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MOTIVATION Two-dimensional neuronal cultures face limitations in mimicking the in vivo environment of the
brain, impeding their use as translational models for in vivo reprogramming studies. The developed three-
dimensional (3D) in vitro reprogramming model provides a more rapid and physiological model of human
glia-to-neuron conversion. This 3D model facilitates the generation of functional and subtype-specific neu-
rons, including dopamine neurons, and enables comprehensive molecular and functional investigation of the
reprogramming process in a brain-mimicking environment.

SUMMARY

Two-dimensional neuronal cultures have a limited ability to recapitulate the in vivo environment of the brain.
Here, we introduce a three-dimensional in vitro model for human glia-to-neuron conversion, surpassing the
spatial and temporal constrains of two-dimensional cultures. Focused on direct conversion to induced dopa-
mine neurons (iDANs) relevant to Parkinson disease, the model generates functionally mature iDANs in
2 weeks and allows long-term survival. As proof of concept, we use single-nucleus RNA sequencing and mo-
lecular lineage tracing during iDAN generation and find that all glial subtypes generate neurons and that con-
version relies on the coordinated expression of three neural conversion factors. We also show the formation
of mature and functional iDANs over time. The model facilitates molecular investigations of the conversion
process to enhance understanding of conversion outcomes and offers a system for in vitro reprogramming
studies aimed at advancing alternative therapeutic strategies in the diseased brain.

INTRODUCTION

Several studies have reported successful neuronal conversion
of resident rodent glia into different subtypes of induced neu-
rons, including dopamine neurons (iDANSs), of relevance for
Parkinson disease.'™'° In vitro studies have provided proof of
concept that this can also be achieved from human astro-
cytes, > 12 human pericytes,’® and human glial progenitor
cells (hGPCs, also called oligodendrocyte progenitor cells
[OPCs] or NG2 cells)."*"® However, these studies of human
glia-to-neuron conversion have been conducted in two-dimen-
sional (2D) cultures facing challenges for proper neuronal
development and function, such as restricted lifespan, absence
of a complex structure, and limited physiological relevance due
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to restricted cell-cell interactions. Development of three-dimen-
sional (3D) in vitro models of the nervous system has been used
as way to bridge the gap between traditional 2D cultures and
in vivo models. %' In this study, we developed a 3D spheroid
model for direct conversion of hGPCs into subtype-specific
and functional induced neurons. The 3D environment leads to
rapid reprogramming into functionally mature neurons, pro-
motes synaptic connection of the resulting neurons, and en-
ables long-term maintenance of neurons with molecular, func-
tional, and chemical properties of endogenous human midbrain
dopamine neurons. In addition, we integrate single-nucleus
RNA sequencing (RNA-seq) and lineage tracing techniques to
demonstrate its utility in exploring the molecular mechanism
of neuronal reprogramming.
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Figure 1. Single-nucleus transcriptome analysis of hESC-derived GPCs
(A) lllustration and time line of experimental design indicating time points of sample collection, including cell thawing, which occurred between D12 and D17

before cell aggregation into spheroids.

(B) UMAP plots of hGPCs at DO and spheroid control groups (analyzed cells: CTRL GM D21 n = 2,848; CTRL ND D21 n = 4,654; randomly downsampled to
n = 3,000) showing that neither the 3D space nor the ND changed the molecular identity of the hGPCs.
(C) Permutation test reveals no significant differences in the cellular proportions of each glial cluster across the three conditions (DO, CTRL GM D21, and CTRL ND

D21), except for a minimal downregulation of OPC3 in CTRL conditions.

(D) Dot plot visualization of the expression levels of selected genes for each glial cluster from DO, highlighting the heterogeneity across various OPC develop-

mental stages ranging from early glia to astrocyte-committed OPCs.

(E) Expression levels of phenotypical GPC (PDGFRA, PTPRZ1, SLC44A1, and SOX9) and astrocyte (GFAP and SPARCL1) markers and the cell-cycle gene

TOP2A visualized in the UMAP plots.

RESULTS

Generation of 3D human glial cell cultures

We selected hGPCs as biologically relevant starting cells due to
their widespread distribution and proliferative capacity in the
adult brain.?°??> hGPCs were derived from human embryonic
stem cells (hESCs) according to established protocol'*?* and
self-aggregated into 3D spheroids in round-bottom 96-well
plates. We performed 10x Genomics droplet-based single-nu-
cleus transcriptomic analysis (SnRNA-seq) to assess the cell-
type composition in 2D and 3D (Figure 1A). We profiled a total
of 19,758 quality-filtered single nuclei from hGPC cultures in
2D, isolated before spheroid formation (DO, Figure 1B) from
two biological replicates. Uniform manifold approximation and
projection (UMAP) followed by Louvain clustering identified five
different OPC clusters, each characterized by differentially ex-
pressed genes that denote a glial progenitor identity (Figure S1A).
To test for differentially abundant subpopulations, we ran a per-
mutation test for proportions, calculating a p value and confi-
dence interval for differences across all clusters.”* Both cell
batches exhibited remarkably similar cell-type compositions,
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displaying identical clusters across all technical replicates in
comparable proportions (false discovery rate >0.05 for all cell
types, Figure S1B). We then evaluated whether the 3D culturing
conditions or exposure to the conversion medium affected the
GPCs by comparing the transcriptomic profile of GPCs cultured
as 3D spheroids for 21 days (D21) in either glial (CTRL GM) or
neural (CTRL ND) medium to those in 2D (D0). UMAP projections
showed similar cell-type compositions across conditions (Fig-
ure 1B). To test for differentially abundant subpopulations,
we ran a permutation test for proportions, calculating a p value
and confidence interval for differences across all clusters (Fig-
ure 1C). Except for OPC3, which showed a minimal downregula-
tion in both CTRL GM D21 and CTRL ND D21, we observed no
significant differences (Figure 1C), indicating that the hGPC
molecular identity remained largely unaffected by the 3D envi-
ronment and neural medium.

The identified OPC clusters showed a clear developmental tra-
jectory, starting from cells with an expression profile character-
istic of early progenitor cells (OPC1, OPC2; i.e., VCAN and
NFIA) and cycling cells (OPC3, accounting for 24% of all cells)
that exhibited a proliferative signature (TOP2A and MKI67) to
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cells with increased complexity in expression patterns suggest-
ing the initiation of lineage-specific programs (OPC4, OPC5)
(Figure 1D). While most clusters expressed classical GPC genes
(i.e., PTPRZ1, PDGFRA, SLC44A1, and SOX9), astrocyte-asso-
ciated expression was restricted to OPC5 (i.e., AQP4 and
SPARCL1, 6% of total population) or shared with OPC4 (i.e.,
GFAP, SLC1A3, and CD44, 10% of total population), demon-
strating the presence of early astrocytes and bipotent progeni-
tors (Figures 1D and 1E). The lack of mature oligodendrocyte
markers such as MBP, MOG, and MAG (Figure S1C) empha-
sized the effectiveness of the differentiation protocol in maintain-
ing the hGPCs at their intended progenitor stage.

