
i An update to this article is included at the end
Article
Heterogeneity of neurons r
eprogrammed from spinal
cord astrocytes by the proneural factors Ascl1 and
Neurogenin2
Graphical abstract
Highlights
d Ascl1 and Neurog2 induce initially distinct transcriptomes in

spinal cord astrocytes

d Neurons induced by Ascl1 or Neurog2 converge to a V2

interneuron-like state

d Patch-seq shows functional and transcriptional

heterogeneity with low correlation

d Developmentally established patterning genes are

maintained in astrocytes in vitro
Kempf et al., 2021, Cell Reports 36, 109409
July 20, 2021 ª 2021 The Author(s).
https://doi.org/10.1016/j.celrep.2021.109409
Authors

J. Kempf, K. Knelles, B.A. Hersbach, ...,

P. Smialowski, M. Götz, G. Masserdotti
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SUMMARY
Astrocytes are a viable source for generating new neurons via direct conversion. However, little is known
about the neurogenic cascades triggered in astrocytes from different regions of the CNS. Here, we examine
the transcriptome induced by the proneural factors Ascl1 and Neurog2 in spinal cord-derived astrocytes
in vitro. Each factor initially elicits different neurogenic programs that later converge to a V2 interneuron-
like state. Intriguingly, patch sequencing (patch-seq) shows no overall correlation between functional prop-
erties and the transcriptome of the heterogenous induced neurons, except for K-channels. For example,
some neurons with fully mature electrophysiological properties still express astrocyte genes, thus calling
for careful molecular and functional analysis. Comparing the transcriptomes of spinal cord- and cerebral-cor-
tex-derived astrocytes reveals profound differences, including developmental patterning cues maintained
in vitro. These relate to the distinct neuronal identity elicited by Ascl1 and Neurog2 reflecting their develop-
mental functions in subtype specification of the respective CNS region.
INTRODUCTION

Direct reprogramming of local glial cells into neurons in the cen-

tral nervous system (CNS) has become a promising approach for

neuronal replacement in disease (Barker et al., 2018). Pioneered

by in vitro conversion of astrocytes from the cerebral cortex (Ber-

ninger et al., 2007; Heinrich et al., 2010; Heins et al., 2002), this

approach is often based on the expression of proneural factors

(e.g., Ascl1 and Neurog2), master regulators and pioneer factors

in the conversion process both in vitro (Berninger et al., 2007;

Masserdotti et al., 2015; Smith et al., 2016; Vierbuchen et al.,

2010; Wapinski et al., 2013) and in vivo (Guo et al., 2014; Liu

et al., 2015; Mattugini et al., 2019; Rivetti di Val Cervo et al.,

2017; Torper et al., 2013). Cortical astrocyte cultures allowed

identifying major reprogramming hurdles (Gascón et al., 2016;

Russo et al., 2020), whose manipulation in vivo led to improving

the reprogramming efficiency from 10% to over 90% (Gascón

et al., 2016).

However, the use of neuronal reprogramming for therapy re-

quires the generation of adequate neuronal subtypes specific
This is an open access article under the CC BY-N
to different CNS regions. For instance, the induction of most of

the spinal cord (SC) neuronal diversity has not yet been achieved

(Su et al., 2014b), besides motoneuron generation from fibro-

blasts (Abernathy et al., 2017; Church et al., 2021; Meyer et al.,

2014; Son et al., 2011) and neurons with different neurotrans-

mitter identities from NG2 glia in vivo (Tai et al., 2021). Ascl1

and Neurog2 are involved in generating specific interneuron sub-

types in the developing SC (Lu et al., 2015; Misra et al., 2014):

Ascl1 specifies excitatory neurons (Borromeo et al., 2014; Mizu-

guchi et al., 2006), and Neurog2 is a downstream effector of

Ptf1a, instructing GABAergic interneurons (Henke et al., 2009)

or motorneurons (Lee et al., 2020). In the ventral SC, both

Ascl1 and Neurog2 specify a V2 interneuron identity (Parras

et al., 2002), specifically a GABAergic V2b interneuron fate (Misra

et al., 2014). In forebrain development, Ascl1 instructs inhibitory

GABAergic neurons and Neurog1/2 glutamatergic neurons (Ko-

vach et al., 2013; Parras et al., 2002), which is reflected in the

neuronal subtypes generated by these proneural genes from

cortical astrocytes (Berninger et al., 2007; Heinrich et al., 2010;

Masserdotti et al., 2015). Recently, differences in the
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reprogramming efficiency of astrocytes obtained from various

CNS regions have been reported (Chouchane et al., 2017; Hu

et al., 2019; Rao et al., 2021). However, the mechanisms under-

lying direct neuronal reprogramming of region-specific astro-

cytes are largely unknown. Here, we investigated the neurogenic

programs induced by Ascl1 and Neurog2 in SC-derived astro-

cytes, the neuronal identity of reprogrammed neurons, and

how the regional specification of SC astrocytes may influence

the fate of neurons reprogrammed by Ascl1 or Neurog2.

RESULTS

Direct conversion of SC-derived astrocytes into
functional neurons
Protocols used for culturing cortical astrocytes (Heinrich et al.,

2011) (Figure S1A) were not successful to enrich for SC astro-

cytes from postnatal day (P) 2–3 mice, as glial fibrillary acidic

protein (Gfap)-positive astrocytes were below 50% (Figures

S1B and S1C; mean = 41.7%, confidence interval [CI] = 20.6).

To enrich for astrocytes, we isolated ACSA-2+ cells (Kantzer

et al., 2017) via magnetic-activated cell sorting (MACS). Indeed,

the majority of sorted cells were now astrocytes after 8 days in

culture (Gfap+, mean = 79.4%, CI = 9.8; Sox9+: mean =

85.9%, CI = 7.6; Figures S1D and S1E) with a low abundance

of oligodendrocyte progenitors (Olig2+, mean = 6%, CI = 11.6;

expression data in Figure S1H) or microglia (Iba1+, mean =

1%, CI = 1) and no detectable neuroblasts (Dcx+) or neurons

(b3-tubulin+) (Figure S1E). Thus, ACSA2-MACS yielded highly

enriched cultures of astrocytes to explore astrocyte-to-neuron

reprogramming.

SC-derived astrocytes were transduced with retrovirus ex-

pressing either Ascl1 or Neurog2 under the CAG promoter (Hein-

rich et al., 2010, 2011), and, 8 days post-infection (DPI), the pro-

portion of b3-tubulin immunoreactive cells with neuronal

morphology among transduced cells was quantified (Gascón

et al., 2016; Masserdotti et al., 2015) (Figure 1A). A relatively

low proportion of neuronal cells was observed (Neurog2,

mean = 9.21%, CI = 6.23; Ascl1, mean = 18.07%, CI = 21.11; Fig-

ures 1B and 1C; Gfap+/DsRed+ in Figure 1D), in line with previ-

ous reports (Hu et al., 2019) and considerably lower than the ef-

ficiency observed in cerebral cortex gray matter (GM)-derived

astrocytes, using the same factors and culture conditions
Figure 1. Direct conversion of SC-derived astrocytes into functional n

(A) Scheme of the experimental design.

(B) Micrographs depicting cells transduced with control (DsRed), Ascl1-, and N

dorsomorphin (DM) treatment is shown (lower panels). Scale bar: 100 mm.

(C and D) Barplot of %b3-tub+/DsRed+ cells with neuronal morphology (C) and%

regression model performed. n= 6 independent experiments; *p < 0.05; **p < 0.0

(E, F, L, and M) Examples of a single action potential (E and L) and corresponding

(M) indicates the initial spike component (ISC).

(G and N) Pie charts depicting the percent of cells with ISC among iNs (3/24 and

(H and O) Example of an evoked train of action potentials (Ascl1-iNs, H; Neurog2-i

of hyperpolarizing current steps (1 s, 150 pA), characterized by a decline of amplit

suprathreshold depolarizing current pulses (1 s, 105 pA, upper traces, black) ev

marked depolarization and long-lasting after-hyperpolarization.

(I, J, P, and Q) Examples of spontaneous synaptic activity in cultures transduced

(K and R) Graphs of the averaged PSC from the cells in (J) and (R), respectively.

(S–U) Boxplots showing PSC amplitude (S), frequency (T), and decay time (U) in
(�60% for Neurog2, �40% for Ascl1) (Heinrich et al., 2010; Hu

et al., 2019). Treatment with small molecules (forskolin and dor-

somorphin) (Gascón et al., 2016; Liu et al., 2013; Smith et al.,

2016) remarkably enhanced the conversion efficiency of SC as-

trocytes by about 3 times (Neurog2, mean = 31.20%, CI = 19.30;

Ascl1, mean = 55.15%, CI = 45.11; Figures 1B and 1C), suggest-

ing the presence of similar reprogramming hurdles as observed

in other cells (Gascón et al., 2016; Liu et al., 2013). Notably, few

oligodendrocyte progenitors were also detected in these cul-

tures (Figures S1F and S1G).

Electrophysiology performed at 4–6 weeks after infection

(28–42 DPI) showed that most reprogrammed neuronal cells

generated an action potential (75% and 84.4% of Ascl1- and

Neurog2-iNeurons [iNs], respectively; Figures S1I and S1J) and

exhibited similar passive and active membrane properties (Fig-

ures S1K–S1P); the action potential duration was significantly

higher in Ascl1- than in Neurog2-reprogrammed neurons (Fig-

ure S1M), suggesting a lower density of Na+-channels in Ascl1-

converted neurons. Single evoked action potential (Figures 1E

and 1L) showed an initial spike component (ISC, so-called pre-

potential; Crochet et al., 2004; Golding and Spruston, 1998; Fig-

ures 1F, 1G, 1M, and 1N), while suprathreshold depolarizing cur-

rent pulses induced repetitive spikes in both Ascl1- and

Neurog2-converted neurons (Figures 1H, 1O, S1Q, and S1R).

Importantly, both Ascl1- and Neurog2-reprogrammed neurons

showed post-synaptic currents (PSC; Figures 1I–1K and

1P–1R), with similar amplitude and frequency (Figures 1S and

1T) but different decay times (Figure 1U). Thus, Ascl1 and

Neurog2 reprogrammed SC-derived astrocytes into functional

iNs (Yang et al., 2011).

As the electrophysiological properties suggested some differ-

ences between the Ascl1- and Neurog2-iNs, we explored the re-

programming at early and late time points at the molecular level.

