cholinergic neurons, has recently been discov

ered in xenotransplantation models (Hsieh et al., 2024; Sun 

et al., 2025; Tetzlaff et al., 2024), the impact of these diverse 

subtypes on tumor biology in all-human cell-based systems 

is still unclear.

We previously introduced transsynaptic viral tracing 

tools to define monosynaptically projecting neurons to 

GBM cells in mice and found that basal forebrain cholin

ergic neurons can interact with GBM (Sun et al., 2025). 

However, whether synapses can form between human 

cholinergic neurons and GBM cells and consequences 

of these inputs and other non-synaptic mechanisms on 

GBM cells are still unknown. Human induced pluripo

tent stem cell (hiPSC)-based models have been emerging 

as a powerful platform for studying human-specific 

disease mechanisms (Zhou et al., 2024). In this study, 

we developed a co-culture model for the study of 

neuron-tumor interactions by combining patient- 

derived glioblastoma organoids (GBOs) (Jacob et al., 

2020) and hiPSC-derived cholinergic neurons. We pro

vided evidence for direct human cholinergic synaptic in

puts onto GBM cells. We further showed that human 

cholinergic neurons can drive tumor cell transcriptional 

reprogramming to promote tumor fitness via both con

tact-dependent and -independent means, including via 

an upregulation of cholesterol metabolism, which could 

be a targetable dependency in GBM.
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RESULTS

Structural cholinergic neuron-to-GBM synapses in an 

all-human cell model

We first assessed whether structural synapses form be

tween human cholinergic neurons and human GBM 

cells. We leveraged a commercial source of cholinergic 

neurons derived from hiPSCs of two donors using a 

transcription factor-based approach (Table S1). Cholin

ergic neurons were highly pure by 3 weeks in vitro 

(Figures 1A–1C). We used GBM cells dissociated from 

GBOs derived from three patients for co-culture 

(Table S1) (Jacob et al., 2020). We then performed mono

synaptic rabies virus tracing between GBM cells and hu

man ChAT+ neurons to assess the potential for synapse 

formation (Figures 1D–1F). GBOs were transduced with 

a rabies helper vector and were pre-infected with rabies 

virus before dissociation and co-culture with cholinergic 

neurons (Figure 1D) (Sun et al., 2025). After 2–3 days in 

co-culture, we observed GFP+DsRed− neurons adjacent to 

starter GBM cells using hiPSC lines from two donors 

and GBOs from three patients, suggesting rapid 

trans-monosynaptic spread of rabies virus from postsyn

aptic tumor cells to presynaptic cholinergic neurons 

(Figures 1E, S1A, and S1B). We additionally observed 

dense ChAT+VAChT+ puncta at sites of neuron-tumor 

contacts, supporting the existence of synaptic contacts 

(Figure 1F).

Next, we examined the ultrastructure of these tumor- 

neuron co-cultures with transmission electron microscopy 

(EM). Under EM, clear multi-nucleated GBM cells exhibited 

disorganized cytoskeletal structures (Figures 2A–2C and 

S1C). We found axons with clear vesicles in close juxtapo

sition to tumor cells, consistent with a direct synaptic 

connection (Figures 2A, 2B, and S1C). Collectively, our 

data provide structural evidence for the existence of a 

cholinergic neuron-to-GBM synaptic connection in all hu

man cell systems ex vivo.

+
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Figure 1. Trans-monosynaptic tracing in human cholinergic neuron-GBM co-cultures 

(A) Sample bright-field image of hiPSC-derived cholinergic neurons after 3 weeks in vitro. Scale bar, 200 μm. 

(B) Sample confocal images of cholinergic neuron cultures. Scale bar, 10 μm. 

(C) Quantification of the proportion of NeuN+ neurons that were ChAT+ (quantified from n = 3 biological replicates, representative of n = 2 

distinct differentiations from n = 2 hiPSC lines; 42 neurons for CW50065 and 47 neurons for CW50023 were counted). 

(D) Schematic illustration of rabies virus-based trans-monosynaptic tracing paradigm in cholinergic neuron-GBM co-cultures, leading to 

viral spread by 3 days. 