3D reprogramming into uniformly distributed iDANs

To use the 3D glia culturing as a reprogramming model, we
seeded hGPCs (Table S1) with lentiviruses carrying doxycycline
(dox)-regulated reprogramming factors Ascl1, Lmx1a, and Nurr1
and short hairpin RNA inhibiting RE1-silencing transcription fac-
tor (REST) (together referred to as ALNR;) for dopaminergic con-
version.'* This resulted in spheroids of self-aggregated hGPCs,
primed for conversion into iDANs upon dox addition to the cul-
ture medium (Figure 2A). At D21, immunostainings for neurons
(TAU* and INA™) as well as dopamine neurons (TH*) confirmed
successful conversion (Figures 2B and 2C) and revealed the
mature neuronal morphology of the reprogrammed cells (Fig-
ure 2D). At this point, only a few cells in the reprogrammed group
expressed the glial markers GFAP and PDGFRa, whereas con-
trol glial spheroids maintained a homogeneous glial composition
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throughout, from the core to the outer layers, and lacked TH*
neurons (Figure 2B; Video S1). In addition, the proliferation
marker PCNA as well as the glial markers SOX10 and O4 were
expressed at protein levels in CTRL GM spheroids at D21 (Fig-
ure 2E). Examining the spatial distribution of the reprogrammed
cells at various spheroid depths confirmed the efficient and uni-
form generation of iDANs throughout the entire volume, including
the core and outer layers (Figure 2F; Video S2). TH-expressing
cells were first detected by immunofluorescence at D7 (Fig-
ure 2G), with an average count of 565 + 76 per spheroid and
maintaining stability around 544 + 77 and 602 + 23 at D14 and
D21, respectively (Figure 2H). A consistent count was observed
over time, with 564 + 45 TH* cells at D50 and 612 + 17 at D100
(Figure 2H). Midbrain iDAN features were also expressed as as-
sessed by RT-gPCR (Figure 2l). The neuronal maturation toward
an A9-like identity, resembling dopamine neurons of the sub-
stantia nigra, was supported by the detection of TH* cells
expressing GIRK2 at D14 and D21 (Figure 2J). The increasing
intensity of TAU staining over time, alongside sustained TH
expression up to D100 (Figure 2K) and protein expression of
LMX1A, NURR1, DDC, and ALDH1a (Figures 2L and 2M), high-
light the stability and progressive maturation of iDANs in the
3D environment.

To define the molecular composition of the neurons, we
included D14 and D21 in the snRNA-seq analysis and captured
10,653 single-nucleus transcriptomes after quality filtering.
We confirmed the induced neuronal profile throughout the reprog-
ramming process (Figure 2N) and quantified that 76% of the cells

Figure 2. Characterization of a 3D spheroid model for glia-to-neuron direct conversion

(A) lllustration and time line of reprogramming experimental design indicating time points of sample collection. The DO time point marks the moment when 2D
cultures are detached and cells aggregate into spheroids and undergo lentiviral transduction concurrently. GF, growth factors; SM, small molecules.

(B) Immunofluorescence images of optically cleared spheroids showing increased expression of TAU (in green) and TH (in red) and decreased expression of GPC
markers, GFAP (in cyan) and PDGFRa (in magenta) in reprogrammed spheroids at D21 compared to CTRL spheroids. Related to Video S1.

(C) Representative confocal immunofluorescence image of an optically cleared spheroid expressing INA.

(D) Immunofluorescence image of TH-expressing cells with clear neuronal morphology in an optically cleared reprogrammed spheroid at D21.

(E) Representative confocal immunofluorescence image of optically cleared CTRL GM spheroids expressing the proliferation maker PCNA (left) and the glial

markers SOX10 and O4 (right) at D21.

(F) The 3D reconstruction of the image in (D), demonstrating uniform distribution of TH* cells throughout the volume and in a neuronal network. Related to

Video S2.

(G) Representative immunofluorescence image of an optically cleared reprogrammed spheroid expressing TH at D7 with magnification.
(H) Quantification of TH* cells per spheroid at different time points during the conversion process (D7 n = 3, D14 n =3, D21 n =5, D50 n = 5, and D100 n = 2)

demonstrates a consistent number of induced neurons over time.

() RT-gPCR analysis at D21 shows an upregulation of DAN genes in reprogrammed spheroids but not in CTRL samples (n = 8). The fold change values are relative

to the levels of hGPCs at DO.

(J) Confocal immunofluorescence images of cryosections from reprogrammed spheroids show the co-expression of TH and GIRK2 alone at D14 (left) or in

combination with the neuronal marker HUC/D at D21 (right).

(K) Confocal immunofluorescence images of optically cleared reprogrammed spheroids demonstrate increasing expression of TAU from D14 to D50 and

continued TH expression up to D100.

(L) Representative immunofluorescence image of an optically cleared reprogrammed spheroid at D21 expressing LMX1A, NURR1, and TH.
(M) Representative immunofluorescence images of cryosections from reprogrammed spheroids co-expressing TAU and DDC or TAU, TH, and ALDH1a at D50.
(N) UMAP plots of reprogrammed spheroids at D14 and D21 showing the appearance of a neuronal cluster (in purple; analyzed cells: ALNR; D14, n = 4,530; ALNR;

D21, n = 6,123; randomly downsampled to n = 3,000).

(O) Percentage of cells in each cluster demonstrates an increasing proportion of induced neurons over time.

(P) Feature plots showing the expression levels of selected genes for DANs.

(Q) Violin plot showing the expression levels of selected neuronal maturation markers in hGPCs at DO and in reprogrammed spheroids at different time points
(D7-D50).

In (H), data are presented as mean + SEM. Each data point represents a replicate from an independent experiment. No significant differences were observed
between the groups using one-way ANOVA followed by post-hoc Sidak’s test for multiple comparisons. In (), the gene expression levels for the CTRL ND and
ALNR,; conditions were compared to CTRL GM samples using a Kruskal-Wallis test and uncorrected Dunn’s test; ns, not significant; *p < 0.01 (p = 0.002 for
LMX1A-UTR; p = 0.003 for PITX3; p = 0.004 for AADC; p = 0.001 for LMX1B); ***p < 0.001 (p = 0.0002 for TH; p = 0.0005 for SLC6AJ). In (B)—(E) and (G), scale bars,
100 um. In (E), magnification scale bar, 25 um. In (K) and (L), scale bars, 50 um. In (M), scale bars, 50 um (left), 25 um (center), and 10 pm (right).