Transcriptional programs inducedbyAscl1 andNeurog2
at early stages in SC astrocytes
To analyze the programs induced at early stages, we timed the

induction of target genes using our previously established

approach with the hydroxytamoxifen (OHT)-inducible forms of

Ascl1 and Neurog2 (Masserdotti et al., 2015). After 24 h of

OHT treatment, Ascl1ERT2 and Neurog2ERT2 localized to the

nucleus (Figures S2A–S2C), and their protein level was similar
eurons

eurog2-encoding virus and converted into neuronal cells. Forskolin (FK) and

Gfap+/DsRed+ (D) at 8DPI with mean and CI (95% confidence for n = 6). Linear

01; ***p < 0.0001.

phaseplane plots of the action potential in Ascl1- (F) or Neurog2- (M) iNs. Arrow

15/32 cells recorded, respectively). n = 3 independent experiments.

Ns, O). The green line shows a hyperpolarizing voltage response upon injection

ude during ongoing current injection (H) or without such decline (O). Injection of

oked a continuous pattern train of action potentials (H and O), followed by a

with Ascl1 (I, magnification in J) or Neurog2 (P, magnification in Q).

Ascl1 and Neurog2 iNs. Each dot represents a cell. *p < 0.05.
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(Figure S2D). Following 4 days of OHT treatment, both factors

converted SC astrocytes into neuronal cells with similar effi-

ciency as the constitutively expressed factors at 8 DPI

(Ascl1ERT2, b3-tubulin+/DsRed+ cells, mean = 25.92%, CI =

20.35; Neurog2ERT2, mean = 8.64%, CI = 3.38; no small mole-

cules; Figures 2A–2C). For RNA sequencing (RNA-seq) (Bagnoli

et al., 2018), transduced cells were selected via fluorescence-

activated cell sorting (FACS; Figure S2E) 24 h after OHT treat-

ment. To control for OHT-related gene expression, we compared

proneural-factor-induced programs to DsRed-OHT-treated

samples (Figures 2D–2P and S2F–S2L).

Both factors induced drastic transcriptional changes

compared to control (Figures 2D and 2K; Data S1). Consistent

with previous data (Masserdotti et al., 2015), the programs

differed profoundly, with only 17.6% of the upregulated genes

common between the Ascl1ERT2- and Neurog2ERT2-induced

cascades (log2FC > 1 and padj < 0.01, Figure 2E). This is 5 times

higher than the proportion of genes commonly upregulated by

these factors in GM astrocytes (Masserdotti et al., 2015). Gene

Ontology (GO) analysis of commonly upregulated genes high-

lighted genes involved in nervous system development and

regulation of neurogenesis (e.g., Insm1, Sox11, Sox4, Dll1; Fig-

ure 2F; Data S1) and in transcriptional activity (e.g., Rcor2,

Ncor2, Cbfa2t3, and many transcription factors [TFs]; Figure 2G;

Data S1). When focusing on genes uniquely induced by

Ascl1ERT2 (107) or Neurog2ERT2 (40) (log2FC > 1, padj < 0.01

for 1 TF and log2FC % 0 for the other; Figures 2E, 2J, S2H,

and S2I), we found the former to specifically regulate genes

related to muscle activity (e.g., Tnn1, Tnnt2; Figure 2H; Data

S1), in line with previous observations on Ascl1 regulating alter-

native fates (Lee et al., 2020; Treutlein et al., 2016). Conversely,

Neurog2ERT2 specifically regulated genes related to cytokine

signaling, axon guidance/cell adhesion (e.g., Robo1, Cxcr4; Fig-

ure 2I), and regulation of GTPase activity (e.g., Chn2, Itga6,

Ntrk3; Figure 2I; Data S1).

Both factors triggered the significant downregulation of many

genes (Figure 2K), of which 25.8% were common (log2FC < �1,

padj < 0.01; Figure 2L). These were connected to vasoconstric-

tion (e.g., Avpr1a, Ednra, Edn1; Figure 2M; Data S1), suggesting

the repression of astrocyte-specific functions (Alfaro-Cervello

et al., 2012; Filosa et al., 2016), and involved the re-organization

of the extracellular matrix (Figure 2N; Data S1). Typical genes ex-

pressed in astrocytes were also downregulated (e.g., Aqp4,
Figure 2. Transcriptional changes upon Ascl1ERT2- and Neurog2ERT2
(A) Scheme of the experimental design. Red bars indicate the time of OHT treatm

(B) Micrographs of cells expressing Neurog2ERT2 and Ascl1ERT2 in the absenc

(C) Barplot of %b3-tub+/DsRed+ cells with neuronal morphology following Neur

shown (n = 3 for Ascl1ERT2 untreated; n = 4 for Neurog2ERT2 untreated; n = 6 f

(D–P) Gene expression analysis showing bar plots (D and K) and Venn diagrams (E

0.01 and log2FC > 0.5 or <�0.5) upon Ascl1ERT2 and Neurog2ERT2 induction aft

for downregulated) related to biological process (BP; F and M) or molecular func

Ascl1ERT2 (H and O) or Neurog2ERT2 (I and P). In (J), a heatmap is shown of m

absolute log2FC > 1).

(Q) Scatterplot comparing Neurog2ERT2- and Ascl1ERT2-regulated genes (padj

black, Neurog2 specific).

(R) Network of most relevant TFs and chromatin modifiers induced after 24 h by N

correspond to the reprogramming factors; only connected nodes are plotted. Lin

(S) Example pathways identified after GSEA in Neurog2ERT2 and Ascl1ERT2 dif
Slc1a3, Fgfr3; Figure S2J) (Weng et al., 2019), as well as some

expressed in glial progenitors (e.g., Pax6, Fabp7, Vimentin; Fig-

ure S2K) (Treutlein et al., 2016). Stringent criteria for gene selec-

tion revealed a subset of genes uniquely downregulated by

Ascl1ERT2 (40 genes; Figure 2L), associated to phosphorylation

and actin organization (e.g., Tec, Nrp1, Actr3b, Figure 2O; Data

S1); conversely, Neurog2ERT2 specifically downregulated

genes (43; Figure 2L) were associated with purine metabolism

(e.g., Aldoa, Bcl2l1, Eno1b, Uqcrc1; Figure 2P; Data S1). Taken

together, Ascl1ERT2 and Neurog2ERT2 not only induced

different neurogenic programs at an early stage, but they also

suppressed different aspects of the starter cell identity.

We next explored the expression changes of TFs and chro-

matin remodeling factors because important in fate specification

and being a significant fraction of the regulated genes (13.9% in

Ascl1ERT2 and 12.5% in Neurog2ERT2; log2FC > 1, padj < 0.01;

Figure S2L; Data S1). Among the common upregulated TFs

(log2FC > 1, padj < 0.01; Figure S2L), some have already been

implicated in direct neuronal reprogramming (e.g., Hes6,

Insm1, Sox11, Sox4, Prox1, Trnp1, Zbtb18, and Ezh2; Liu

et al., 2018; Masserdotti et al., 2015; Wapinski et al., 2013). Inter-

estingly, many other TFs were regulated specifically by

Ascl1ERT2 (e.g., Id3, Gata3, Klf10, Lhx3; Figure 2Q) or Neuro-

g2ERT2 (e.g., Zbtb16, Sap18, Nhlh1; Figure 2Q; Data S1),

including Gata3 and Lhx3, associated to V2 interneurons and

motoneurons (Andrzejczuk et al., 2018; Misra et al., 2014). We

also noted that both factors induced the expression of their

respective endogenous genes (Data S1).

To identify important common TF- and chromatin-remodeler-

specific downstream effectors, we constructed a gene expres-

sion regulatory network (Su et al., 2014a) by ranking TFs accord-

ing to their induction, statistical significance and expression level

(Figure 2R; see STAR Methods). The sub-network composed of

shared genes (in yellow; Figure 2R) comprised many factors

already found in cortical astrocyte reprogramming (e.g., Hes6,

Sox11, Sox4, Atoh8, Olig1/2, Ncor2; Masserdotti et al., 2015),

suggesting that this network may be common in different re-

gions. Interestingly, the Ascl1ERT2-specific subnetwork was

mainly composed of TFs (e.g., Sox8, Id1, Id2, Id3, Sox4,

Sox11; Figure 2R, left), while the Neurog2ERT2-specific subnet-

work was associated with many chromatin modifiers (e.g.,

Hmgb2, Smarcc1, Smarce1, Arid1a; Figure 2R, right) with Tcf4,

the heterodimeric partner of Ascl1 and Neurog2 (Wang and
-induced direct reprogramming at early stages
ent.

e (upper panel) or presence (lower panel) of OHT. Scale bar: 100 mm.

og2ERT2 and Ascl1ERT2 activation with OHT at 8DPI. Mean and CI (95%) are

or all the others). Linear regression model applied. ***p < 0.0001.

and L) of the number of genes differentially up- (D) or downregulated (K) (padj <

er 24 h and the associated top GO terms as indicated (F–I for upregulated; M–P

tion (MF; G and N) from commonly regulated genes (E and L) or specifically by

ost differentially regulated genes as indicated on the left side (padj < 0.01 and

< 0.01 and log2FC > 2); transcription factors (TFs) in bold (blue, Ascl1 specific;

eurog2ERT2 (orange), Ascl1ERT2 (blue), and common (yellow). Bigger nodes

e width corresponds to StringDB scores.

ferentially expressed genes (Data S1).
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Figure 3. Expression of neuronal markers in Ascl1 and Neurog2 iNs

(A) Scheme of the experimental design. IF, immunofluorescence; SCA, single-cell analysis. Bars indicate the day of treatment with different small molecules.

(B–E) Micrographs depicting pan-neuronal, GABAergic, and glutamatergic markers as indicated in Ascl1- (top) and Neurog2- (bottom) iNs at 21–24 DPI. Scale

bar: 20 mm.

(F–I) Bar charts of percentage of mature neuronal markers (F–H) and GAD65/67 or vGlut2 (I) in Ascl1- and Neurog2-iNs as indicated. n = 3 independent experiments.
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Baker, 2015), linking them (Quevedo et al., 2019). Gene set

enrichment analysis (GSEA) (Subramanian et al., 2005) sup-

ported this observation, as genes related to ‘‘chromatin binding’’

and ‘‘chromatin assembly and disassembly’’ were more en-

riched in Neurog2ERT2 than in Ascl1ERT2 differentially ex-

pressed genes (Figure 2S).

Together, these data indicated that Ascl1ERT2 and Neuro-

g2ERT2 activity quickly induced very different neurogenic cas-

cades, characterized by pan-neuronal and TF-specific down-

stream cascades, which contribute to establish the new

neuronal identity.