(E) Sample confocal images of trans-monosynaptic rabies virus spread from DsRed+GFP+ starter GBM cells (arrow) to adjacent ChAT+ 

neurons. Scale bars, 200 and 10 μm (insets). 

(F) Sample confocal images revealing sites of close contact with dense ChAT+VAChT+ puncta. Arrows in enlarged image on the left denote 

DsRed+GFP+ GBM starter cells, and arrows in the insets on the right denote neuron-glioma contacts that could represent putative sites of 

rabies virus spread. Scale bars, 50 and 5 μm (insets). See also Figure S1 and Table S1.
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Functional evidence for human cholinergic neuron- 

GBM synapses in co-culture

We next examined whether human cholinergic neurons 

could functionally modulate GBM cells via Ca2+ imaging. 

We transduced cholinergic neurons at 3 days in vitro with 

a lentivirus expressing ChR2 and co-cultured them with 

GBM cells expressing the red-shifted calcium indicator 

jRGECO1α (Sun et al., 2025) 18 days later (Figure 2C). 

Five days after co-culture, we performed simultaneous op

togenetic stimulation and Ca2+ imaging of tumor-neuron 

A B

C D
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Figure 2. Structural and functional evidence for human cholinergic neuron-to-GBM synapses mediated by CHRM3 

(A and B) Sample electron micrographs of morphological contacts between presynaptic cholinergic neurons (pseudo-colored blue) and 

postsynaptic GBM cells (pseudo-colored red) in co-culture. Yellow stars indicate synaptic vesicles. Scale bars: 1 or 500 nm. 

(C) Schematic illustration of Ca2+ imaging paradigm with co-cultures, with simultaneous light stimulation of cholinergic neurons (at 

470 nm wavelength) and Ca2+ imaging of GBOs (at 555 nm wavelength). 

(D) Sample confocal images from Ca2+ imaging, showing responses of a cell at first stimulation, second stimulation, and third stimulation 

after the CHRM3 blockade by 4-DAMP. Scale bars, 100 and 20 μm (insets). 

(E and F) Sample traces (E) and quantification (F) of fluorescence intensity traces of GBM cells after light stimulations. Quantifications are 

of the maximum Ca2+ response in response to light stimulation relative to baseline (n = 10 individual cells from n = 3 biological replicates); 

1st stim. vs. 2nd stim.: p = 0.92; 1st stim. vs. 3rd stim.: ***p = 0.001; 2nd stim. vs. 3rd stim.: **p = 0.005; paired Welch’s t tests with false 

discovery rate (FDR) adjustment for multiple comparisons. See also Figure S1 and Tables S1 and S3.
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cultures (Figure 2C). GBM cells responded immediately to 

optogenetic stimulation of cholinergic neurons across 

two consecutive trials, consistent with a synaptic 

response (Figures 2C–2F). After the addition of 4-DAMP 

(1,1-dimethyl-4-diphenylacetoxypiperidinium iodide), a 

blocker specific for the metabotropic CHRM3 receptor 

(Thomas et al., 1992), the GBM response to light stimuli 

was completely abrogated (Figures 2C–2F). These findings 

are consistent with the high expression of CHRM3 

observed in published single-cell RNA sequencing 

(scRNA-seq) data from primary GBM (Figure S1D) (Neftel 

et al., 2019).

Together, our findings provide evidence for a functional 

cholinergic neuron-to-GBM synapse between cells of hu

man origin in co-culture and raise the possibility that these 

inputs may have functional implications for GBM biology.

Human cholinergic neurons drive neural and 

proliferative programs in GBM cells

We next asked how cholinergic neurons may affect tumor 

cells transcriptionally. We co-cultured GBM cells with 

cholinergic neurons or cultured either GBM cells or cholin

ergic neurons alone, all in the same medium, and per

formed scRNA-seq at 6 days post co-culture (Figure S2A). 

To more specifically dissect the influence of direct 

neuron-to-GBM interactions, including synaptic interac

tions, versus the effect of secreted diffusible factors, we 

also profiled GBM cells cultured in the conditioned media 

of pure cholinergic neurons (Figures S2A and S2B). We an

notated cell types by leveraging the neuron-only cells to 

infer copy-number aberrations (CNAs), which resulted in 

three distinct populations comprising cholinergic neurons, 

GBM cells, and dividing GBM cells (Figures S2C–S2F).