4 Cell Reports Methods 4, 100845, September 16, 2024
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exhibited neuronal identity by D21 (Figure 20). Pseudobulk gene
expression profiling confirmed the decrease in glial genes
(PDGFRA, GFAP, SPARCL1, SLC44A1, SOX9, and PTPRZ) and
increase in neuronal and dopaminergic genes (TH, RET, KCNJ6/
GIRK2, SLC6AS3/DAT, DRD2, and GFRAT) (Figure S2A). These
markers were found to be enriched in the neuronal cluster along
with the postmitotic and ventral midbrain-specific markers
NR4A2, SLC18A2, and KCNN3?° (Figure 2P). We also observed
increasing expression levels of SYT1, CACNA2D1, and MAPT
over time, suggesting continued neuronal maturation (Figure 2Q).
Furthermore, the 3D environment created a more extracellular ma-
trix (ECM)-like milieu where several key ECM genes (ITGBS8, CLU,
COL11A1, GPC6, LAMAS, SFRP1, CDON, and ITGA6), crucial for
structural integrity and function, were significantly upregulated af-
ter spheroid formation compared to 2D cells (hGPCs at DO)
(Figure S2B).

3D iDANs are functionally mature and able to release
dopamine

The 3D culture system provides an opportunity to assess the
long-term stability and functionality of induced neurons. We
used whole-cell patch-clamp recording from individual cells in
free-floating iDAN spheroids at different time points (2, 3, 7,
and 10 weeks after initiation of conversion) to assess the func-
tional properties of neurons. Inward sodium (Na*) and outward
potassium (K*) currents were detected across all time points,
with a trend of increased Na* influx at later time points (Fig-
ure 3A), indicative of progressive maturation over time. In line
with this, some induced neurons could elicit induced action po-
tentials (APs) already at 2 weeks (Figure 3B), with increasing AP
frequency, amplitude, and proportion of cells firing as maturation
progressed (Figures 3C and 3D). Cells with functional character-
istics of dopamine neurons, such as the ability to fire sponta-
neous APs at resting membrane potential and to fire repetitively
under small current injection, were detected already after
2 weeks and across all time points (Figure 3E). The formation
of functional synaptic connectivity within the iDANs was
confirmed by the presence of postsynaptic currents detected
at every time point analyzed (Figure 3F). Finally, the functionality
and activity of the iDANs was measured using a dopamine
release assay based on GRABpa14 sniffer cells.?®?” The ability

Cell Reports Methods

of iDANs to synthesize and release dopamine after KCI stimula-
tion was detected across four independent ALNR;-reprog-
rammed spheroid cultures and quantified at consistent levels
between D21 and D50 (Figures 3G and 3H).

Utilizing the 3D model to investigate reprogramming
kinetics and transcription factor requirement

The reproducibility and the rapid reprogramming kinetics of
the 3D spheroid model make it ideal for studying early transcrip-
tional mechanisms underlying successful glia-to-neuron reprog-
ramming. For this, we captured 24,187 quality-filtered single-nu-
cleus transcriptomes from the first week of conversion (D2
corresponding to 24 h post-dox delivery, D3, D5, and D7).
UMAP visualization revealed the overnight generation of a
transcriptionally distinct cluster (Figure 4A). Differential gene
expression analysis between this cluster and DO identified
many upregulated neurogenesis-related genes, including SYN3
and NFASC (Figure S2C) and gene set enrichment analysis
confirmed the association of neuron-specific pathways such
as “Synapse,” “Neuron projections,” “Dendritic tree,” and
“Synaptic signaling” with the neuronal cluster (Figure S2D). A
permutation test for cell proportions revealed substantial differ-
ential abundance within the neuronal cluster between DO and
D2-D7 after transduction (Figure 4B). We observed that an initial
21% of the total cell populations expressed neuronal genes at
D2, progressively increasing over time (Figures 4C and 4D).

We next investigated individual conversion factor expression
in each cell to assess the impact of varying transgene copies, fac-
tor combinations, and expression levels on reprogramming.
Analyzing cells expressing at least one of the transcription factors
(TFs) or all three together (referred to as “any TF” and “all three
TF,” respectively) across different time points revealed that any
TF transcriptomes were scattered across the UMAP plots (Fig-
ure 4E). Cells expressing any TF were found in the neuronal cluster
as well as within the glial clusters, suggesting unsuccessful or
incomplete reprogramming. In contrast, all three TF transcrip-
tomes were primarily found within the neuronal cluster, indicating
a more efficient conversion (Figure 4E). Specifically, 86% of cells
that co-expressed all three transgenes were neurons, which was
significantly higher than cells with partial transgene expression
(69% neurons; Figure 4F). In addition, cells within the neuronal

Figure 3. Functional analysis of the reprogrammed spheroids over time

(A) Inward sodium (Na*) and outward potassium (K*) currents plotted against stepwise voltage induction (right), maximum Na* current (center), and maximum K*
current (left). All values are presented as mean + SEM (n = 7 cells at 2 weeks, n = 7 cells at 3 weeks, n = 10 cells at 7 weeks, and n = 6 cells at 10 weeks).

(B) Representative traces of repetitive APs evoked by rheobase current injection steps and proportion of cells firing at different time points out of total patched
cells (n = 1/11 cells at 2 weeks, n = 5/19 cells at 3 weeks, n = 9/20 cells at 7 weeks, and n = 3/8 cells at 10 weeks).

(C) AP properties, resting membrane potential (Vrest), AP threshold (APt), AP amplitude (APh), and after-hyperpolarization (AHP). Each dot represents the mean
value (n = 1 cell at 2 weeks, n = 2 cells at 3 weeks, n = 9 cells at 7 weeks, and n = 3 cells at 10 weeks).

(D) Overlaid traces of all time points (blue = 2 weeks, red = 3 weeks, green = 7 weeks, purple = 10 weeks).

(E) Representative traces of spontaneous firing (left) and repetitive APs (right).

(F) Sample traces of postsynaptic activity, with proportion of cells displaying activity at different time points out of total patched cells (n = 2/11 cells at 2 weeks,
n = 3/19 cells at 3 weeks, n = 3/20 cells at 7 weeks, and n = 3/8 cells at 10 weeks).

(G) Normalized change in fluorescence intensity of GRABpa1y sniffer cells when exposed to media collected from biological replicates of CTRL and ALNR,;
conditions at D21 (n = 4) and D50 (n = 3). The negative values in CTRL samples can be attributed to the differences in background fluorescence due to the reduced
expression levels of the unstimulated sensors over time.