Molecular characterization of Ascl1- and Neurog2-iNs
To explore the neuronal identity elicited by these factors in SC

astrocytes, we analyzed reprogrammed cells at later stages

(21–30 DPI, Figure 3A): most iNs (b3-tubulin+DsRed+) were

positive for the mature pan-neuronal markers Map2 (Ascl1,

mean = 91.77%, CI = 10.54; Neurog2, mean = 92.93%, CI =

15.74; Figures 3B and 3F), NeuN (Ascl1, mean = 58.43%,

CI = 25.70; Neurog2, mean = 79.03%, CI = 25.63; Figures 3C

and 3G), and synaptophysin (Ascl1, mean = 84.10%, CI =

33.22; Neurog2, mean = 91.99%, CI = 10.2; Figures 3D and

3H). Some iNs were positive for the GABAergic marker
6 Cell Reports 36, 109409, July 20, 2021
Gad65/67 (Ascl1, mean = 15.93%, CI = 6.12; Neurog2,

mean = 5.218%, CI = 4.60; Figures 3E and 3I, upper micro-

graph), while very few were positive for the glutamatergic pre-

synaptic marker vGlut2, visible as punctate staining along the

processes (Ascl1, mean = 0.65%, CI = 1.96; Neurog2,

mean = 5.83%, CI = 1.9; Figures 3E and 3I, lower micrograph),

similar to previous observations (Hu et al., 2019).

To better investigate iNs’ identity, we collected single cells at

21–28 DPI (Figure S3A) and subjected them to RNA-seq (Picelli

et al., 2014). Morphometric analysis (Figures S3B–S3E) did not

reveal significant differences between Ascl1- and Neurog2-iNs.

Single-cell RNA-seq analysis (scRNA-seq) was performed on

33 iNs (48 collected cells), identified by the expression of DsRed,

small soma and the presence of two or more long and thin pro-

cesses (11 Ascl1-iNs, 22 Neurog2-iNs), and six astrocytes

(Ascl1-transduced with a flat morphology). Principal component

analysis (PCA) clearly separated astrocytes and iNs (Figure 4A),

with Ascl1-iNs clustering farther away from non-reprogrammed

astrocytes than from Neurog2-iNs (Figure 4A). In line with the

criteria for neuronal selection, hundreds of genes were differen-

tially expressed between iNs and non-reprogrammed astrocytes

(padj < 0.01; Figures 4B and 4E; Data S2), withmany upregulated

genes common to Ascl1- and Neurog2-iNs (Figure 4C; GO in
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Figure 4D; Data S2). Thus, Ascl1- and Neurog2-iNs become

more similar after the initial induction of very different neurogenic

programs (for specific differences, see Figures S3F and S3G).

GSEA (Figures S3H and S3I; Data S2) confirmed the enrichment

for genes involved in synapse formation and neuronal activity for

both TF-mediated reprogramming cascades. The few genes

commonly downregulated (Figure 4F) were involved in detoxifi-

cation (Figure 4G; Data S2) and b-oxidation (GSEA; Figures

S3J and S3K; Data S2), well-known astrocyte hallmarks (Russo

et al., 2020).

Interestingly, Neurog2-iNs were widely dispersed in the PCA

plot, with some close to non-reprogrammed astrocytes (Fig-

ure 4A). As also the number of significantly downregulated genes

was lower in Neurog2- than in Ascl1-iNs (Figure 4E), we exam-

ined whether this was due to an incomplete conversion. We

generated an ‘‘astrocyte score’’ and a ‘‘neuronal score’’ (Astro-

Score and Neuron-Score, respectively) by summing the normal-

ized expression values of 68 markers for astrocytes (merging

those used in Tripathy et al. [2018] and those identified in

Weng et al. [2019]; averaged expression in Figure S3L) and 21

neuronal markers (including neuronal vesicles coding genes;

averaged expression in Figure S3M). Ascl1-astrocytes (black

dots, Figure 4H) were distinct from Ascl1-iNs; however, some

Neurog2-iNs were close to the Ascl1-astrocytes, thus reflecting

a rather incomplete conversion. Of note, Ascl1-iNs also retained

the expression of some markers for astrocytes (e.g., Fgfr3, Nfia;

Figure S3L), thus indicating the persistence of some aspects of

the starter cell identity.

To determine the potential cause of the unsuccessful conver-

sion, we examined the expression of endogenous Ascl1 and

Neurog2, as they were upregulated at an early stage by the

forced expression of Ascl1 and Neurog2 (Data S1). Endogenous

Neurog2was expressed in all Neurog2-iNs at a similar level (Fig-

ure 4I) and, likewise, Ascl1 in Ascl1-iNs. However, a significant

proportion of Neurog2-iNs also expressed high levels of Ascl1

(Figure 4I), and these cells were closer to non-reprogrammed as-

trocytes (Figure S3N); conversely, Neurog2 was barely detected

in Ascl1-iNs. This correlated with the high expression of the

markers for astrocytes Slc1a3 and Sox9 (Figure 4I) but had no ef-

fect on the neuronal program, as Snap25 and Syp were similarly

expressed. Thus, the induction of endogenous Ascl1 in Neu-

rog2-iNs might perturb the neuronal conversion and maintain

some glial traits, as Ascl1 is also involved in the generation of glial

lineages (Kelenis et al., 2018).

To determine the neuronal subtype identity elicited by these

TFs, we analyzed the expression of genes characteristic for glu-

tamatergic or GABAergic neurons and their respective receptors

(Figures 4L and 4M). This revealed a surprisingly similar trans-

mitter identity between the iNs induced by Ascl1 and Neurog2:

both expressed some glutamatergic (Figure 4J) and

GABAergic markers (Figure 4K) and their receptors (Figures 4L

and 4M) (Häring et al., 2018). However, they differed in the

expression of specific neuropeptides, such as galanin (Gal) in

the Ascl1-iNs (Figure S3O), or in specific receptors (e.g., Cnr1,

Hrh3, Adra2a, and Chrna3 in Neurog2-iNs; Htr5b in Ascl1-iN;

Figures S3P–S3R) (Ren et al., 2019).

Taken together, no clear-cut difference in the neuronal identity

was detectable in Ascl1- versus Neurog2-iNs at later stages.
However, this may be due to the heterogeneity in reprogram-

ming, a surprising finding given the rather homogeneous

maturity observed by electrophysiology (Figure 1). We therefore

combined these modes of analysis using patch sequencing

(patch-seq) to investigate the degree of correlation between

electrophysiological and transcriptional maturity of iNs and their

neuronal subtype identity.

Molecular analysis of electrophysiologically
characterized Ascl1- and Neurog2-iNs using patch-seq
To directly correlate gene expression and electrophysiology,

transduced SC-derived astrocytes were subjected to patch-

seq (Cadwell et al., 2017; Winterer et al., 2019) from 14 DPI on-

ward. First, we confirmed the high similarity of Ascl1- and Neu-

rog2-iNs over DsRed-control (as in Figure 4C)—irrespective of

their electrophysiological properties (Figure S4E; Data S3)—

identifying only 72 genes specific for Ascl1 (Figures S4E and

S4F; GO terms in Figure S4J; Data S3) and 51 upregulated

only in Neurog2-iNs (Figures S4E and S4G; GO terms in Fig-

ure S4K; Data S3). Markers of astrocytes (e.g., Aqp4, Nfia,

Sox9) were still expressed, though at lower levels than in

DsRed-transduced astrocytes (Figure S4H).

Next, we grouped the cells based on their electrophysiological

properties resulting in four groups (Figures S4A–S4D; STAR

Methods): a control group (DsRed-transduced astrocytes; Fig-

ures 5A and 5B) and three classes of iNs. The different classes

of iNs could be characterized by either high resting membrane

potential and no spike or off-spike occurring after the depolariza-

tion (class 1 iNs; Figures 5C and 5D), small overshooting and

immature spike (class 2 iNs; Figures 5E and 5F), or overshooting

and (repetitive) firing (class 3 iNs; Figures 5G and 5H). Control

cells and iNs were separated in the PCA plot (Figure 5I), with no

detectable clustering among the diverse iN subgroups, as even

class 1 and class 3 were intermingled (Figure 5I). This suggests

that the electrophysiological properties of neuronsmay be deter-

mined mostly at the post-transcriptional level and/or by a small

part of the transcriptional program. Differential expression anal-

ysis compared to control (log2FC > 1; padj < 0.01; Data S4) re-

vealed 747 differentially expressed genes in class 1 iNs, 1,351

in class 2 iNs, and 1,384 in class 3 iNs, with 712 regulated in all

and 1,298 co-regulated in the class 2 and class 3 iNs (Figure 5J).

Genes differentially regulated in both class 2 and class 3 iNswere

associated with synaptic activity (Data S4 for GO terms). Noting

the presence of potassium channel (K-channel) subunit coding

genes (e.g., Kcnb1, Kcns2; GO in Figure 5N; Data S4) among

themolecular signature of class 3 iNs (Figure 5K) and the expres-

sion of glutamate receptor subunit coding genes (e.g., Grik3,

Grm2; Figure 5L; GO Figure 5M; Data S4) in class 2 iNs signature

(Figure 5L), we analyzed their expression in more detail (Figures

5O and S4L). Overall, both K-channels and glutamate receptors

were more expressed in class 2 and class 3 iNs than in class 1

iNs and control astrocytes. Likewise, glutamatergic and

GABAergic markers were expressed more in class 2 and class

3 iNs (Figures S4M and S4N). Some K-channels were expressed

in both class 2 and class 3 iNs (e.g.,Kcnc3), while others seemed

specific to one of the proneural factors (e.g., Kcnf1 for Neurog2;

Kcns2 for Ascl1; Figure 5O); glycinergic markers were barely de-

tected (Figure S4O) (Callahan et al., 2019). Taken together,
Cell Reports 36, 109409, July 20, 2021 7



Figure 4. scRNA-seq of Ascl1- and Neurog2-iNs

(A) PCA of the 39 single cells isolated by patching. Neurog2-iNs (red dots) are localized between Ascl1-astrocytes (black dots) and Ascl1-iNs (blue dots).

(B, C, E, and F) Barplots (B and E) and Venn diagrams (C and F) of the number of genes upregulated (B and C) or downregulated (E and F) (padj < 0.01) between

iNs and astrocytes. In (C) and (F), genes were considered if log2FC > |1| and padj < 0.01. Unique genes (darker circles) were considered if, for example,

log2(FC-Ascl1) > 1, padj < 0.01, and log2(FC-Neurog2) % 0, or, for example, log2(FC-Neurog2) > = 1, padj < 0.01, and log2(FC-Ascl1) % 0.

(D and G) Top 5 GO terms (BP) from commonly upregulated (D) or downregulated (G) genes. Colors depict the enrichment over expected genes.

(H) Scatterplot depicting each cell based on log2(Astrocyte score) and log2(Neuronal score).

(I–M) Bubble plots showing the log2(expression) of selected genes (I), glutamatergic (J), GABAergic (K), and the respective receptors (L andM) in single cells. Size

of the circles reflects the proportion of cells expressing the marker in each category (in J–M); color depicts the log2(average of normalized expression) (in J–M).
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electrophysiology clearly identifies functional neuronal proper-

ties but cannot account for the transcriptional fidelity of conver-

sion. Transcriptome analysis reveals the molecular state of the

converted cells but cannot attribute functional features to neu-

rons. Notably, the expression of some K-channels correlates

with some functional properties of iNs.