Next, we compared the transcriptomic differences be

tween these conditions. Assignment of GBM cell states 

(Neftel et al., 2019) revealed a shift toward neural progeni

tor cell (NPC)-like and oligodendrocyte progenitor cell 

(OPC)-like states in both co-culture and conditioned me

dium conditions compared to GBM only, with GBM cells 

in co-culture attaining nearly 50% NPC-like/OPC-like cells 

compared to ∼25% at the baseline (Figure 3A). Compared 

to the GBM-only condition, GBM cells in co-culture 

upregulated neuronal genes (e.g., NEFL, STMN2, and 

NEUROG3), lipid metabolism genes (e.g., INSIG1, LDLR, 

and CDHR1), and cell growth pathways such as E2F targets 

and mTORC1 signaling (Figures 3B and 3C).

Functionally, we found that co-culture with cholinergic 

neurons increased the proliferation rate of GBM cells 

compared to GBM culture alone (Figures 3D and 3E). Live 

imaging also showed an increased rate of directed cell 

motility, as measured by the displacement of cells from 

their initial position, for GBM cells in co-culture compared 

to culture alone (Figure 3F).

Analysis of expression levels of acetylcholine receptors 

revealed CHRM3 as the most widespread and robustly ex

pressed receptor in GBM cells (Figure S2G), consistent 

with the blockade of calcium responses in GBM cells by 

4-DAMP (Figures 2C–2F). Accordingly, knockdown of 

CHRM3 in GBOs from three patients with two distinct 

short hairpin RNAs (shRNAs) in the presence of acetylcho

line decreased GBO size by 96 h post-transduction 

compared to a scrambled control (Figure S2H), supporting 

the role of CHRM3 as a therapeutic target for GBM.

To further dissect relative contributions of diffusible fac

tors versus direct interactions, we examined genes upregu

lated in GBM cells in co-culture compared to those in 

neuron conditioned media, which similarly revealed 

increased expression of lipid metabolism-related and pro

liferation-related pathways (e.g., MTORC1 signaling) and 

a downregulation of immune pathways (Figures 4A–4D; 

Table S2). On the other hand, genes upregulated in GBM 

cells in conditioned media compared to the GBM-only 

condition were also associated with proliferation 

(Figures S2I and S2J; Table S2). These data indicate that, 

while some transcriptional programs, such as proliferation 

and neuronal characteristics, exhibit graded increases in 

enrichment from GBM cells alone in comparison to GBM 

cells with neuron conditioned media to GBM cells in co- 

culture, other programs such as lipid metabolism are 

uniquely induced by direct interactions between GBM cells 

and cholinergic neurons.

We also performed gene regulatory network (GRN) infer

ence with GBM cells of different conditions (Figure S3), 

which nominated neurogenic factor NEUROG3, cholesterol 

homeostatic regulator SREBF1, and stress response factor 

ATF5 as putative drivers of GBM cells in co-culture 

(Figures S3B and S3E). These GRNs were largely distinct 

from GBM cells with conditioned media, which were 

driven by the NXPH3 regulon, or GBM cells alone, which 

were driven by the FOXK1 regulon (Figures S3C–S3E). We 

then performed cell-cell interaction inference analyses be

tween GBM cells and neurons in the co-culture condition 

(Figure S4). We conducted ligand-receptor analyses be

tween cholinergic neurons and GBM cells assigned as 

AC-like (astrocyte-like), NPC-like, OPC-like, or MES-like 

(mesenchymal-like) (Figures S4A and S4B). While patterns 

of predicted neuron-GBM cell interactions were largely 

consistent between tumor cells of distinct transcriptional 

states, including interactions related to cholesterol meta

bolism (Figures S4C–S4F), we identified several state-spe

cific interactions with neurons (Figure S4A).

Finally, we functionally assessed the contribution of 

cholesterol biosynthesis to neuron-induced GBM prolifera

tion. While cholesterol metabolism has been implicated as 

a potential therapeutic target in GBM (Fuentes-Fayos et al., 

2023; Nguyen et al., 2023), these pathways have not been 
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examined in the context of tumor-neuron interactions. 