(H) Pseudo-colored representation of the fluorescent signal fold change above baseline in a representative image of stimulated GRABpa14 sniffer cells.

In (A) and (C), data were analyzed using two-tailed unpaired Mann-Whitney. In (G), the percentage of maximum dopamine levels between CTRL and ALNR,;
samples was compared using one-way ANOVA, followed by uncorrected Fisher’s least significant difference test. “**p < 0.001; p = 0.003 for 3 weeks; p = 0.005 for
7 weeks. In (G), data are presented as mean + SEM. In (H), scale bar, 50 uM.
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cluster expressing all three TF exhibited higher transgene expres-
sion levels compared to those expressing only one or two TFs in
any combination (Figure 4G). We also assessed neuronal matura-
tion in response to TF expression by scoring a gene expression
module specifically associated with neuronal maturation genes.
This analysis showed a statistically significant increase in matura-
tion for the cells in the any TF group compared to cells with no de-
tected expression of TF, and further increase from the any TF
group to the all three TF group (Figure 4H).

Lineage tracing uncovers similar reprogramming
efficiency across glial subpopulations

To understand whether all glial subtypes in the 3D culture have the
capacity to convert to neurons, we employed lineage tracing using
molecular barcodes within the 3D model system. Five days before
spheroid aggregation, the hGPCs were transduced with a pooled
lentiviral barcode library expressing nuclear GFP and containing a
random 20-bp heritable barcode driven by the elF1a promoter,
with a library diversity of approximately 1 million barcodes (Fig-
ure 4l). The polyA-tail of the barcodes enables their capture using
standard 10x library generation followed by amplification of the
barcode from the cDNA pool (Figure 4J). We could reliably detect
barcodes in around 60% of the cells, with no apparent difference
across cell types (Figure 4K), and detected 66 clones (Figure 4L)
with representation both before and after conversion (example
in Figure 4M). Analysis of these clones by modeling hGPC cluster
as a continuous variable (where the fraction of all clusters sums to
1) against the fraction of converted neurons, revealed similar
neuronal conversion rates, regardless of the starting glial popula-
tion, suggesting that none of the glial clusters is inherently more
prone to iDAN reprogramming (Figure 4N).

DISCUSSION

In this study, we present a versatile 3D culture system to model
direct conversion of human glia into induced neurons. While 2D
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cultures are simpler to establish and often easier to analyze,
making them ideal for high-throughput screening and initial
mechanistic studies, they lack the dimensional complexity
needed for proper neuronal network formation. In contrast, this
3D model better recapitulates the neural tissue cytoarchitecture,
fostering the formation of complex neuronal networks and sup-
porting cell-cell interactions, thus providing a more physiologi-
cally relevant milieu. Our data demonstrated that neither the
3D environment nor the chemical composition of the neural me-
dium could induce a neuronal program in hGPCs, which only
occurred with the forced expression of reprogramming factors.
We focused our characterization of the 3D model on the gener-
ation of iDANs and showed efficient induction of an intricate
network of TH-expressing cells uniformly distributed within the
reprogrammed spheroids, appearing as early as D7. Transcrip-
tional analysis revealed a rapid initiation of the conversion pro-
cess, resulting in a uniform population of induced neurons that
steadily increased in proportion over time, coinciding with a
reduction in glia. Analysis of cell-type composition over time re-
vealed the robustness of the model in supporting neuron forma-
tion, maintenance, and functional maturation as observed by
increased synaptic connectivity and the ability to release dopa-
mine. We have previously demonstrated that conversion of
hGPCs in 2D cultures using ALNR; takes 60-100 days to induce
functional neurons, ' while in this study, functionally active neu-
rons were detected already at the 2-week time point, with
approximately 75% of the cells exhibiting neuronal characteris-
tics at the transcriptional level. Thus, compared to reprogram-
ming in 2D, the 3D environment accelerated the maturation of
the induced neurons, likely due to increased cell-cell interac-
tions, supportive spatial organization, and/or a protective
ECM-like niche promoting cell survival.

Previous research has described GPC molecular diversity,
highlighting the existence of different OPC subpopulations with
distinct gene expression profiles in both mouse and human sys-
tems, including human stem cell-derived OPCs.?®"*? Similarly,

Figure 4. Unveiling early transcriptional events and lineage tracing dynamics
(A) UMAP plots of reprogrammed spheroids within the first week of conversion consistently demonstrate the presence of a distinct neuronal cluster throughout

the analysis (visualized n = 3,000 cells).

(B) Analysis of the difference in proportion of cells between DO and ALNR;-transduced samples (from D2 to D7 collectively) using permutation testing reveals a
significant change in the neuronal cluster and minimal changes in OPC2 and OPC83.

(C) Percentage of cells in each cluster demonstrates an increasing proportion of neurons over time.

(D) SPRING plots visualize the dynamics and progression of the different cell populations over time during the conversion process, displaying cluster (right) and

day of analysis (left).

(E) Contour plots representing cell density for cells expressing any of the TFs (n = 8,224, in blue) or all three together (n = 2,635, in orange) projected onto the

UMAP plot.

(F) Proportion of cells belonging to either the neuron or OPC cluster based on expression of any TF or all three TF.

(G) Violin plot comparing the transgene expression levels (for any TF in blue or all three TF in orange) in the neuronal cluster for indicated transgenes.

(H) Violin plots showing module scores for neuronal maturation (Gene Ontology [GO]: 0042551) across groups: no TF detected (gray), any TF detected (blue), and
all three TF detected (orange). Significant differences are observed between groups (p < 2.22 x 107 "® and p = 1.4 x 1079, indicating higher module score

expression in any TF and all three TF groups.

(I) Representative immunofluorescence image of GFP expression showing efficient viral library transduction in an optically cleared reprogrammed spheroid.
(J) UMAP plot of barcoded cells colored by expression level of barcode transcript (#UMI).

(K) Violin plot for expression levels of top barcode (#UMI) per cell grouped by cell type showed no apparent differences between cell types.

(L) Manhattan plot of clone sizes colored by number of cell types captured by each clone.

(M) Example clone plots before and after conversion.

(N) Boxplot illustrating the percentage of cells with the same barcode clone in DO that undergo neuronal conversion between D2 and D7 for each glial cluster. The
diagram also shows the median and Q1-Q3 range, with values falling outside of those plotted as dots.
In (F), the proportion of neurons for the two conditions were compared using Fisher’s exact test (o < 1079). In (I), scale bar, 50 um.
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our snRNA-seq analysis revealed heterogeneity within the initial
hGPC population, encompassing cycling GPCs, bipotent pro-
genitors, and cells in early differentiation toward the astrocyte
lineage, but no mature oligodendrocytes. Importantly, we
showed that all glial subpopulations have similar reprogramming
competence, implying that any glial subtype could be a viable
source for generating iDANs.

