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MicroRNA-mediatedneuronal detargeting
alters astrocyte cell fate conversion
trajectories in vivo

Check for updates

Hussein Ghazale 1,2, Martin Parga Pazos3, Sascha Jung3, Ke Cao 1,4, Lakshmy Vasan1,5,
Jack W. Hickmott 6,7, Linghe Zhang1, Cindi M. Morshead6,7, Chao Wang1,4, Antonio del Sol 3,8,9,10 &
Carol Schuurmans 1,2,5,10

Neuronal reprogramming using adeno-associated viruses with a GFAP mini-promoter offers a
promising strategy for astrocyte-to-neuron conversion; however, specificity remains a challenge due
to off-target transgene expression in endogenous neurons. To address this issue, here we
incorporated microRNA-124 target sequences (124T) into a transcriptional cassette containing the
GFAP mini-promoter and Ascl1SA6, a potent reprogramming transcription factor. Lineage tracing via
Slc1a3-CreERTandAldh1l1-CreERT2, used to pre-label astrocytes prior to conversion, confirmed the
glial derivation of reprogrammed neuron-like cells, even with 124T. Single-cell transcriptomics
identified a transitional cluster emerging from a proliferative astrocyte population with low GSK3
signaling, which branched towards hybrid neuronal and oligodendrocyte fates. Pseudotime trajectory
analysis revealed thatAscl1SA6 drives rapid neuronal transitions, whereas 124T delays conversion and
introduces lineage bifurcation. Ascl1SA6 favors a GABAergic interneuron-like identity, while Ascl1SA6

-124T biases fate transitions towards an oligodendrocyte-like fate, and to a lesser extent,
glutamatergic neuronal-like cells. SeeSawPred linked these distinct trajectories to transcription factor
shifts, including Foxo1 in neuron-like cell fates and Stat1 in oligodendrocyte lineages. 124 T thus
effectively detargets endogenous neurons, refining target cell specificity, while further guiding
reprogramming outcomes. This approach establishes a foundation for precision reprogramming
platforms aimed at restoring specific neural cell types.

Age-related neurological disorders aremarked by progressive neuronal loss
or dysfunction, impairing critical daily functions suchasmovement, speech,
and cognition. As global populations continue to age, the burden of these
conditions is increasing, yet effective treatments remain limited. Since dying
neurons are only replaced in rare circumstances in the brain1,2, developing
neuronal replacement strategies is a pressing clinical challenge. One pro-
mising approach is direct neuronal reprogramming, or the conversion of
somatic cells, such as astrocytes, into neurons using lineage-converting,
proneural transcription factors (TFs)3,4. This approach leverages the brain’s

own endogenous cellular reservoirs and mimics innate regenerative pro-
cesses observed in species like teleost fish5.

An expanding body of preclinical evidence supports the therapeutic
potential of astrocyte-to-neuron conversion across multiple neurological
conditions, including Parkinson’s disease6, stroke7,8, and other neurode-
generative conditions6,9–13. However, despite irrefutable evidence for
astrocyte-to-neuron conversion invitro3, the direct demonstrationof in vivo
lineage conversion has been challenging, owing in part to technical chal-
lenges and concerns surrounding the specificity of gene delivery vehicles14,15.

1Sunnybrook Research Institute, Toronto, ON, Canada. 2Department of Biochemistry, University of Toronto, Toronto, ON, Canada. 3CIC bioGUNE-BRTA (Basque
Research and Technology Alliance), Bizkaia Technology Park, Derio, Spain. 4Department of Immunology, University of Toronto, Toronto, ON, Canada. 5Depart-
ment of LaboratoryMedicine andPathobiology, University of Toronto, Toronto, ON,Canada. 6Department of Surgery, University of Toronto, Toronto, ON,Canada.
7Donnelly Centre for Cellular and Biomolecular Research, Toronto, ON, Canada. 8IKERBASQUE, Basque Foundation for Science, Bilbao, Spain. 9Computational
BiologyGroup, Luxembourg Centre for SystemsBiomedicine, U of Luxembourg, Esch-sur-Alzette, Luxembourg. 10These authors contributed equally: Antonio del
Sol, Carol Schuurmans. e-mail: antonio.delsol@uni.lu; carol.schuurmans@sunnybrook.ca