Next, we compared our dataset with a published dataset of SC

neurons (Delile et al., 2019). Control astrocytes were separated

from neurons (Figure S4P); a closer look revealed that only the

class 3 iNs appeared in the center of the cloud of endogenous

SC neurons, while class 1 and class 2 iNs were at the margins

(Figure 5P). Class 3 iNs were closer to V2b interneurons and

p2, their progenitors (Karunaratne et al., 2002; Li et al., 2005).
8 Cell Reports 36, 109409, July 20, 2021
Consistent with this, Neurog2- and Ascl1-firing iNs were very

close together, with some Ascl1 class 3 iNs closer to the p2 pro-

genitors and some Neurog2 class 3 iNs closer to the V2b inter-

neurons. Thus, both TFs elicited a rather similar neuronal sub-

type identity in SC-derived astrocytes, in pronounced contrast

to previous observations following the conversion of astrocytes

from other regions (Heinrich et al., 2010; Hu et al., 2019).

Region-specific identity markers are maintained in vitro

The above results clearly showed the generation of different

iNs in the SC compared to cortex andmidbrain astrocyte reprog-

ramming (Heinrich et al., 2010; Liu et al., 2015). One possible

cause for this may be the regionalized gene expression in the



(legend on next page)

Cell Reports 36, 109409, July 20, 2021 9

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
starter cells. To determine this, we analyzed the transcriptome of

MACS astrocytes from the cortical GM and the SC, immediately

after MACS (acute) or cultured for 7 days under identical condi-

tions (culture; Figure 6A). PCA separated the samples according

to the region (PC1) and acute isolation versus culture (PC2; Fig-

ure S5A). Comparison between SC and GM astrocytes revealed

similar differences in gene expression for both acutely isolated

and cultured astrocytes (Figures 6B and 6C; Data S5). Known

patterning genes from development were among themost differ-

entially expressed genes in each condition analyzed (e.g., Otx1,

Emx2, Foxg1 in GM astrocytes; Hox genes in SC astrocytes; Fig-

ure S5B) (Hébert and Fishell, 2008; Philippidou and Dasen, 2013;

Sagner and Briscoe, 2019). Indeed, GO term analysis supported

the forebreain origin of GM astrocytes (Figures 6D and 6F; Data

S5) and the SC signature for SC astrocytes (e.g., Hox genes; Fig-

ures 6E, 6F, 6H, and 6I; Data S5) from both acutely isolated and

in vitro cells.

Interestingly, the transcriptional profile of cultured GM astro-

cytes was enriched for vasculature-related genes (Figures 6G

and 6I; Data S5), supporting the notion of astrocytes as impor-

tant players for blood-brain barrier formation (Langen et al.,

2019). Of note, primary cultures of astrocytes from both regions

showed high similarity with their acutely isolated counterparts

(Figures S5C and S5F), with differences related to angiogenesis

(in vivo for both GM and SC; Figures S5D and S5G; Data S6)

and wound healing (Figures S5E and S5H; Data S6). Further-

more, acutely isolated cells, either from cortical GM or SC, ex-

pressed higher levels of astrocyte markers than did their

cultured counterparts (Figures S5I and S5J). Importantly, the

expression of region-specific patterning genes was maintained

in iNs (Hox genes; Figure 6J), thus supporting the concept that

neuronal identity is influenced by the regionalization of the

starter astrocyte population.

To investigate the programs in astrocytes cultured from GM

and the SC, we identified differentially expressed TFs, chro-

matin modifiers, and RNA-binding proteins and constructed a

gene expression regulatory network (Su et al., 2014a). Three

distinct branches emerged in SC astrocytes (Figure 6K): one

related to RNA-binding proteins (red circles) (Matera and

Wang, 2014), another comprising genes for neural tube devel-

opment (e.g., Pax6, FoxP1, green circles), and the third

including chromatin-related factors (e.g., Ssrp1, Hmgb2,

Dnmt1, blue circles). Conversely, network analysis on genes

from GM astrocytes revealed one ramified network (Figure 6L),

in which FoxG1, Mef2c, and Cebpb seemed to be main hubs.
Figure 5. Patch-seq analysis of Ascl1- and Neurog2-iNs

(A, C, E, and G) Epifluorescent and brightfield pictures of cells selected for electro

4), class 1 non-firing reprogrammed cells (C; Ascl1 n = 2, Neurog2 n = 1), class 2 im

n = 4; Neurog2, n = 7).

(B, D, F, and H) Examples of current steps (upper plots) and the correspondingmem

and (G). For the astrocytes (B), long current step pulses are shown with hyperpola

steps are shown with either all traces (class 1, D) or single traces (class 2, F; cla

(I) PCA plot of 26 cells analyzed by patch-seq. Control cells (black triangles) are

(J) Venn diagram of the genes shared among different classes of iNs.

(K, L, and O) Bubble plots showing the expression of genes highly expressed in c

(M and N) Top 10 GO terms (MF) from highly expressed genes in class 2 (M) or c

(P) PCA of iNs (clustered according to classes in C, E, and G) compared to SC pro

A-n, Ascl1-Class n; N-n, Neurog2-Class n.
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GSEA highlighted that SC astrocytes express ‘‘dorso-ventral

neural tube patterning’’ genes (Figures 6M and 6N; Data S5),

and GM astrocytes express a higher number of ‘‘forebrain

regionalization’’ genes (Figures 6O and 6P). In summary, both

acutely isolated and in vitro cultured GM and SC astrocytes

exhibited transcriptome differences and retained specific

developmental and patterning hallmarks and gene networks

(Figures 6 and S5), with high relevance for specifying neuronal

subtypes.

Common and region-specific cascades induced by
Ascl1 and Neurog2
As patterning genes are retained in iNs (Figure 6J), possibly

influencing the reprograming, we compared Ascl1ERT2- and

Neurog2ERT2-induced neurogenic cascades in SC- (Figure 2)

and GM-derived astrocytes, obtained from published microar-

ray data (Masserdotti et al., 2015) and induced for the same

time (24 h) without any small-molecule treatment. This revealed

a profound influence of the starter cells on the induced pro-

grams: most regulated genes were specific for a specific com-

bination of starter cell and TF (Figure 6Q), with only 27.3% of

Ascl1ERT2- and 12% of Neurog2ERT2-upregulated genes

common between the astrocytes isolated from different regions

(Figure 6Q). Irrespective of the starter cell, a large fraction of

genes upregulated by Ascl1ERT2 (176 genes; Figures 6Q, yel-

low background, and S5K) were associated with neuronal func-

tions (Figure 6R); among them, genes such as Calm1, Pvalb;

the transcription factors Lhx3, Lmo1, and Sox8; and the

signaling molecules Bmp2, Bmp7, Sema6b, and Wnt9a (Fig-

ure S5K). Neurog2ERT2 regulated 22 genes common to both

regions (Figure 6Q, green background), among which were

several synapse-associated protein coding genes, such as

Cnr1, Cplx2, Lrrtm1, and Cadm3 (Figure S5L). Overall, 20

genes (Figures 6Q and 6S, blue background) were commonly

induced by both proneural factors from the different types of

astrocytes, including many transcription factors (Hes6, Insm1,

Neurod4, Prox1, Sox11, and Trnp1) (Masserdotti et al., 2015).

Thus, the starter astrocyte regional identity profoundly influ-

ences the reprogramming process for each proneural factor

with few pan-neuronal core regulators.

DISCUSSION

Direct conversion of SC-derived astrocytes showed that Ascl1

and Neurog2 elicit functionally mature neurons, with a signature
physiological and transcriptome analysis. Shown are a control astrocyte (A; n =

mature firing iNs (E, Ascl1, n = 5; Neurog2, n = 3), and class 3 firing iNs (G; Ascl1,

brane voltage responses (lower plots) for the cell types indicated in (A), (C), (E),

rizing and depolarizing steps. For the reprogrammed cells, short current ramp

ss 3, H).

separated from iNs.

lass 3 (K) or class 2 (L) iNeurons and K-channels (O) in the different subgroups.

lass 3 iNs (N). Colors depict the enrichment over expected genes.

genitors and neurons from Delile et al. (2019). Each black dot represents an iN.
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reminiscent of ventral SC interneuron identity, despite initially

inducing very different transcriptional cascades. The distinct

neuronal fate instructed from SC versus cortex astrocytes unrav-

eled the potent influence of the regional identity of astrocytes,

shown here to be maintained in vitro. These data further support

the concept that astrocytes are well suited as starter cells for

neuronal reprogramming: their regional specification and the pro-

grams elicited by the proneural factors may allow achieving the

correct regional neuronal identity. Finally, our patch-seq data

demonstrate the need for both electrophysiology and transcrip-

tomics to ensure adequate conversion and fate acquisition.

Distinct molecular programs elicited by Ascl1 and
Neurog2 in SC astrocytes
Using the inducible forms of Ascl1 and Neurog2, we identified

the early induction of two largely distinct molecular programs

(Figure 2), possibly also influenced by differences in the timing

of the reprogramming or in the reprogramming efficiency. These

programs comprise many TFs (Figure 2Q): of note, Neuro-

g2ERT2 induced more chromatin remodeling factors than

Ascl1ERT2 (Figure 2R), suggesting that Neurog2 may require

specific co-factors and complexes to promote and stabilize

the neuronal cascade (Figures 2R and 2S). Conversely, Ascl1

can apparently act as on-target pioneer factor (Wapinski et al.,

2013) either alone or by recruiting endogenously expressed

co-factors. Both TFs repressed astrocyte-specific genes (Fig-

ure S2I), while no neural stem cell marker was induced (Fig-

ure S2J), supporting the direct conversion of astrocytes without

passing through a more stem-cell-like state, as is the case in

fibroblast-to-neuron direct conversion (Treutlein et al., 2016),

or upon the forced expression of Sox2 in pericytes (Karow

et al., 2018).

It was surprising to see no clear specification toward a

GABAergic or glutamatergic identity (Figure 3) of iNs, contrary to

recent reports (Hu et al., 2019) and different from cortical GM as-

trocytes reprogramming (Heinrich et al., 2010). Both Ascl1 and

Neurog2 iNs from SC astrocytes were close to a ventral SC

GABAergic V2b interneuron type (Figure 5P), consistent with the

expression of Gad1 and Gad2 in some firing Ascl1 or Neurog2

iNs (Figure S4N). While most iNs did not fully complete the

GABAergic neurotransmitter identity (Figure 3I), our results reveal

that Ascl1 and Neurog2 do not instruct GABAergic versus gluta-

matergic neurons, as in the cortex astrocytes (Heinrich et al.,
Figure 6. Transcriptional differences between astrocytes from SC and
(A) Scheme of sample collection for RNA-seq.