For 3D glia into iDAN reprogramming, we used individual dox-
inducible reprogramming factors encoded on separate lentiviral
vectors. We employed snRNA-seq to explore how the co-trans-
duction and expression levels of the reprogramming factors in-
fluence the overall reprogramming process. The neuronal cluster
was enriched with cells displaying high co-expression of all three
conversion factors, highlighting the importance of efficient trans-
duction and concomitant expression of all three factors at high
levels for optimal reprogramming outcomes into DANs.

Our introduction of a 3D model for direct conversion of
hGPCs into subtype-specific induced neurons represents a sig-
nificant advancement, promoting the early generation of func-
tional neurons, as well as maintaining cell stability and connec-
tivity, which are often compromised in 2D systems. The 3D
model not only accelerates the neuronal maturation process
but also provides a more physiologically relevant environment.
The versatility of this 3D system in generating diverse neuronal
subtypes makes it as a valuable tool for in-depth investigations
into the reprogramming process and functionality of the result-
ing neurons.

Limitations of the study

The study focuses on a 3D in vitro approach for direct
neuronal reprogramming that more closely mimics in vivo-
like structures and interactions but does not explore alterna-
tive factors that could influence neuronal conversion such as
alternative delivery methods, substrates, or improved viral
constructs. Despite providing a more physiologically relevant
environment compared to traditional 2D cultures, the 3D sys-
tem may not entirely replicate the intricate microenvironment
of the human brain. When converting cells in 3D cultures, it
is also harder to perform histological analysis, cell quantifica-
tions, and functional analysis than when conversions are
performed in 2D.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Malin Parmar (malin.
parmar@med.lu.se).

Materials availability
This study did not generate new unique reagents.

Data and code availability
o snRNA-seq data from this study have been deposited in GEO and are
publicly available as of the date of publication. Accession numbers
are listed in the key resources table.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
ALDH1a Abcam Cat# ab24343; RRID: AB_2224007

APC anti-CD44

APC anti-human CD133/1
DCC

FITC anti-human SSEA-4
GFAP

GFAP

GFP

GIRK2

HuC/D

INA

LMX1A

Nurr1

04

PCNA

PDGFRa.

PDGFRa.

PE anti-human CD140a
SOX10
STEM123/hGFAP

TAU (HT7)

TH

TH

Miltenyi Biotec

Miltenyi Biotec

Millipore

BioLegend

Covance

Millipore

Abcam

Alamone Labs

Thermo Fisher Scientific
Thermo Fisher Scientific
Santa Cruz Biotechnology
Abcam

Millipore

Abcam

Cell Signaling Technology
R&D Systems

BD Biosciences

R&D Systems

Takara Bio

Thermo Fisher Scientific
Millipore

Millipore

Cat# 130-095-177; RRID: AB_10839563
Cat# 130-113-668; RRID: AB_2726210
Cat# AB1569; RRID: AB_90789

Cat# 330410; RRID: AB_1089204
Cat# SMI-21R-500; RRID: AB_509979
Cat# AB5541; RRID: AB_177521

Cat# ab13970; RRID: AB_300798
Cat# APC-006; RRID: AB_2040115
Cat# A-21271; RRID: AB_221448
Cat# PA5-82332; RRID: AB_2789491
Cat# sc-54274; RRID: AB_2297030
Cat# ab41917; RRID: AB_776887
Cat# MAB345; RRID: AB_11213138
Cat# ab92552; RRID: AB_10561973
Cat# 5241S; RRID: AB_10692773
Cat# AF-307-NA; RRID: AB_354459
Cat# 556002; RRID: AB_396286

Cat# AF2864; RRID: AB_442208

Cat# Y40420; RRID: AB_2833249
Cat# MN1000; RRID: AB_2314654
Cat# AB152; RRID: AB_390204

Cat# AB1542; RRID: AB_90755

Chemicals, peptides, and recombinant proteins

Accutase

Ambion RNase Inhibitor
Antibiotic-Antimycotic
B27 supplement

Biotin

BSA Fraction V
CHIR99021

DAPI

db-cAMP
Dichloromethane
DMEM/F12

DNAse

Donkey serum
Dopamine

Doxycycline

Draq7

EDTA-free protease inhibitor
Ethyl cinnamate
FluorSave Reagent

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma-Aldrich

Thermo Fisher Scientific
Axon Medchem
Sigma-Aldrich
Sigma-Aldrich

Thermo Scientific Chemicals
Thermo Fisher Scientific
Qiagen

Biowest

Sigma-Aldrich

Duchefa Biochemie

BD Biosciences

Roche

Sigma-Aldrich

Millipore
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Cat# A1110501
Cat# AM2682
Cat# 15240096
Cat# 12587010
Cat# B4639
Cat# 15260037
Cat# 1386

Cat# D9542
Cat# D0260
Cat# 124050010
Cat# 11330-032
Cat# 79256
Cat# S2170
Cat# H8502
Cat# D0121
Cat# 564904
Cat# 04693159001
Cat# 112372
Cat# 345789

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Human recombinant laminin 521 BioLamina Cat# LN521-02
Laminin Thermo Fisher Scientific Cat# 23017015
LDN-193189 Axon Medchem Cat# 1509
LightCycler 480 SYBR Green | Master Roche Cat# 04887352001
LM-22A4 R&D Systems Cat# 4607

MEM NEAA Thermo Fisher Scientific Cat# 11140050
N1 Medium Supplement Sigma-Aldrich Cat# N6530
NDiff227 Takara Bio Cat# Y40002

OCT cryomount Histolab Cat# 45830
Paraformaldehyde 4% Sigma-Aldrich Cat# 158127
Phenol red solution Sigma-Aldrich Cat# P0290
Poly-L-Ornithine Sigma-Aldrich Cat# P4957
Propidium iodide, PI Miltenyi Biotec Cat# 130-093-233
Recombinant Human GDNF Protein R&D Systems Cat# 212-GD
Recombinant Human IGF-I/IGF-1 Protein R&D Systems Cat# 291-G1
Recombinant Human Noggin Protein Miltenyi Biotec Cat# 130-103-456
Recombinant Human NT-3 Protein R&D Systems Cati# 267-N3
Recombinant Human PDGF-AA Protein R&D Systems Cat# 221-AA
SB-431542 Axon Medchem Cat# 1661
StemMACS iPS-Brew XF, human Miltenyi Biotec Cat# 130-104-368
SUPERase-In RNase Inhibitor Thermo Fisher Scientific Cat# AM2696