Communications Biology |          (2025) 8:1750 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-025-09169-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-025-09169-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-025-09169-3&domain=pdf
http://orcid.org/0000-0003-4558-5295
http://orcid.org/0000-0003-4558-5295
http://orcid.org/0000-0003-4558-5295
http://orcid.org/0000-0003-4558-5295
http://orcid.org/0000-0003-4558-5295
http://orcid.org/0000-0002-0915-6429
http://orcid.org/0000-0002-0915-6429
http://orcid.org/0000-0002-0915-6429
http://orcid.org/0000-0002-0915-6429
http://orcid.org/0000-0002-0915-6429
http://orcid.org/0000-0003-3764-1138
http://orcid.org/0000-0003-3764-1138
http://orcid.org/0000-0003-3764-1138
http://orcid.org/0000-0003-3764-1138
http://orcid.org/0000-0003-3764-1138
http://orcid.org/0000-0002-9926-617X
http://orcid.org/0000-0002-9926-617X
http://orcid.org/0000-0002-9926-617X
http://orcid.org/0000-0002-9926-617X
http://orcid.org/0000-0002-9926-617X
http://orcid.org/0000-0003-3567-0058
http://orcid.org/0000-0003-3567-0058
http://orcid.org/0000-0003-3567-0058
http://orcid.org/0000-0003-3567-0058
http://orcid.org/0000-0003-3567-0058
mailto:antonio.delsol@uni.lu
mailto:carol.schuurmans@sunnybrook.ca
www.nature.com/commsbio


Adeno-associated viruses (AAVs) are the gold standard for gene delivery as
they are well tolerated, with low immunogenicity and cytotoxicity, and they
promote high levels of ectopic gene expression16. However, early claims of
astrocyte-to-neuron conversion using AAVs carrying a GFAP mini-
promoter have been disputed since GFAP mini-promoter vectors exhibit
off-target transgene activation in endogenous neurons when coupled with
neurogenic TFs, confounding lineage attribution14,17–21. However, the lack of
GFAP promoter specificity does not negate the capacity of brain glia to be
converted to neurons, as shown definitively using retroviruses in vivo3, and
supported by in vitro studies in purified astrocytes2,4.

The neurotransmitter identity of reprogrammed neurons is critical for
circuit repair. Ascl1 is a proneural gene encoding a basic-helix-loop-helix
(bHLH) TF that promotes GABAergic neuronal fates during forebrain
development22,23 and is also later involved in oligodendrocyte lineage
specification24–26 (Fig. 1a). This neuronal fate specificity is recapitulated in
early postnatal astrocytes converted to induced neurons (iNeurons)
in vitro27. However, the function ofAscl1 and other proneural TFs is tightly
regulated by external signals, for instance, by direct phosphorylation by
proline (P)-directed serine/threonine (S/T) kinases (e.g., ERKs, GSK3,
CDKs)28–38. Since phosphorylation of bHLH TFs modulates their

Fig. 1 | Ascl1SA6 converts astrocytes pre-labeled with Slc1a3-CreERT to neurons.
a Ascl1 can specify a GABAergic neuron or OPC fate, with ERK-mediated phos-
phorylation biasing neural progenitor cells to select an OPC fate. ERK phos-
phoacceptor sites, which are serines or threonines adjacent to prolines, weremutated
to alanines to generate Ascl1SA6. BioRender was used to create the schematics.
b Astrocytes were pre-labeled using Slc1a3-CreERT;Rosa-zsGreen mice that were
administered 4-OHT four times, separated by a day per injection. At 3 days after the
last injection, AAVs were administered. BioRender was used to create the sche-
matics. c Analysis of zsGreen (zsG) and mCherry (mCh) expression at 21 days post
AAV5-GFAP-mCherry administration into Slc1a3-CreERT;Rosa-zsGreen mice.