(B and C) Venn diagram of the transcriptome of GM and SC astrocytes acutely i

(D–H) Top 5 GO terms (BP) associated with genes differentially expressed in acu

(F and I) Heatmaps of the relative expression of genes comprised in the top GO

(J) Bubble plot depicting the percentage of cells and log2(averaged normalized ex

(K and L) Network analysis of TFs, enriched chromatin modifiers, and RNA-bindin

hubs in blue.

(M and O) Examples of pathways identified by GSEA after comparing cultured GM

related forebrain regionalization genes (O).

(N and P) Barplots depicting the log2FC of genes associated with (M) (shown in

(Q) Overlap between the genes induced by Ascl1ERT2 and Neurog2ERT2 in GM (l

h.

(R and S) Top 5GO terms (R; cellular compartment, CC) and sketch of the cellular

derived astrocytes by Ascl1ERT2 only with padj = 0.06.
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2010) and, to some extent, the midbrain astrocytes (Liu et al.,

2015). Rather, the crosstalk between the reprogramming factors

and the cellular context shapes the neuronal outcome: the persis-

tence of patterning TFs in astrocytes of the respective regions

may influence the developmental role of the proneural factors.

During SC development, V2a and V2b interneurons derive from

p2 progenitors, which express Ascl1, Neurog1, and Neurog2 in

a mosaic pattern. Ascl1 promotes a V2a progenitor fate and Neu-

rog2 inhibits a V2a progenitor fate, thereby promoting V2b

neuronal identity (Misra et al., 2014). The acquired fate elicited

by reprogramming closely reflects the role of these factors in SC

development and may explain why some Neurog2-iNs can prog-

ress a bit further toward the V2b neuronal identity. Thus, Neurog2

can also induce GABAergic neuronal subtypes depending on its

developmental role and the regional identity of the starter cells.

Our analysis further showed that Ascl1 and Neurog2 can inter-

fere with each other, as shown for V2b interneuron fate acquisi-

tion (Misra et al., 2014) and in the telencephalon (Fode et al.,

2000; Kovach et al., 2013; Schuurmans et al., 2004). Further-

more, Ascl1 is also involved in gliogenesis throughout the

CNS, including the SC (Kelenis et al., 2018; Vue et al., 2014).

As such, the co-expression of endogenous Ascl1 and Neurog2

in some Neurog2 iNs correlated with an incomplete repression

of the astrocytic signature (Figures 4I, S3L, and S4H). However,

Ascl1 and Neurog2 are co-expressed at E12.5 in the dorsal

telencephalic ventricular zone (Britz et al., 2006), and double-

knockout (KO) embryos showed specific defects in neurogene-

sis (Dennis et al., 2017; Nieto et al., 2001), further supporting their

context-dependent activity; as such, in fibroblasts their co-

expression rather improves reprogramming into neurons (Herdy

et al., 2019; Ladewig et al., 2012). Thus, the function of these TFs

is context dependent despite their common neurogenic role: as-

trocytes provide a context that allows predictions of the induced

fate based on CNS development from radial glial cells.

The contribution of regionalization to the
reprogramming process
Developmentally instructed patterning information was present in

acutely isolated astrocytes and maintained in vitro, with GM-

derived astrocytes expressing TFs characteristic of the dorsal

telencephalon (e.g., Emx1, Otx1) and SC-derived astrocytes ex-

pressingHoxgenes (FigureS5B). Thus, themaintenanceof region-

alization contributes to the induction of different neurogenic
cerebral cortex GM

solated (B) or following 7 days in culture (C).

tely isolated GM (D) and SC (E) and cultured GM (G) and SC (H) astrocytes.

for each region in acute (F) and cultured condition (I).

pression) of patterning genes in different classes of iNs (dataset from Figure 5).

g protein in cultured SC astrocytes (K) or cultured GM astrocytes (L) with main

and SC astrocytes transcriptome. SC neural tube patterning genes (M); GM-

N) or with (O) (shown in P).

og2FC > 1.3 and p < 0.05) and SC (log2FC > 2 and padj < 0.01) astrocytes at 24

localization (S) of 20 commonly upregulated genes.Neurod4 is regulated in SC-
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cascades by the same TFs in astrocytes from different regions

(Figure 6Q), resulting in the generation of different neurons, as re-

ported for different brain regions including distinct thalamic nuclei

in vitro and in vivo (Herrero-Navarro et al., 2021; Mattugini et al.,

2019; Qian et al., 2020; Zhou et al., 2020). Of note, GM astrocytes

could bemore efficiently reprogrammed than SC astrocytes, sug-

gestingabroadereffectof regionalizationondirectconversion.For

example, the transcriptional and proteomic context in different as-

trocytes could regulate proneural gene activity (e.g., via the

expression of specific cofactors or via their phosphorylation; Ali

et al., 2014; Hindley et al., 2012), a very relevant aspect for in vivo

repair. Only few genes were induced by both TFs in both regions

(e.g., NeuroD4, Hes6, Insm1, Prox1, and Sox11; Figures 6Q and

6R) (Masserdotti et al., 2015), thus possibly representing the

‘‘pan-neurogenic’’ core network sufficient to instruct a neuronal

fate in different cell types, including astrocytes from other CNS

regions.

In summary, these data provide compelling evidence for ama-

jor contribution of the starter cell in shaping the ability of Ascl1

and Neurog2 to exploit their reprogramming potential, which

calls for the identification of starter-cell-specific cocktails of re-

programming factors. Furthermore, it suggests that many re-

programmed cells retain features of their original identity,

prompting the need for molecular characterization of the final

neuronal outcome.

Patch-seq reveals low correlation between
electrophysiology and transcriptome of single iNs
The gold standard of iNs is electrophysiology, and rightly so, as

firing and synaptic connectivity are central to their functional roles.

However, thus far, the electrophysiological and transcriptional

state of single iNs using patch-seq was not assessed. Here, we

show that there is nocorrelation in the overall clusteringofdifferent

electrophysiological classes of iNs according to their transcrip-

tome, suggesting that these major functional differences might

depend on only few genes (which, hence, would not influence

the clustering) or on other aspects (e.g., post-translational modifi-

cations). Indeed, channels and receptors have a long half-life as

proteins and often do not appear as distinguishing features in

scRNA-seq data. Therefore, the transcriptome cannot predict

the electrophysiological state of iNs, even though we unraveled

the higher expression of some K-channels in the most mature

iNs (Figures 5N and 5O). These contribute to maintain the resting

membrane potential and repolarize neurons, a distinctive feature

of firing iNs. Importantly, electrophysiology cannot be used as a

predictor of the overall fate conversion at the transcriptional level.

Hence, it is essential to complement electrophysiology with tran-

scriptional analysis as quality control for the identity of iNs, to

avoid incomplete phenotypes especially for in vivo neuronal

replacement.
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Földy, C., Darmanis, S., Aoto, J., Malenka, R.C., Quake, S.R., and S€udhof, T.C.

(2016). Single-cell RNAseq reveals cell adhesion molecule profiles in electro-

physiologically defined neurons. Proc. Natl. Acad. Sci. USA 113, E5222–

E5231.

Gascón, S., Murenu, E., Masserdotti, G., Ortega, F., Russo, G.L., Petrik, D.,

Deshpande, A., Heinrich, C., Karow, M., Robertson, S.P., et al. (2016). Identi-

fication and Successful Negotiation of a Metabolic Checkpoint in Direct

Neuronal Reprogramming. Cell Stem Cell 18, 396–409.

Golding, N.L., and Spruston, N. (1998). Dendritic sodium spikes are variable

triggers of axonal action potentials in hippocampal CA1 pyramidal neurons.

Neuron 21, 1189–1200.

Guo, Z., Zhang, L., Wu, Z., Chen, Y., Wang, F., and Chen, G. (2014). In vivo

direct reprogramming of reactive glial cells into functional neurons after brain

injury and in an Alzheimer’s disease model. Cell Stem Cell 14, 188–202.

Hartig, F. (2021). DHARMa: Residual Diagnostics for Hierarchical (Multi-Level/

Mixed) Regression Models. R package version 0.4.3. http://florianhartig.

github.io/DHARMa/.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-b-III-Tubulin Sigma-Aldrich Cat# T8660; RRID: AB_477590

Mouse anti-GFAP Dako Cat# Z0334; RRID: AB_100013482

Rabbit anti-GFAP Sigma-Aldrich Cat# G3893; RRID: AB_477010

Rat anti-RFP Chromotek Cat# 5F8; RRID: AB_2336064

Rat anti-RFP Rockland Cat# 600-401-379; RRID:AB_2209751

Anti-MAP2 Millipore Cat# MAB378, RRID:AB_94967

Anti-MAP Millipore Cat# AB5622, RRID:AB_91939

Anti-vGlut2 Synaptic Systems Cat# 135402; RRID:AB_2187539

Anti-Gad65/67 Sigma-Aldrich Cat# G5163; RRID:AB_477019

Anti-synaptophysin Synaptic Systems Cat# 101 011 RRID:AB_887824)