Given both HMG-CoA reductase and DHCR24 were among 

the top genes induced by co-culture (Table S2), we per

formed co-culture experiments with the addition of either 

5 μM simvastatin, an inhibitor of HMG-CoA reductase, or 

10 μM SH-42, a selective inhibitor of DHCR24. Simvastatin 

appeared to abrogate the proliferative effect of cholinergic 

neurons on GBM cells from two patients, while SH-42 also 

inhibited neuron-induced proliferation of GBM cells for 

one patient (Figures 4E and 4F), supporting the role of 

cholesterol biosynthesis pathways in mediating the prolif

erative effects of cholinergic neurons on GBM cells.

Taken together, our findings support transcriptomic mod

ulation of GBM via interactions with cholinergic neurons, 

including increased proliferative capacity via increased 

cholesterol biosynthesis.

DISCUSSION

It is increasingly recognized that gliomas are affected by 

the neural circuitry of the brain via synaptic connections 

and paracrine interactions (Monje et al., 2020). However, 

most of these prior studies focus on glutamatergic neu

rons, and almost all these studies were conducted in 

co-culture with mouse neurons or in the mouse brain. 

Here, we developed an all-human cell co-culture model 

of hiPSC-derived cholinergic neurons with primary 

A B C

D E F

Figure 3. Human cholinergic neurons induce neural state shifts and increased proliferation in GBM cells 

(A) Plot of the proportion of GBM transcriptional cell states from malignant cells in different culture conditions from scRNA-seq data 

(UP-10072-RTG and CW50065). 

(B) Volcano plot of differentially expressed genes in GBM cells induced by co-culture versus GBM cells only. 

(C) Gene set enrichment analyses (GSEA) of differentially expressed genes showing cell-cycle-related hallmark signatures, including E2F 

targets and MTORC1 signaling. NES, normalized enrichment score. 

(D) Sample confocal images of GBM-cholinergic neuron co-cultures versus GBM cell monocultures. Scale bars, 100 μm. 

(E) Quantification of the proportion of GBM cells in culture that were Ki-67+ for monoculture versus co-culture conditions for two hiPSC 

lines and three different GBOs (UP-10072-RTG: ***p = 0.0005, Welch’s t test; monoculture, n = 5 coverslips; co-culture, n = 6 coverslips; 

UP-10072: *p = 0.018, Welch’s t test; monoculture, n = 4 coverslips; co-culture, n = 3 coverslips; UP-7790-RTG: **p = 0.0031, Welch’s t test; 

monoculture, n = 3 coverslips; co-culture, n = 3 coverslips). 

(F) Quantification of the displacement of GBM cells over 16 h of live imaging (***p = 4.7 × 10− 15, Wilcoxon test; control, n = 188 cells from 

n = 4 coverslips; co-culture, n = 180 cells from n = 6 coverslips). See also Figures S2–S4 and Tables S1 and S2.
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patient-derived GBM cells (Wang et al., 2023). We showed 

structural and functional synapses between human 

cholinergic neurons and GBM cells, consistent with our 

previous findings in mouse models (Sun et al., 2025). By 

employing EM analyses of co-cultures, we identified pre

synaptic cholinergic neuronal axons in direct contact 

with postsynaptic GBM cells. As these were pure co-cul

tures, additional immuno-gold or other modifications to 

A B

C D

E F

Figure 4. Transcriptional modulation of GBM by human cholinergic neurons via physical interactions and diffusible factors 

(A) Venn diagram of differentially expressed genes to identify genes specifically upregulated by neuronal paracrine factors versus genes 

upregulated by direct interactions with cholinergic neurons (UP-10072-RTG and CW50065). Exemplary genes are listed for each condition. 

(B–D) GSEA plots (B), representative GO terms (C), and volcano plots (D) of genes induced in GBM cells due to direct interactions by 

comparing tumor cells in the co-culture condition versus conditioned media (CM). 