Scale bars = 100 µm. d Quantification of the percentage of GFAP+ cells that were
zsGreen+, and the percentage of mCherry+ cells that were zsGreen+. e–hMarker
analysis of Slc1a3-CreERT;Rosa-zsGreen motor cortices transduced with mCherry
control or Ascl1SA6 vectors. Co-expression of mCherry and zsGreen were analyzed
with ASCL1 (e), GFAP (f), DCX (g) or NEUN (h). White arrows indicate
mCherry+zsGreen+; yellow arrows indicate mCherry-negative/zsGreen+. Scale bars
= 100 µm. The percentage of marker expression in mCherry+ zsGreen+ cells was
quantified (n = 3 animals each vector). Mean values and error bars representing the
standard error of the mean (s.e.m.) were plotted. p-values were calculated with an
unpaired t-test.
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lineage-inductive capacity, here, we usedAscl1SA6, in which serines in the six
SP sites were converted to alanines (Fig. 1a). SA mutations increase the
neurogenic capacity of proneural bHLHTFs in the embryonicmouse brain,
during primary neurogenesis in Xenopus, and in cancer cells28,29,33–37.
Additionally, Neurog2SA9 and Ascl1SA6 are more efficient at neuronal con-
version in vitro and in vivo39–41.

To address limitations in astrocyte-specific targeting using AAV-
GFAP vectors, we incorporated four copies of the microRNA-124
(miR-124) target sequence (124T) into the 3′ untranslated region of a
transcriptional cassette encoding the neurogenic TF Ascl1SA6. miR-124 is a
neuronal-specific microRNA that plays a central role in driving
neurogenesis, and its presence in neurons suppresses REST and other anti-
neurogenic programs42. We report here that 124T-sites added to the
AAV-GFAP-Ascl1SA6 vector effectively suppressed transgene expression in
endogenous neurons while preserving Ascl1SA6 expression in astrocytes.
Lineage tracing using Slc1a3-CreERT and Aldh1l1-CreERT2 systems con-
firmed that reprogrammed neurons originated from astrocytic glia, even in
the context of 124T detargeting. However, while Ascl1SA6 preferentially
drives astrocytic conversion towards GABAergic neuronal-like cell fates,
inclusion of 124T sites attenuated reprogramming kinetics and introduced
lineage bifurcation, redirecting cells towards more glutamatergic neuronal
and oligodendrocyte-like cell identities. These altered outcomes are linked
to distinct TF programs, highlighting the influence of post-transcriptional
modulation on fate specification. Collectively, our findings establish a
refined gene delivery platform that enhances cellular precision and reveals
how targeted transcriptional modifications reshape the lineage trajectories
of glial conversion.

Results
Ascl1SA6 converts pre-labeled astrocytes to neuron-like cells
During embryonic development of the telencephalon, Ascl1 drives the dif-
ferentiationof eitherGABAergicneuronsoroligodendrocyteprecursor cells
(OPCs), depending on developmental time and phosphorylation status by
proline-directed serine/threonine kinases, such as ERK (Fig. 1a)28. To
counteract the pro-OPC influence of ERK signaling on Ascl1’s proneural
function, we mutated all six serine residues adjacent to prolines to alanines,
creating a phosphorylation-resistant variant, Ascl1SA6 (Fig. 1a)39. To assess
the reprogramming capacity of Ascl1SA6, we employed an AAV5-GFAP
vector to drive its expression, including an mCherry reporter (Fig. 1b).

Notably, the astroglial origin of neurons generated using AAV-GFAP
promoter-based vectors have been questioned due to off-target expression
of reprogramming TFs in endogenous neurons14,17–20. Thus, to test whether
any neuron-like cells inducedbyAscl1SA6 expressionwere astrocyte-derived,
we performed lineage tracing by pre-labeling astrocytes using Slc1a3-
CreERT;Rosa-zsGreenmice (Fig. 1b). To activate CreERT, we administered
4-hydroxytamoxifen (4-OHT) intraperitoneally every other day for four
total doses prior to viral transduction. Three days after 4-OHT adminis-
tration, AAV5-GFAP-mCherry vectors were stereotactically delivered into
the motor cortex (Fig. 1b).