Anti-NeuN Merck/Millipore MAB377; RRID:AB_2298772

Anti-Ascl1 BD PharMingen RRID:AB_396479

Anti-Neurog2 Gift from DJ Anderson, Caltech, California N/A

Anti-Sox9 Sigma-Aldrich Cat# AB5535; RRID:AB_2239761

Anti-Olig2 Millipore Cat# MABN50; RRID:AB_10807410

Anti-Iba1 Synaptic System Cat# 234013; RRID:AB_2661873

Anti-Dcx Millipore Cat# ab2253; RRID:AB_1586992

Anti-Mouse Alexa Fluor 488 Molecular Probes Cat# A-21202; RRID: AB_141607

Anti-Mouse IgG2b 633 Innovative Research Cat# A21146; RRID: AB_1500899

Anti-Mouse IgG1 647 Molecular Probes Cat# A21240; RRID: AB_141658

Anti-Mouse IgG1 Biotin Southernbiotech Cat# 1070-08; RRID: AB_2794413

Anti-Rabbit Alexa Fluor 488 Molecular Probes Cat# A21206; RRID: AB_141708

Anti-rabbit-Cy5 ImmunoResearch Cat # 111-175-144 RRID: AB_2338013

Anti-rabbit Cy3 ImmunoResearch Cat# 711-165-152 RRID: AB_2307443

Anti-Rat Cy3 ImmunoResearch Cat# 112-165-167 RRID: AB_2338251

Streptavidin Alex Fluor 405 Thermo Fisher Cat# S32351

Chemicals, peptides, and recombinant proteins

EGF GIBCO Cat# PHG0311

bFGF GIBCO Cat# 13256029

Poly-D-Lysine Sigma-Aldrich Cat# P0899

B27 GIBCO Cat# 17504044

HBSS medium Thermo Fisher Cat# 24020117

HEPES Thermo Fisher Cat# 15630080

DMEM/F12 Thermo Fisher Cat# 10565018

trypsin/EDTA 0,25% Thermo Fisher Cat# 25200056

Neurobasal Medium GIBCO Cat# 21103149

Glucose GIBCO Cat# A2494001

GluataMAX GIBCO Cat# 35050061

OptiMEM – GlutaMAX Thermo Fisher Cat# 51985-026

EGTA Sigma-Aldrich Cat# E3889

Lipofectamine 2000 Thermo Fisher Cat# 11668019

Triton X-100 Sigma-Aldrich Cat# T9284

BDNF Peprotech Cat# 450-02

GDNF Peprotech Cat# 450-10

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

cAMP Sigma-Aldrich Cat# D0260

NT3 Peprotech Cat# 450-03

N2 Invitrogen Cat# 17502048

Forskolin Sigma-Aldrich Cat# F-6886

Dorsomorphin Sigma-Aldrich Cat# P-5499

Hydroxyl-Tamoxifen Sigma-Aldrich Cat# H-7904

Bovine Serum Albumine (BSA) Sigma-Aldrich Cat# A9418

Critical commercial assays

Arcturus PicoPure RNA Isolation Kit Thermo Fisher Cat# 12204-01

Agencourt AMPure XP Beckman Coulter Cat# 10136224

Deposited data

Bulk RNA-seq This study GEO: GSE174238

Patch-Seq – Figure 4 This study GEO: GSE173977

Patch-Seq – Figure 5 This study GEO: GSE173978

SC_vs_GM Astrocytes This study GEO: GSE173979

Experimental models: Organisms/strains

C57BL/6 LMU animal Facility N/A

Recombinant DNA

RV CAG-Neurog2-IRES-DsRedExpress2 Gascón et al., 2016 N/A

RV CAG-Ascl1-IRES-DsRed Heinrich et al., 2010 N/A

RV CAG-DsRedExpress2 Heinrich et al., 2010 N/A

RV CAG-Ascl1ERT2-IRES-DsRed Masserdotti et al., 2015 N/A

RV CAG-ERT2-Neurog2-IRES-DsRed This study N/A

Software and algorithms

ZEN software Zeiss https://www.zeiss.com/microscopy/en_us/

products/microscope-software

RRID:SCR_013672

ImageJ ImageJ https://imagej.net RRID: SCR_003070

GraphPad Prism 5.0 GraphPad Software http://www.graphpad.com:443/

RRID:SCR_002798

Adobe Photoshop Adobe Photoshop https://www.adobe.com RRID:

SCR_014199

Adobe Illustrator Adobe Illustrator https://www.adobe.com

RRID:SCR_010279

Microsoft Excel Microsoft Excel https://www.microsoft.com/en-gb/

RRID:SCR_016137

RStudio RStudio https://www.rstudio.com/ RRID:

SCR_000432

TopGO v.2.34.0 Alexa and Rahnenfuhrer, 2018 https://bioconductor.org/packages/

release/bioc/html/topGO.html

DESeq2 v. 1.22.2 Love et al., 2014 https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

Ggplot2 v.3.2.0 Wickham, 2016 https://cran.r-project.org/web/packages/

ggplot2/index.html

fgsea Sergushichev, 2016 https://bioconductor.org/packages/

release/bioc/html/fgsea.html

Other

Aqua Poly/Mount Polysciences Cat# 18606-20

pluriStrainer Mini pluriselect Cat# 43-10040-40

NucBlue ThermoFisher Cat# R37605
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Gia-

como Masserdotti (giacomo.masserdotti@helmholtz-muenchen.de).

Materials availability
Plasmids generated in this study are available upon request.

Data and code availability

d RNASeq data have been deposited to GEO (GSE174238; GSE173977; GSE173978; GSE173979) and publicly available.

Accession numbers are listed in the key resources table.

d This paper does not report original code.

d Any additional information required to re-analyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Wild-type mice (primary cell culture, IHC, RNA-sequencing)
All experimental procedures in this study, done at the LMUMunich, were performed in accordance with German and European Union

guidelines and were approved by the government of Upper Bavaria. Primary cultures of astrocytes from spinal cords were obtained

from brains of C57BL/6J mice of P2-3 days of age; primary cultures of gray matter cortex were obtained from brains of C57BL/6J

mice of P6-7 days of age; no specific gender was considered. Mice were fed ad libitum and housed with 12/12 h light and dark cycle

and kept under specific-pathogen-free (SPF) conditions.

Primary cultures of astrocytes
Three to six postnatal (P2-P3) mice were sacrificed and their entire spinal cord isolated from the vertebrae, after carefully ablating the

dorsal root ganglia. For cortical gray matter astrocytes, 2 postnatal (P6-P7) mice were sacrificed, brain extracted and only the gray

matter of the cerebral cortex was isolated, after paying attention to remove the sub-ventricular zone and the hippocampus. Both spi-

nal cords and gray matter tissue was dissociated to obtain a single cell suspension using the OctoMACs protocol (Miltenyi Biotec),

according to manufacturer’s instruction. Astrocytes were subsequently isolated using anti- ACSA-2 MACS-microBead Technology

(Miltenyi Biotec) according to manual’s instruction (Kantzer et al., 2017). Primary cultures of gray matter-derived astrocytes were

expanded in uncoated plastic flasks, while spinal cord-astrocytes plated on poly-D-lysine (PDL, Sigma-Aldrich)-coated flasks. Cells

were grown in T12 (spinal cord) or T25 (gray matter) flasks in medium consisting of DMEM/F12 (1:1) with GlutaMax, 10% fetal bovine

serum (FBS), glucose, penicillin /streptomycin, and 1x B27 serum-free-supplement, 10 ng/ml epidermal growth factor (EGF), and

10 ng/ml basic fibroblast growth factor (bFGF) (astro-medium). Primary cultures of astrocytes were maintained in an incubator for

6-8 days at 37�C and 5%CO2. Cells were passaged at 80%–90% confluency using 0.05% trypsin/EDTA and plated on poly-D-lysine

coated glass coverslips at a density of 50,000-60,000 cells per coverslip (in 24-well plates) or in PDL-coated 6-well plates (Nunc) at a

density of 300,000 cells per dish in fresh and complete astro-medium, supplemented with EGF and bFgf. Cells were either fixed at the

time of infection, to evaluate the purity of the cultures, or infectedwith retroviral particles 12-16 hours after plating. For the experiment

in Figure 6, cells were collected 1 day after re-plating.

METHODS DETAILS

Plasmids and viral production
The plasmid containing Ascl1ERT2 has been previously described (Masserdotti et al., 2015). Neurog2ERT2was generated by cloning

ERT2 at the 50- of Neurog2 cDNA. The cDNA was cloned downstream of the CAG promoter and followed by an Intra-Ribosome-En-

try-Site (IRES) and DsRedExpress2; similarly, Ascl1 and Neurog2 have been cloned in the same retroviral backbone, characterized

by the CAG promoter (CMV enhancer, chicken beta-actin promoter and a large sysnthetic intron), and the IRES-DsRedExpress2

sequence; control virus was generated by cloning DsRedExpress2 downstream of the CAG promoter (Gascón et al., 2016; Heinrich

et al., 2010, 2011). This allows to identify transduced cells and quantify the reprogramming efficiency over the transduced cells. To

produce viral particles, retrovirus-encoding plasmids were transfected in 293GPG (Ory et al., 1996) and collected via ultracentrifu-

gation at 27.000 rpm for 2 hours after 3, 5 and 7 days, as previously described (Heinrich et al., 2011). Pellet was resuspended in 100ml

of PBS 1X (added with 5mM MgCl2) and aliquots stored at �80�C until use.

Transduction
Primary cultures of astrocytes were plated in 24-well plates at a density of 50,000-60,000 cells per well; the next day, cells were in-

fectedwith viral particles, according to the experimental design. Twenty-four to 36 hours later, astro-mediumwas replacedwith fresh
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medium consisting of DMEM/F12 (1:1), penicillin/streptomycin, supplemented with 1x B27 and GlutaMax, glucose but not FBS, EGF

and FGF (differentiation medium) and the cells maintained in culture until 6-7 days post-transfection in 9% CO2 incubator. For

FACSorting, astrocytes were plated in 6-well plates pre-coated with PDL at a concentration of 300,000-350,000 cells per well.

The following day, cells were transduced with the retroviral particles. One day later, medium was replaced with differentiation me-

dium and cells were harvested 24 hours later (see scheme in Figure 2A). The viruses used are listed in the key resource table and

were produced as previously described (Heinrich et al., 2011; Masserdotti et al., 2015).

Long term culture of reprogrammed astrocytes
To improve the survival of the iNeurons for the characterization of the neuronal subtypes, electrophysiology, single-cell experiments

(patch-seq), cultures were treated with maturation medium (BDNF 20ng/ml, GDNF 20ng/ml, N2, NT3 20ng/ml, cAMP 100mM) every

fourth day, starting from day 8DPI. Catalog numbers are indicated in Key resource table.

Fluorescence-activated cell sorting
Astrocytes were washed twice with 1x PBS, treated with trypsin (0,05% in EDTA) for 5 minutes, before resuspending in pre-warmed

DMEM/F12 phenol-red freemediumwas added. Cells were harvested by centrifugation (1,000 rpm, 5min, 4�C), washed twice with 1x

PBS and resuspended in 300ml of DMEM/F12 (1:1), phenol-red-free. Single cell suspension was filtrated using a 40-mm cell strainer

and a drop of NucBlue was added to label living cells. Gates were defined using negative control (un-transduced cultures of astro-

cytes) and positive (cultures of astrocytes transduced with DsRed-encoding virus). The following lasers were used: x axis: 582/15

(DsRed); y axis 530/30 (FITC) (no signal in the channel; detecting autofluoresence). 20000-to-30000 events were collected per sam-

ple in a 1.5 mL tube containing 300ml of 0.05% BSA in PBS1X. Samples were kept in ice until the end of sorting, then harvested by

centrifugation (1,000 rpm, 5min, 4�C). RNA was extracted with Arcturus PicoPure RNA isolation kit, according to manufacturer’s

instruction.

Immunocytochemistry
Cells were fixed in 4%paraformaldehyde (PFA) in 1X PBS for 10min. at room temperature, washed in 1XPBS twice for 5minutes, and

stored up to amonth at 4�C before staining. Specimen were incubated in primary antibodies (see Key Resource table) in PBS1X con-

taining 4% Bovine Serum Albumin (BSA) and 0.5% Triton X-100 for 2 hours at room temperature or overnight at 4�C. After washing

three times for 5 minutes with PBS, cells were incubated with the appropriate species- or subclass-specific secondary antibodies,

with or without DAPI to label nuclei (blue), diluted 1:10000, for 1 hour in the dark at room temperature. Optionally, after incubating with

primary antibodies andwashingwith PBS, biotin-labeled secondary antibodies were used at a dilution of 1:200 for 1 hour, followed by

streptavidin-coupled fluorophores (1:500) for another hour. Coverslips were thenmounted with Aqua Poly/Mount. List of primary and

secondary antibodies can be found in the Key Resource table.