(E–F) Quantification of the proportion of GBM cells in culture that were Ki-67+ in distinct conditions with or without the presence of 

inhibitors of the cholesterol biosynthesis pathways for either UP-7790-RTG (E) or UP-10072 (F). Baseline data are the same as from 

Figure 3E. Data are plotted as a fold change from baseline Ki-67 proportion (n = 3 coverslips for all conditions aside from UP-10072 

tumor, with n = 4 coverslips; UP-7790-RTG: tumor versus co-culture, ***p = 0.00018; co-culture versus simvastatin, ***p = 0.00018; co- 

culture versus SH-42, p = 0.626; UP-10072: tumor versus co-culture, *p = 0.044; co-culture versus simvastatin, p = 0.07; co-culture versus 

SH-42, *p = 0.044; pairwise comparisons with t tests with pooled SD, with p value adjustment by false discovery rate [FDR] correction). See 

also Figures S2–S4 and Tables S1 and S2.
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identify cells were not necessary, thereby better preserving 

synaptic structures. Malignant tumor cells were unambig

uously identified by the presence of multiple nuclei and 

highly disorganized microtubules, in contrast to neuronal 

axons with organized microtubules and presence of clear 

synaptic vesicles.

Distinct from our previous mouse transplantation study 

(Sun et al., 2025), in which we have examined the influ

ence of acetylcholine on GBM migration, our current anal

ysis of human cholinergic regulation of GBM cells revealed 

that neurons shift tumor transcriptional profiles toward 

more neural-like and proliferative states, with contribu

tions from both diffusible factors and direct contacts. We 

analyzed pathways specifically induced by co-culture 

versus cholinergic neuron conditioned media in GBM cells 

and found that cholesterol and lipid metabolism were 

highly upregulated in co-culture. Functionally, inhibition 

of HMG-CoA reductase or DHCR24 largely diminished 

the pro-proliferative effects of direct co-culture, suggesting 

cholesterol biosynthesis as a mechanism by which cholin

ergic neurons influence GBM cells. Whether this phenom

enon is unique to cholinergic neurons remains a question 

for further exploration. Along with recent reports evalu

ating the role of lipid metabolism in promoting progres

sion of glioma and in other diseases (Clayton et al., 2024; 

Zhao et al., 2024), our findings suggest the potential impor

tance of these pathways in neuron-tumor interactions and 

define potential targets for future preclinical studies.

The advancement of protocols enabling the differentia

tion of iPSCs into highly pure subtype-specific neurons in 

2D cultures and brain region-specific 3D organoids pro

vides versatile platforms for studying neuron-tumor inter

actions in the form of co-culture or assembloids (Krieger 

et al., 2020; Linkous et al., 2019; Sun et al., 2025). Brain or

ganoids composed of relatively pure cortical cholinergic 

neurons remain to be developed, though both transcrip

tion factor-based (this study) and small molecule-based 

(Muñoz et al., 2020) protocols for 2D cholinergic neurons 

are available. Limitations of the transcription factor-based 

approaches include a lack of natural stepwise differentia

tion processes and brain region specificity, but they are 

generally recognized to have increased purity and speed 

of maturation. Our study thus provides proof of principle 

for the potential of employing diverse human stem cell- 

derived systems for studying interactions between cancer 

and the nervous system.

METHODS

Human GBO culture

All experiments involving human patient-derived tissues 

were approved by the Institutional Review Board at the 

University of Pennsylvania. Patient-derived GBOs were 

generated and cultured as described previously (Jacob 

et al., 2020). A list of GBOs and hiPSC lines and their asso

ciated experiments are listed in Table S1.

hiPSC-derived cholinergic neuron culture and neuron- 

GBM co-culture

Human iPSC-derived cholinergic neurons were obtained 

from Elixirgen (CH-SeV-CW50065 and CH-SeV-CW50023). 

These iPSCs were derived from a healthy, 74-year-old Cauca

sian female donor (CW50065) or a healthy, 69-year-old 

Caucasian male donor (CW50023). Human iPSCs were 

differentiated into a cholinergic lineage via a transcription 

factor-based Sendai virus delivery approach (Elixirgen). 

Sterility (by direct immersion in liquid culture) and 

mycoplasma testing (by PCR) were performed for each 

batch (Elixirgen). Cells were plated at either 25,000 or 

50,000 cells per well in a 24-well plate and maintained 

for the first 7 days according to manufacturer’s protocol 

(Elixirgen). Beyond 7 days, cholinergic neurons were 

cultured in maintenance medium (Elixirgen, CH-MM) with 

2X the recommended concentration of component P. 