T3 Sigma-Aldrich Cat# T5516
Tetracycline Sigma-Aldrich Cat# T7660

Triton X-100 Thermo Fisher Scientific Cat# A16046AE
UltraPure 0.5M EDTA, pH 8.0 Thermo Fisher Scientific Cat# 15575-038
Valproic Acid (VPA) Millipore Cati# 676380

Critical commercial assays

Chromium Next GEM Single Cell 3’ GEM,
Library & Gel Bead Kit

10x Genomics

Cat# PN-1000121

Maxima First Strand cDNA Synthesis Kit for Thermo Fisher Scientific Cat# K1641
RT-gPCR

RNeasy Micro Kit Qiagen Cat# 74004
Deposited data

Gene Expression Omnbius NCBI GEO: GSE242076

Experimental models: Cell lines

GRABpa1H shiffer cells
RC17 hESCs

Gift from Freja Herborg and Ulrik Gether
Roslin Cells

Klein Herenbrink et al.,”® Sun et al.>”
hPSCreg RCe021-A

Oligonucleotides

Primers for RT-qPCR (see Table S2)

Integrated DNA Technologies

N/A

Software and algorithms

bcl2fastq

Cell Ranger
Clampfit
EnhancedVolcano
FACSDiva software
fgsea R

FlowdJo software
GrCH38

Bioconductor

10x Genomics
Molecular Devices
Bioconductor

BD Biosciences
Bioconductor
FlowdJo

10x Genomics

v2.19 and v2.20
V6.0

v10.3

vi.14

V9.4

v1.22

v10.8

v2020-A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Harmony Bioconductor vi.2

Igor Pro Wavemetrics v8.04

ImageJ NIH v2.3.0/1.53q

LAS X software Leica N/A

MSigDB GSEA v7.5.1

NeuroMatic package NeuroMatic v3.0 http://www.neuromatic.thinkrandom.
com

NIS Elements software Nikon N/A

Photoshop 2024 Adobe v25.0.0

Prism 10 GraphPad v10.2.3

R The R Project v4.2.10/4.1 https://www.r-project.org/

Seurat Bioconductor v4.3.1

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

hESC-derived GPCs culture

hGPCs were derived from hESCs (RC17 Roslin Cells, p26-30). hESCs were cultured in StemMACS IPS-Brew XF medium on LN521-
coated (0.5 pg/cm?) tissue culture plates and passaged weekly with EDTA (0.5 mM). We refer to Nolbrant et al.'* for detailed infor-
mation on glial differentiation and cryopreservation protocols.

METHOD DETAILS

Viral vectors

For direct conversion of hGPCs into induced neurons we used the previously described vectors, #1533 FUW-M2rtTA (RRID: Addg-
ene_20342) and a single doxycycline-regulated vector construct containing REST shRNA sequences and Asc/? cDNA."* Third-gen-
eration lentiviral vectors were produced as previously described by Zufferey et al.>® and titrated by gPCR analysis®® with titers be-
tween 4.5x10% and 5.9x10°. For lineage tracing, a third-generation lentiviral backbone pCCLsin.cPPT.nPGK.eGFP.WPRE was
digested upstream of the PGK promoter using the Xhol restriction site and a second expression cassette EF71a-promoter and syn-
thetic polyA sequence was inserted in trans with the two promoters separated by a CTE insulator sequence.®” Barcodes were or-
dered as 20-nucleotide-long, High Purity Salt-Free purified oligos (Eurofins genomics). Barcodes were flanked by a static 12-bp
sequence containing a library ID that allows for identification of the origin. Lentiviral concentration was titrated using FACS analysis,
counting the number of GFP* cells after serial dilutions.

Glial spheroid generation and lentiviral transduction

hESC-derived GPCs were thawed and seeded onto poly-L-ornithine (100 ng/mL) and laminin (5 ng/mL) coated tissue culture plates (6
well plate, Corning) in glial medium (GM) containing DMEM/F12 basal medium, B27 supplement, N1 supplement, MEM NEAA,
Antibiotic-Antimycotic, T3 (60 ng/mL), db-cAMP (1 uM), Biotin (100 ng/mL), recombinant human PDGF-AA protein (10 ng/mL), recom-
binant human IGF-I (10 ng/mL) and recombinant human NT-3 protein (10 ng/mL). After 12-17 days, the hGPCs were mechanically de-
tached from the plates using a cell scraper, dissociated into single cells with Accutase and FACS-analysed. 100,000 single hGPCs were
mixed with the lentiviral reprogramming cocktail (multiplicity of infection of 1-2 per vector) in 50 pL of GM and plated in 96-well round-
bottom plates (Corning, Cat# CLS7007). On the day after seeding (corresponding to D1 in Figure 2A), Tet-controlled transgene expres-
sion was induced into the self-aggregated spheroids by exchanging 50 uL of fresh GM containing doxycycline (5 pg/mL). At D2 post
transgene activation (corresponding to D3 in Figure 2A), GM was replaced with 150 plL of neural differentiation (ND) medium (NDiff227)
containing doxycycline (5 ng/mL), small molecules (CHIR99021, 2 uM; SB-431542, 10 uM; noggin, 0.5 pg/mL; LDN-193189, 0.5 uM;
VPA, 1 mM) and growth factors (LM-22A4, 2 uM; GDNF, 2 ng/mL; NT3, 10 ng/mL; db-cAMP, 0.5 mM). Subsequently, ND was
exchanged every 2 to 3 days. At D9 post transduction, the small molecules were withdrawn from the ND medium and doxycycline
administration was stopped at D21. The reprogrammed spheroids were further cultured using ND medium supplemented with growth
factors. For the lineage tracing experiment, barcode-library viral transduction of hGPCs occurred 5 days before spheroid aggregation
(multiplicity of infection of 2).

Fluorescence-activated cell sorting (FACS) analysis

For FACS analysis of hESC-derived GPCs 12-17 days after thawing, cells were dissociated using Accutase for 8 min and subse-
quently 100,000 cells were resuspended in 100 uL of Miltenyi wash buffer (PBS; 0.5% BSA Fraction V; 2 uM EDTA; 0.05%, Phenol
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red). Cells were then incubated with flouorochrome-labeled antibodies (PE anti-human CD140a, 1:10; APC anti-CD44, 1:500; APC
anti-human CD133/1, 1:50; FITC anti-human SSEA-4, 1:20) for 15 min at 4°C and washed in Miltenyi wash buffer for 10 min at 200 x g.
Subsequently, cells were transferred in DMEM/F12 with DNAse to 5 mL polystyrene tubes with cell-strainer caps and propidium
iodide (PI, 1:500) added to exclude dead cells from the analysis. For each sample, 10,000 events were analyzed on a FACSAria lll
sorter (BD Biosciences). Gates were set based on Fluorescence Minus One (FMO) controls and compensation was performed using
single-stained cells. FACS data were analyzed using the software FlowJo 10.8 (Table S1).