Bulk RNA sequencing
Transcriptional changes upon Ascl1ERT2 or Neurog2ERT2 activation

Cells from five biological replicates per condition (DsRed+OHT, Ascl1ERT2+OHT, NeurogERT2+OHT) and 2 replicates for DsRed-

OHT-untreated condition were sorted and their RNA extracted with PicoPure Kit (Arcturus, Kit0204). One entire biological replicate

(DsRed+OHT, Ascl1ERT2+OHT, NeurogERT2+OHT) was removed from the analysis because of the low reads in one of the samples

(DsRed+OHT). GEO number GSE174238.

Transcriptome of acutely isolated astrocytes cultured astrocytes

Following MACS procedure, cells were collected for RNA extraction (‘‘acute samples’’). Alternatively, MACS-sorted astrocytes were

grown in flasks as described. Upon 80% confluency, cells were re-seeded in 6-well plates with fresh astrocyte-medium, as for being

transduced. One day later, cells were collected and processed for RNA extraction. Five to six independent biological samples were

collected per condition (GM n = 5 both acute and culture; SC, n = 6 both acute and culture). GEO number: GSE173979.

RNAwas isolated on column using the PicPureTM RNAextraction kit (Applied Biosystems) and RNA quality and concentration were

evaluated with an Agilent BioAnalyzer 2100 (Agilent). All included samples had a RIN > 9. 3mg of RNA from each sample was used to

generate the RNA-seq libraries using bulk-adapted mcSCRB-seq protocol (Bagnoli et al., 2018): cDNA was generated by oligo-dT

primers containing well-specific (e.g., sample specific) barcodes and unique molecular identifiers (UMIs). Unincorporated barcode

primers were digested using Exonuclease I (Thermo Fisher). cDNA was pre-amplified using KAPA HiFi HotStart polymerase (Roche)

and pooled before Nextera libraries were constructed from 0.8 ng of pre-amplified cleaned up cDNA using Nextera XT Kit (Illumina). 30

ends were enriched with a custom P5 primer (P5NEXTPT5, IDT) and libraries were size selected using 2% E6 Gel Agarose EX Gels

(Life Technologies), cut out in the range of 300–800 bp, and extracted using the Monarch DNA Gel Extraction Kit (New England Bio-

labs) according to manufacturer’s recommendations. Libraries were paired end sequenced on an Illumina HiSeq 1500 instrument.

Sixteen bases were sequenced within the first read to obtain cellular and molecular barcodes, and 50 bases were sequenced in

the second read into the cDNA fragment. An additional eight bases were sequenced to obtain the i7 barcode. On average, we

sequence around 20 million read/sample. Gene-based transcripts counts were obtained by running the zUMI pipeline (Parekh

et al., 2018) (version 0.0.2) using Ensembl annotation release 81.
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RNA-seq analysis
The analysis was performed using R (3.5.3) and RStudio (version 1.2.1335). See Key Resources Table for packages used. As no sig-

nificant difference was found between OHT-treated and OHT-untreated Ds-Red-transduced cells (unsupervised clustering, Fig-

ure S2F, Principal Component analysis, Figure S2G, no genes differentially expressed with padj < 0.01, Data S1), we compared pro-

neural factor induced programs to DsRed-OHT treated samples. Gene Ontology enrichment analysis was performed using the

package ‘‘TopGO’’ in RStudio: differentially expressed genes (Log2FC > 1, padj < 0.01 or Log2FC < �1, padj < 0.01) were provided

as input, while the list of the genes with a pvalue were used as background. Top 20 GO, ranked on the basis of Exact Fisher score (<

0.01), were selected (see Tables S2–S9; S11; S14; S16–S19; S21–S23; S25–S32 in Data S1,S2, S3, S4, S5, and S6). GO terms were

then ranked for the enrichment, obtained by diving the number of detected genes versus the number of expected genes, and top 5

were plotted. Gene Set Enrichment Analysis (Subramanian et al., 2005) was performed using the package ‘‘fgsea’’ in Rstudio (Ser-

gushichev, 2016). ‘‘An algorithm for fast pre-ranked gene set enrichment analysis using cumulative statistic calculation’’).

To define the Astrocyte- and Neuron-Score, normalized counts per each gene were obtained from the package DSEq2 (Love et al.,

2014). Genes associated with astrocytes were obtained from Tripathy et al. (2018) and Weng et al. (2019), summed and used as co-

ordinate to plot in ggplot2. To define the TFs in Figures 6K and 6L, TFs were filtered from all differentially expressed genes SC-Astro

versus GM-Astro (padj < 0.01).

Single cell RNA-sequencing patch-seq related to Figures 4 and S3
Three- to four-week-old single cells were collected using an electrophysiology setup following a modified protocol (Cadwell et al.,

2017). The coverslips were kept for 1-1.5 hours in the chamber for cell picking with a single cell collected every 5-6 minutes. Cells

to be aspirated were selected by random screening of the coverslip. Brightfield and fluorescence pictures were taken before and

after aspiration to catalog each cell for morphometric analysis and to confirm the successful aspiration of the soma into the electrode.

We used borosilicate glass Warner Capillary Glass Tubing with polished ends and the inside filament (Model No. G150F-4) to make

the aspiration electrodes with the input resistance between 2-3 MU (tested with the Axon Instruments Axopatch 200B amplifier). The

intracellular solution contained (in mM): 4 KCl, 2 NaCl, 0.2 EGTA, 135 K-Gluconate, 10 HEPES (K-salt), 4 ATP (Mg-salt), 0.5 GTP (Na-

salt), 10 Phospho-creatin, pH = 7.3, 290 mOsm. This intracellular solution was supplemented with RNase Out (1:40, 40 U/ ml, Invi-

trogen) and glycogen (1:1000 from 20 mg/ml stock, Roche). Each electrode was backfilled with 1.3 mL of this supplemented intra-

cellular solution just before aspiration. To collect the individual aspirated iNeurons, PCR tubes were filled with the following solution

as described for the SmartSeq2 method by Picelli et al. (2014). We modified some volumes and concentrations as suggested in the

patch-seq method by Cadwell et al. (2017), because it worked better for our experimental setting. Each PCR tube contained 1 mL of

0.6% Triton X-100 (vol/vol) in RNase-free water (sterile, disk filter, stored at 4�C) with 1:40 of RNase Out (Invitrogen), 1 mL of oligo-

dT30VN primers (10 mM stock, stored at �80�C), and 1 mL of dNTP (10 mM stock, stored at �20�C). The PCR tubes were kept on ice

until the cell was ready to be collected. The PCR tubes were kept at �80�C until ready for the SmartSeq2 reverse transcription and

cDNA amplification. Libraries were prepared withMicroPlex Library Preparation Kit v2 (Diagenode, C05010014). Cells were collected

from 2 biologically independent reprogramming experiments. Sequencing reads were mapped to the GRCm38 reference genome

using STAR software version 2.6.0a. TPM expression values based on ENSEMBL annotation version GRCm38.92 were calculated

with RSEM (1.3.0). Data are deposited with the number GSE173977 in GEO.

Single cell-RNA-seq Patch-seq related to Figures 5 and S4
The culture coverslips were transferred to the recording chamber andwere constantly perfusedwith fresh aCSF heated to 28�Cusing

an in-line temperature controller (SH-27B combined with TC-324C, Warner Instruments Corp., Connecticut, USA). The aCSF con-

sisted of (in mM) 125 NaCl, 2.5 KCl, 26 NaHCO3, 1.25 NaH2PO4, 2 CaCl2, 2 MgCl2, 11 D-glucose (pH at 28�C = 7.4, osmolarity =

305–315 mOsm, perfused with a mixture of 95% O2 and 5% CO2). The coverslips were visualized under an upright microscope (Ax-

ioskop FS, Zeiss, Oberkochen, Germany) equipped with differential interference contrast (DIC)-infrared optics and epifluorescence

(filter set: Zeiss BP450-490, LP520). The fluorescence and infrared images were acquiredwith aCCD camera (Orca-ER, Hamamatsu,

Shizouka, Japan). Single cells were visualized using a 40 3 /0.74 N.A. water immersion objective (Olympus). The electrodes for

whole-cell patch-clamp recordings were pulled from borosilicate glass capillaries (OD = 1.5 mm, ID = 0.86 mm, Warner Instruments

Corp., Connecticut, USA) using a puller (Zeitz-Instruments, Martinsried, Germany). The intracellular solution consisted of (in mM) 126

K-gluconate, 4 KCl, 10 HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid], 10 Na2-phosphocreatine, 4 Mg-ATP, 0.3 Na2-

GTP, 0.05 Alexa Fluor 488 (Life Technologies), adjusted to pH 7.4 at 28�C and 295–300 mOsm. The electrodes (resistance �4 MU)

were connected to the amplifier’s headstage via a chlorided silver wire. A silver / silver chloride-pellet immersed into the aCSF so-

lution in the chamber served as reference electrode. Somatic whole-cell recordings were made in the current clamp mode using an

ELC 03 XS amplifier (npi electronics, Tamm, Germany). Bias and offset current were zeroed before giga seal formation.

Electrophysiological recordings were performed as described in the section Electrophysiology with the few differences: following

membrane rupture, the cells were not clamped to�60mV and restingmembrane potentials higher than�50mVwere taken as one of

the parameters showing immature reprogrammed cells. Determination of themembrane resistance was only performed bymeasure-

ment of the amplitude of a voltage deviation induced by a small hyperpolarizing current pulse (1 s, 5 – 10 pA). The cells’ ability to

generate action potentials was tested by depolarizing current ramps (50 ms) from 0 – 100 pA. The AP amplitude was measured
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as the difference between the spike threshold and the spikemaximum, the AP half-width was determined as width inms at spike half-

height. Electrophysiological data analysis was performed using MATLAB 2020a (Mathworks, Massachusetts, USA).

Based on the electrophysiological data, recorded cells were divided into 4 categories: Ds-Red transduced astrocytes (control as-

trocytes); not firing, immature and firing iNeurons. Reprogrammed cells were considered not firing if the resting membrane potential

was higher than�40 mV and/or the action potential not present; immature neurons were designated if the resting membrane poten-

tial was between �40 mV and �50 mV and the action potential amplitude lower than 40 mV; firing neurons were defined as having a

resting membrane potential lower than �50 mV, a train of action potential, whose amplitude was higher than 40mV.