For all neuron-GBM co-culture experiments, GBOs were 

dissociated into single cells as previously described (Sun 

et al., 2025) and seeded onto cholinergic neuron-containing 

coverslips.

Monosynaptic tracing

For monosynaptic tracing with cholinergic neurons, GBOs 

pre-labeled with EnvA G-deleted EGFP rabies virus as 

described previously (Sun et al., 2025) were dissociated 

and seeded onto coverslips at either a 1:50 or 1:100 tumor 

cell to neuron ratio. Coverslips were fixed for immunohis

tochemistry 3 days after seeding of GBM cells.

EM

For EM, cholinergic neurons (CW50065) were cultured un

til 8 days in vitro, upon which UP-10072 GBM cells were 

seeded for an additional 6 days. Subsequently, coverslips 

were briefly washed in 0.1 M phosphate buffer (PB) and 

fixed by immersion in 0.1 M PB with 4% PFA and 2% glutar

aldehyde. They were then kept in this fixative at 4◦C in 

contact lens holders until processing for EM on a 120 kV 

Talos transmission electron microscope.

scRNA-seq

For scRNA-seq experiments, at a cholinergic neuron 

(CW50065) age of 3 weeks in vitro, UP-10072 GBM cells 

were seeded into plates at a 1:20 tumor cell to neuron ratio 

for 6 days prior to dissociation for sequencing. We employed 

four separate conditions: (1) GBM-neuron co-culture, (2) 

GBM with neuronal conditioned media, (3) GBM cells 

alone, and (4) neurons alone. For the conditioned media 
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condition, media collected from cholinergic neuron cultures 

from the previous week was used to culture tumor cells alone 

for the period of 6 days. For all conditions, cells were disso

ciated via a previously published protocol (https://doi.org/ 

10.17504/protocols.io.bh32j8qe) from n = 4 distinct cover

slips prior to deep sequencing as previously described 

(Sun et al., 2025). Data processing and analysis procedures 

are described in the supplemental methods.

Cell proliferation and motility analyses

GBO cells were seeded into plates at a 1:10 tumor-to-neuron 

ratio at a cholinergic neuron age of 4 weeks in vitro. After 

4 days, UP-10072-RTG co-cultures and controls were taken 

for live imaging on a confocal microscope (Zeiss LSM 710) 

for 16 h. Displacement (in μm/h from the original cell loca

tion) was obtained by the ‘‘Manual Tracking’’ plugin in Fiji. 

The same coverslips were fixed for immunohistochemistry 

for proliferation analyses. For proliferation analyses with 

inhibitors, simvastatin (MedChemExpress, HY-17502) or 

SH-42 (MedChemExpress, HY-143228) were added to co- 

cultures during the 4-day period to a final concentration of 

either 5 μM or 10 μM, respectively, prior to fixation for 

immunocytochemistry.

Experimental design and statistical analyses

Statistical analyses were conducted in R (v.4.3.1), with de

tails on tests, sample sizes, and p values provided in the 

figure legends. Data in bar plots are presented as mean ± 

SEM, and, for boxplots, the center line represents the me

dian, box edges show the 25th and 75th percentiles, and 

whiskers extend to maximum and minimum values. Statis

tical significance was defined as p < 0.05, with significance 

levels indicated as follows: ns for p ≥ 0.05, *p < 0.05, 

**p < 0.01, and ***p < 0.001. Data management principles 

(FAIR and CARE) were followed.

RESOURCE AVAILABILITY

Lead contact

Requests for further information and reagents may be directed to 

and will be fulfilled by lead contact Hongjun Song (shongjun@ 

pennmedicine.upenn.edu).

Materials availability

GBOs generated in this study have been deposited within the Uni

versity of Pennsylvania Brain Tumor Bank.

Data and code availability

Data reported in this paper will be shared by the lead contact upon 

request. This paper does not report original code. Any additional 

information required to reanalyze the data reported in this paper 

is available from the lead contact upon request. scRNA-seq data 

are deposited at NCBI Gene Expression Omnibus under accession 

number GSE294747.
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