At 21 days post infection (dpi), 29% of GFAP+ astrocytes were
zsGreen+, likely reflecting incomplete recombination and/or molecular
heterogeneity among astrocyte populations (Fig. 1c, d)43. Of the mCherry+

transduced cells, 18% were pre-labeled zsGreen+ astrocytes, which became
the focus of subsequent analyses (Fig. 1c, d). To assess whether Ascl1SA6

could induce neuronal reprogramming in these pre-labeled astrocytes,
AAV5-GFAP-mCherry (hereafter, mCherry) or AAV5-GFAP-Ascl1SA6-
v2a-mCherry (hereafter, Ascl1SA6) vectors were delivered into the motor
cortex of 16-week-old Slc1a3-CreERT;Rosa-zsGreen mice. At 21 dpi with
Ascl1SA6, ASCL1 expression was detected in 50.3 ± 7.7% of mCherry+

transduced cells that were also zsGreen-expressing (Fig. 1e). In the control
condition, all zsGreen+mCherry+ transduced cells retained GFAP expres-
sion, whereas only 17.8 ± 9.7% of mCherry+zsGreen+ cells co-expressed
GFAP after Ascl1SA6 transduction (Fig. 1f). Instead, 63.9 ± 7.3% of
mCherry+zsGreen+ cells in the Ascl1SA6-condition initiated expression of
DCX, an immature neuronal marker (Fig. 1g), and 46.3 ± 6.7%

mCherry+zsGreen+ cells expressed NEUN, a marker of mature neu-
rons (Fig. 1h).

To further validate the astrocytic origins of Ascl1SA6-converted
neuronal-like cells, we implemented an alternative lineage-tracing strategy,
crossing Aldh1l1-CreERT2 mice with a Rosa-tdTomato reporter line.
CreERT2 recombinase was activated in Aldh1l1+ astrocytes by adminis-
tering tamoxifen in the chow for seven days, and three days later, AAV5-
GFAP vectors expressing either Emerald GFP (EmGFP) alone or Ascl1SA6

were delivered to the motor cortex (Supplementary Fig. 1a). At 21 dpi,
histological analysis revealed that Ascl1SA6 induced expression of the neu-
ronal marker NEUN in 9.23 ± 0.49 of EmGFP+ astrocytes per mm2,
significantly more than observed in EmGFP controls (Supplementary
Fig. 1b, c). Taken together, these results confirm that Ascl1SA6 reprograms a
subset of lineage-traced astrocytes towards a neuronal fate, as evidenced by
downregulation of astrocytic gene expression and activation of neuronal
markers in targeted astrocytes.

Incorporation of miR-124 target sites reduces transgene
expression in endogenous neurons
Despite encouraging reprogramming outcomes, off-target transgene
expression in endogenous neurons remains a persistent challenge when
utilizing AAV vectors in which the GFAP promoter drives neurogenic TF
expression14,17–20. A previous study demonstrated that incorporating four
copies of a neuron-specific microRNA-124 (miR-124) target site, hereafter
referred to as 124 T, into the 3’UTR of a GFAP-driven GFP reporter,
effectively reduces neuronal expression in vitro44. To test whether this
strategy could similarly suppress off-target neuronal expression of GFAP-
Ascl1SA6 vectors in vivo, we incorporated four-124T repeats into the 3’UTR
of mCherry (mCh) in control (mCh-124T) and Ascl1SA6 (Ascl1SA6-mCh-
124T) vectors (Supplementary Fig. 2a). As an additional control, the
directional 124 T sequences were reversed to generate Ascl1SA6-mCh-124T-
R, which should not bind miR-124 (Supplementary Fig. 2a). All constructs
were cloned into AAV2/5-GFAP backbones and delivered into the motor
cortex of adult C57BL/6 mice (Supplementary Fig. 2b). At 21 dpi, ASCL1
was expressed in 85.80 ± 2.82% ofmCherry+ cells transduced withAscl1SA6-
mCh-124T, and 68.39 ± 6.25% withAscl1SA6-mCh-124T-R (Supplementary
Fig. 2c, f). Expression of the astrocytic marker, GFAP, was reduced in
Ascl1SA6-mCh-124T (46.73 ± 6.13%) and Ascl1SA6-mCh-124T-R
(22.56 ± 1.08%) transduced cells relative to the mCh-124T control vector
(96.83 ± 1.9%), but to a lesser extent when the 124T sequence was in the
correct orientation (Supplementary Fig. 2d, f). Consistently, the neuronal
marker NEUN was detected in only 44.54 ± 4.71% of Ascl1SA6-mCh-124T-
transduced cells versus 81.29 ± 1.37% in Ascl1SA6-mCh-124T-R conditions,
the latter increase possibly due to the reported reduction in gene expression
when incorporating 124 T sites44 (Supplementary Fig. 2e, f).