After the recording, the cell was aspirated using previously published protocols (Földy et al., 2016; Winterer et al., 2019). The con-

tent of the cell was aspirated by applying negative pressure to the capillary. The intracellular solution did not contain any ribonuclease

inhibitors and very small amount of intracellular solution (> 2 ml) was used in the glass capillary to perform the electrophysiological

recordings. After the extraction of the cell, the content of the capillary was expulsed into a single 0.2mLPCR tube by applying positive

pressure and breaking off the capillary tip. The PCR tube contained 3 ml of lysis buffer solution which consisted of 0.1% Triton X-100,

5 mM dNTP Mix, 2.5 mM oligo-dT30VN primers, and 1 U/ml RNase OUT. The sample was briefly spun down using a centrifuge and

flash-frozen on dry ice. The subsequent reverse transcription (RT) and cDNA amplification was done according to the SmartSeq2

protocol (Picelli et al., 2014). The resulting cDNA fragments were analyzed using High Sensitivity DNA Kit (Agilent Bioanalyzer, Santa

Clara, USA). After sequencing, raw reads were de-multiplexed on in-house high-performance-cluster (HPC) using Je (version 2.0.2).

The raw sequencing reads were aligned to Ensembl GRCm38 mouse reference genome using STAR aligner (version 2.7.1) with the

GeneCounts parameter on. Further processing of the data was performed in RStudio using the Bioconductor package DESeq2 (Love

et al., 2014). Bubble plots showing the expression of the genes in different conditions were generated as follows: normalized gene

counts per each gene were divided by the gene length (in Kb, obtained from Ensembl); then, such expression values were averaged

within each subgroup, and then log2 transformed. Data are deposited with the number GSE173978 in GEO.

Single-cell morphometry
Pictures of individual single cells were subjected to amorphometric analysis. Using ImageJ software, several parameters weremanu-

ally analyzed: number of primary processes, angles between the processes, the longitudinal axis of the cell soma, and the cross-sec-

tion area of the cell soma. As n = 2 independent samples, we used nonparametric test for the statistical analysis. For the distribution of

the angles between processes, we separated themeasured angles into bins separated by 20 degrees and used non-linear regression

of the fourth-order polynomial function to curve fit the frequency distribution. All the collected cells were analyzed, with the exception

of 1 cell from Neurog2 (Ascl1 n = 20; Neurog2 = 21).

Ranking of transcription factors
Putative lead F (transcription or chromatinmodification factor) (Zhang et al., 2015) was assessed by an approach adopted fromRack-

ham et al. (2016). For each factor we established a sphere of influence of up to three level depth using gene-gene relations based on

STRING database version 10.5 (Szklarczyk et al., 2017). We considered only relations with total scores > 300, where less than half of

the value was attributed to text mining. Usingmeasured difference in RNA-seq expression (data processed with DESeq2; Love et al.,

2014) we calculated scores one for F and one for its underling network using following equations:

ScoreF = jlogðFCFÞjð � logðAdjPvalFÞ
ScoreNetwork =
Xn

g= 1

��log
�
FCg

����� log
�
AdjPvalg

��

Distg Pndg

where: F – factor, FC – fold change, AdjPval – adjusted p value (both from DSeq2), g – gene, Dist – number of steps between g and F,

Pnd – parent node degree, n - length of list of genes associated with F.

Subsequently all factors were ranked based on combined ranking of both scores and filtered for the normalized expression (TFs

with norm. expression < 200 after induction were excluded for Figure 2, while for Figure 3 genes with norm. exp < 20 were excluded).

To provide context to factors driving cell identity, we plotted a network using Cytoscape 3.6 (Su et al., 2014a) with edges width corre-

lating to STRING interaction score. Only factors connected to other TFs were plotted.

Comparison of scRNA-seq with publicly available data
To find if our dataset holds some resemblance to any cell type, we used available data (Delile et al., 2019). We combined iNeuron

single cell RNA-seq and public data to calculate average gene expression values for each cell type and PCs (Principal Component)

of resulting dataset. To compare cell type similarity, we plotted 3rd and 4th component.

Electrophysiology
For electrophysiological recordings, coverslips were transferred to an organ bath mounted on the stage of an upright microscope

(Axioscope FS, Zeiss, Göttingen, Germany). The cell cultures were perfused with a bathing solution consisting of (in mM): NaCl
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150, KCl 3, CaCl2 3, MgCl2 2, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 10, and D-glucose 10. The pH of the so-

lution was adjusted to 7.4 (NaOH) and its osmolarity ranged between 309 to 313 mOsmol. The perfusion rate was set to 1.4 mL / min

and recordings were performed at room temperature (23 – 24�C). The microscope was equipped with differential interference

contrast (DIC) optics and with epifluorescence optics for green and red fluorescence (filter sets: Zeiss BP450-490, LP520, Zeiss

BP546/12, lP590). Images were taken and displayed using a software-operated CCD microscope camera (ORCA R, Hamamatsu,

Herrsching, Germany).The electrodes for whole cell patch-clamp recordings were fabricated from borosilicate glass capillaries

(OD: 1.5 mm, ID: 0.86 mm, Hugo Sachs Elektronik-Harvard Apparatus, March-Hugstetten, Germany) and filled with a solution

composed of (in mM): potassium gluconate 135, KCl 4, NaCl 2, ethylene glycol-bis(2-aminoethylether)-N,N,N0,N0-tetraacetic acid

(EGTA) 0.2, HEPES (potassium salt) 10, adenosine-triphosphate (magnesium salt, ATP[Mg]) 4, sodium guanosine-triphosphate

(NaGTP) 0.5, and phosphocreatine 10 (pH: 7.25 – 7.30, osmolarity: 288 – 291mOsmol). The series resistance determined after estab-

lishment of the whole cell recording mode (9 – 17 MU) was compensated by 70 – 85%. The recorded signals were amplified (x10 or

x20), filtered at 10 or 20 kHz (current clamp) and 3 kHz (voltage clamp), digitized at a sampling rate of 10 or 20 kHz and stored on a

computer for offline analysis. Data acquisition and generation of command pulses was done by means of a CED 1401 Power 3 sys-

tem in conjunction with Signal6 data acquisition software (Cambridge electronic design, Cambridge, England). Data analysis was

performed using IGOR Pro 6 (WaveMetrics, Lake Oswego, USA) together with the NeuroMatic IGOR plugin (Version 2) (www.

neuromatic.thinkrandom.com). Microscope images were corrected for contrast and brightness by using Photoshop CS3 (Adobe

Software Systems, Ireland). By means of the motorized microscope stage, each coverslip was scanned systematically and iNeurons

were identified by red fluorescence. Following membrane rupture, the cells were voltage-clamped to a holding potential of �60 mV

and kept under this condition until stabilization of the holding current (3 – 5 min). Determination of the input resistance RN was per-

formed either bymeasurement of the amplitude of a voltage deviation induced by a small hyperpolarizing current pulse (1 s, 5 – 10 pA)

or by determining the slope of the current-voltage-curve (IV-curve) at its origin. The somatic membrane time constant Uwas derived

by fitting a dual exponential function to the voltage relaxation following cessation of a small hyperpolarizing current pulse and the total

membrane capacity CN was estimated using a method (Zemankovics et al., 2010). The cells’ ability to generate action potentials was

tested by injecting depolarizing current pulses (50 ms) with increasing current strengths (UI: 5 or 10 pA) or by depolarizing current

ramps (50 ms) from 0 – 100 pA. The amplitudes of the action potentials (spikes) were measured as the difference between the resting

membrane potential and the spike maximum, the spike duration was determined at half-maximum amplitude and the spike threshold

was derived from a phase-plane plot (Bean, 2007). The action potential discharge pattern of the cells was investigated by injections of

depolarizing current pulses (1 – 2 s), the amplitudes of which were raised in steps (5 or 10 pA) from 0 – 200 pA at a frequency of 0.1 Hz.

All chemicals and drugs were obtained from Sigma-Aldrich (Munich, Germany) and Biotrend (Cologne, Germany), respectively.

Data are given as median ± IQR. Statistical comparison of two samples was performed by using Mann-Whitney unpaired two-tailed

t test.

QUANTIFICATION AND STATISTICAL ANALYSIS

Immunostainings were analyzedwith an AxioM2 epifluorescencemicroscope or LSM710 laser-scanning confocal (Carl Zeiss). Digital

images were captured using the ZEN2 software (Carl Zeiss). Retroviral vector-transduced cells were quantified from more than 25

randomly chosen 20x fields in at least 3 independent experiments. Quantification for neuronal cells was based on b-III-tubulin immu-

noreactivity and morphological parameters, e.g., presence of 2 or more processes longer than 3x the cell soma as in Gascón et al.

(2016). Astrocytes were quantified based on morphological features and expression of known astrocytic markers (Gfap or Sox9).

Analysis of the culture composition (Figure S1) was performed by quantifying 2 tile images, each composed of 25 images (acquired

at 20X) in 3 independent biological experiment. To quantify the intensity of Asc12ERT2 and Neurog2ERT2 (Figure S2B), 1 tile image

(25 images at 20X) was imported in Fiji: nuclei were identified via DAPI and used to create amask (define threshold; SetMeasurement;

Analyze particles (60 < particles < 250). Then, the mask was applied to the tile image to obtain the average intensity per each channel

per each particle (that is, each nucleus present in the tile image). We selected the cells whose intensity value of green channel (cor-

responding to the transcription factor) was clearly above green-negative nuclei. Each tile image provided at the intensity of at least

170 cells. Data were collected for 3 independent cultures and analyzed in RStudio. Average intensity was calculated per each inde-

pendent experiment. Boxplots show the median and the interquantile range (IQR) Whiskers are calculated as 1.58*IQR (Figures 1S–

1U, S1H, S1K–S1P, S2D, and S4A–S4D). Data presented as bar plots show mean and confidence interval (CI) (Figures 1C, 1D, 2C,

3F–3I, and S3B–S3D).

Data were analyzed with Microsoft Excel, GraphPad Prism 7.0 software RStudio (version 1.2.1335); statistics was performed with

linear regression using ‘‘lm’’ function (R Stats package) in RStudio on log2 transformed reprogramming efficiency. Evaluation of the

residuals for fitted linear models was performed with the package ‘‘DHARMa’’ (Hartig, 2021). DHARMa: Residual Diagnostics for Hi-

erarchical (Multi-Level / Mixed) Regression Models. R package version 0.3.2.0. https://cran.r-project.org/web/packages/DHARMa/

index) in RStudio. Statistical details of the experiments can be found in the figure legends. Significance is based on the p value indi-

cated on the graphs as * p % 0.05, ** p % 0.01, ***p % 0.001.
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(Cell Reports 36, 109409-1–109409-16.e1–e7; July 20, 2021)

In the originally published version of this article, Figure 3G contained an incorrect number of biological replicates. The original and

corrected figure appear here, and the corrected figure now appears with the paper online. This correction does not change the per-

centages reported in the text.

The authors regret these errors.
(corrected)
Figure 3. Expression of neuronal markers in Ascl1 and Neurog2 iNs
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Figure 3. Expression of neuronal markers in Ascl1 and Neurog2 iNs (original)
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