RT-qPCR analysis

Total RNA was extracted from a pool of five spheroids per condition at D21 using RNeasy Micro Kit according to the manufacture’s
protocol and was reverse transcribed to cDNA using Maxima First Strand cDNA Synthesis Kit. cDNA (1 uL) was pre-mixed with
LightCycler 480 SYBR Green | Master (5 pL) and relevant primers (4 uL; Table S2) in 384-well plates using the Bravo Automated Liquid
Handling Platform (Agilent). Plates were analyzed with a 40 cycles two-step PCR protocol (95°C, 30 s denaturation and 60°C, 1 min
annealing/elongation) on a LightCycler 480 Il instrument (Roche). For each sample, the relative gene expression was calculated from
technical triplicates using the comparative CT Method (AACT Method); in which the hGPCs DO were set as the control. Expression
was normalized against GAPDH and ACTB and results were plotted in Prism 10.

Spheroid cryosectioning and immunostaining

Spheroids were fixed in 4% paraformaldehyde (PFA) for 20 min at room temperature (RT) followed by 3 washes in PBS and leftin 30%
sucrose overnight. The sucrose solution was then replaced with 1:1 mixture of sucrose and 30% OCT for 3 h before transferring the
spheroids to a cryomold filled with OCT. The embedded spheroids were frozen on dry ice and cryosectioned at 20 um on gelatine-
coated slides. The slides were washed in PBS, blocked and permeabilized with 5% donkey serum, 0.3% Triton X-100 and 0.01%
sodium azide in PBS for 2 h and then incubated overnight at 4°C with primary antibodies (Table S3). After PBS washing, slides
were incubated for 1 h with Alexa 488/Cy2, Alexa 568/Cy3, or Alexa 647 secondary antibodies (1:200; Jackson ImmunoResearch
Laboratories) and DAPI (1:500), then mounted and coverslipped with FluorSave Reagent.

Whole spheroid immunostaining and optical clearing

Whole spheroid immunostaining and optical clearing was performed according to Giacomoni et al.*® Briefly, spheroids were fixed
using 4% PFA for 20 min at RT followed by overnight blocking with 5% donkey serum, 0.3% Triton X-100 and 0.01% sodium azide
in PBS. Incubation with primary antibodies diluted in blocking solution was performed for 48-72 h at RT (Table S3). Secondary
antibodies conjugated to Alexa 488/Cy2, Alexa 568/Cy3, or Alexa 647 (1:200; Jackson ImmunoResearch Laboratories) and
DAPI (1:500) were applied for 24-48 h at RT. Samples were then dehydrated in an ascending series of methanol concentrations
for 10 min each, delipidated with dichloromethane-methanol mixture for 1 h followed by 2 steps of 10 min each in dichlorome-
thane. Finally, spheroids were optically cleared with ethyl cinnamate and transferred to 96 well-plates with flat and clear bottom
(Ibidi) for microscopy.

Electrophysiological recording of induced neuron spheroids

Whole cell patch-clamp electrophysiological recordings were performed at 2, 3, 7 and 10 weeks post-conversion. Free-floating re-
programmed spheroids were transferred to a recording chamber with Krebs solution gassed with 95% O, and 5% CO, at RT. During
recording, the solution was exchanged every 20 min. The composition of the Krebs solution was (in mM): 119 NaCl, 2.5 KCI, 1.3
MgSQy, 2.5 CaCl,, 25 Glucose and 26 NaHCO3. For recordings, a Multiclamp 700B amplifier (Molecular Devices) was used together
with borosilicate glass pipettes (3-7 MOhm) filled with the following intracellular solution (in mM): 122.5 K-gluconate, 12.5 KClI, 0.2
EGTA, 10 HEPES, 2 MgATP, 0.3 NagGTP, and 8 NaCl adjusted to pH 7.3 with KOH as in Pfisterer et al.*° Data acquisition was per-
formed with pClamp 10.2 (Molecular Devices); the current was filtered at 0.1 kHz and digitized at 2 kHz. Cells were patched either on
the surface or 4-6 layers deep inside of the spheroid. The criteria for selection prior to approaching with the pipette was a clear and
visible soma without debris, with a rounded morphology. Immediately after opening of the cell membrane, the resting membrane po-
tential was measured in current clamp mode, thereafter cells were kept at a membrane potential of —55 mV to —65 mV and 500 ms
currents were injected from —20 pA to +35 pA with 5 pA increments to induce action potentials. For inward Na* and delayed rectifying
K* current measurements, cells were clamped at —70 mV and voltage-depolarizing steps were delivered for 100 ms at 10 mV incre-
ments. Spontaneous activity was recorded in voltage-clamp mode at —70 mV. Single action potentials properties were measured
from the first observed spike evoked by the rheobase current injection step. Data were analyzed using the software Clampfit and
Igor Pro combined with the NeuroMatic package.®

Dopamine release assay

GRABpa1y shiffer cells were expanded according to Klein Herenbrink et al.“® and Sun et al.”" and seeded out in imaging chambers
(18-well, ibidi) coated with poly-L-ornithine at a density of 50,000 cells per well. The expression of the sensors was induced 48 h prior
to experiments with 1 ug/mL tetracycline (Sigma). Glial and iDAN spheroids were transferred to separate microcentrifuge tubes,
washed twice with PBS and depolarized (10 mM HEPES, 5 mM Glucose, 1.2 mM MgCl,, 2 mM CaCl,, 5 mM NaCl, 150 mM KCI)
to induce dopamine release. Before and after adding the supernatants to the GRABpa1 shiffer cells, an averaged image of three
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consecutive live images was recorded for both conditions to determine baseline fluorescence and fluorescence response of the
sensor respectively. Control GRABpa1 shiffer cells were stimulated with 1 uM dopamine for maximum response.

Nuclei isolation and sorting for single-nucleus RNA sequencing (snRNA-seq)

Spheroids were collected at different timepoints during direct neuronal conversion, snap-frozen on dry ice and stored at
—80°C. The nuclei isolation was performed according to Sodersten et al.*' with modifications. Briefly, samples were thawed
and manually dissociated in ice-cold lysis buffer (0.32 M sucrose, 5 mM CaCl,, 3 mM MgAc, 0.1 mM Na,EDTA, 10 mM Tris-
HCI pH 8.0, 1 mM DTT, 0.1% Triton X-100) supplemented with EDTA-free protease inhibitor and RNAse inhibitors (Ambion and
SUPERase In). After centrifugation 11,000 x g for 30 min, nuclei were resuspended in a dilution buffer (0.1% BSA Fraction V,
PBS) supplemented with RNAse inhibitors (Ambion and SUPERase In). The nuclei were then incubated with Draq7 and passed
through a cell strainer (70 um) into BSA-coated DNA LoBind tubes (Eppendorf) for sorting. FACS was performed using a
FACSAria cell sorter (nozzle 100 um) and the FACSDiva software with low flow rate to separate single nuclei from duplets
and triplets. Singlets were selected based on both side scatter width (SSC-W) versus height (SSC-H) and forward scatter
height (FSC-H) versus area (FSC-A) (Figure S3). 10,000 nuclei were collected in dilution buffer to a total volume of 20 pL
and directly processed to generate cDNA libraries.

snRNA-seq library preparation, sequencing, and raw data processing

For 10x Genomics snRNA-seq, single nuclei suspensions were loaded onto 10x Genomics Single Cell 3’ Chips along with the master-
mix as per the manufacturer’s protocol (https://support.10xgenomics.com/single-cell-gene-expression/index/doc/technical-note-
chromium-single-cell-3-v3-reagent-workflow-and-software-updates) for the Chromium Single Cell 3’ Library to generate single
nuclei gel beads in emulsion (GEMs, version 3 chemistry). The resulting libraries were sequenced on a NovaSeq 6000 with the
following specifications Read1 28 cycles, Read2 98 cycles, and Index1 8 cycles using a 200-cycle kit. Raw base calls were demulti-
plexed and converted to fastq files using cellranger mkfastq program (bcl2fastq v2.20/cellranger). Sequencing data were first pre-
processed through the Cell Ranger pipeline (“cellranger demux”) with default parameters (expect-cells set to the number of cells
added to 10x system). For alignment and counting, a custom genome was created based on GrCH38 but with the addition of trans-
gene sequences using “cellranger mkref”.

Bioinformatics analysis of snRNA-seq data

Seurat was applied to the snRNA-seq data for downstream analysis of matrix files. Cells with at least 1,000 but no more than 12,000
genes detected were kept for analysis. In addition, nuclei with more than 1% mitochondrial reads were excluded. Doublets were
identified and removed using scrublet.*> Median UMI count was 4,634 and the number of detected genes per cell were 2,220 after
filtering. After log-transformation, 4,000 highly variable genes were identified using vst and z-transformed expression values followed
by dimensionality reduction (PCA) as implemented in the Seurat package. To integrate data from different 10x runs, Harmony was
applied using the R-package “Harmony” using individual 10x runs as grouping variable with default settings except for lambda = 2.
Harmony converged after 8 iterations and corrected coordinates dimensions (n = 25) were used for downstream UMAP projection
and clustering. To identify clusters, Louvain clustering (resolution 0.3, Seurat) was applied to harmony embeddings. Expression
analysis of ECM genes was performed by examining the expression of 19 genes from Camp et al.*® Genes differentially expressed
(adjusted p < 0.05 in any condition) was visualized using dot plots. Differential expression analysis between clusters was carried out
using the Wilcoxon rank-sum test (Seurat) with genes with an FDR-adjusted p < 0.05 considered significant. EnhancedVolcano to
visualize the results of differential expression analyses. For gene set enrichment analysis, the fgsea R-package was used together
with hallmark gene sets from the MSigDB. Plotting was done using the ggplot2 package. The number of transcription factors (TF)
expressed in each cell was quantified by mapping raw sequencing reads to a hybrid genome that included exact sequences for
the transcription factors. Cells were defined as TF-positive if they had >1 UMI for any given transgene. Neuronal maturation was
assessed by scoring a gene expression module associated with neuronal maturation genes (Gene Ontology term: GO:0042551) us-
ing the Seurat function “AddModuleScore”.

Demultiplexing of barcodes and clonal analysis

After performing demultiplexing using bcl2fastq (v 2.19), the reads containing the barcode sequence were isolated from the FastQ
files. To identify reads containing the library motif, a custom Perl script was employed. The primary function of this script was to
extract reads that matched the pattern GTCGTGA[ACTG]{20}CTCGAC. The extracted information included the read ID, 10x cell bar-
code, UM, library barcode sequence, and library ID. Subsequently, the extracted data was utilized to generate a matrix associating
cell barcodes with viral libraries. To enhance the accuracy of the analysis, an error-correction step was conducted using Starcode.
This process involved collapsing viral barcodes that were only 1 edit-distance apart, focusing on a cell-specific basis. Following error
correction, the resulting matrix underwent filtering. The objective of this filtering was to eliminate cell barcodes that were either absent
in the filtered Cell Ranger output or were not present in the previously generated whitelist of barcodes. Prospective lineage tracing
was modeled by treating hGPC cluster as a continuous variable (where the fraction of all clusters sums to 1) against the fraction of
induced neurons.
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Microscopy

Fluorescent images were captured using a Leica TCS SP8 confocal laser scanning microscope (10x objective) and acquired using
the Leica LAS X software. Following optical clearing of the spheroids, z-stack images of the entire spheroids were acquired and
presented as maximum intensity projections to comprehensively visualize the stained spheroid. Images were processed in Photo-
shop 2024 or Imaged and the adjustments applied equally across the entire image, and without loss of information. Imaging in
Figure 2F was performed on a Nikon A1RHD inverted confocal microscope equipped with a 20X objective and z-stacks were ac-
quired throughout the sample with 2 um between optical planes. This image processing was performed in Imaged and 3D recon-
struction was performed in NIS Elements software. Live GRABpa shiffer cell imaging was performed on a widefield Leica micro-
scope using a 20x NA 1.4 objective; microscopy images were averaged and analyzed using in Imaged and results plotted in
Prism 10.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of TH expressing cells in Figure 2H was performed in Imaged by counting the positive cells throughout the z-stacks of
the confocal images that were acquired with 10 pm spacing between optical planes and results were then plotted in Prism 10. All data
are expressed as mean or mean + standard error of the mean (SEM). ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; p > 0.05 not
shown. Statistical analyses were performed using Prism 10. A Shapiro-Wilk normality test was used to assess the normality of the
distribution and parametric or nonparametric tests were performed accordingly. Quantifications of TH* cells per spheroid at different
timepoints were compared using one-way ANOVA followed by post-hoc Sidék’s test. For RT-gPCR analysis, gene expression levels
were compared using a Kruskal-Wallis test and uncorrected Dunn’s test. For physiological properties, data were analyzed using two-
tailed unpaired Mann-Whitney for all comparisons. Maximum responses of GRABpa1y shiffer cells based on dopamine levels were
analyzed using one-way ANOVA, followed by an uncorrected Fisher’s LSD test. Details on number of replicates and statistical sig-
nificance are reported in the figure legend.
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