Given the promising utility of the 124 T strategy, we assessed its impact
on neuronal conversion in Slc1a3-CreERT;Rosa-zsGreen mice pre-labeled
for astrocytic identity via four injections of 4-OHT (Fig. 2a, b). Three days
following the final injection, AAV5-GFAP vectors encoding mCh-124T,
Ascl1SA6-mCh-124T, or Ascl1SA6-mCh-124T-R were delivered intracranially
into the motor cortex (Fig. 2a–c), and cellular marker expression was
evaluated at 21 dpi. Focusing on transduced mCherry+ cells that were also
zsGreen+, ASCL1 was expressed in comparable numbers of cells after
transduction with Ascl1SA6-mCh-124T (59.08 ± 1.1%) and Ascl1SA6-mCh-
124T-R (55.58 ± 1.22%) (Fig. 2d, h). Astrocytic marker GFAP expression
was similarly reduced in mCherry+zsGreen+ cells following transduction
with Ascl1SA6-mCh-124T (4.93 ± 0.14%) and Ascl1SA6-mCh-124T-R
(2.56 ± 0.56%) (Fig. 2e, i). However, expression of DCX, an immature
neuronal marker, was more modest in mCherry+zsGreen+ cells in the
correctly oriented 124T construct (23.11 ± 3.6%) compared to the reversed
sequence (46.30 ± 6.7%) (Fig. 2f, j). Similarly, fewermCherry+zsGreen+ cells
expressedNEUN, amature neuronalmarker, in the correctly oriented 124T
construct (42.2 ± 0.44%) compared to the reversed sequence
(56.55 ± 1.88%) (Fig. 2g, k). Relative to Ascl1SA6 lacking the 124T sequences
(Fig. 1h), Ascl1SA6-mCh-124T induced neuronal expression in
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approximately half as many mCherry+zsGreen+ cells, possibly due to
reduced transgene expression, as reported with 124 T inclusion in vitro44.
Nevertheless, these findings demonstrate that the AAV-GFAP-Ascl1SA6

vector can effectively reprogram lineage-traced astrocytes into neuron-like
cells and suggest that 124 T sequences function in vivo to detarget endo-
genous neurons.

Single-cell transcriptomics identifies a transitional cell cluster
with bifurcation toward neuronal and oligodendrocyte lineages
To investigate themolecular features of neuronal conversion and profile the
transcriptomes of reprogrammed cells, we performed single-cell RNA
sequencing (scRNA-seq). For this purpose, we generated a new series of
AAV5-GFAP constructs by replacing the mCherry coding sequence with
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iCre, maintaining the established naming convention (Fig. 3a). Each iCre
construct was co-delivered with an AAV5-FLEX-GFP reporter into the
motor cortex of C57BL/6 mice to facilitate identification of transduced
regions, even at longer timepoints post-transduction (Fig. 3b, c).At 7 and50
dpi, GFP-positive motor cortex tissue was microdissected (Fig. 3c, d), dis-
sociated into single cells, and processed for library preparation and
sequencing. Following quality control filtering, we retained 2671, 12,434,
and 1972 high-quality cells from the iCre-124T,Ascl1SA6-iCre, andAscl1SA6-
iCre-124T conditions at 7 dpi, respectively (Supplementary Fig. 3a–e). At 50
dpi, the corresponding numbers of retained cells were 7169, 5133, and
12,610, respectively (Supplementary Fig. 3a–e). The resulting disparity in
cell counts across conditions, and particularly within certain populations
(e.g., only 20 cells undergoing conversion at 7 dpi for Ascl1SA6-iCre-124T),
limited our ability to perform balanced subsampling analyses. Nevertheless,
the dataset preserved similar cellular representation across time points and
constructs, permitting meaningful comparative analyses of transcriptional
trajectories, lineage bias, and molecular signatures of conversion, despite
imbalances in cell yield. Finally, as part of additional quality control
assessments, Gapdh expression, a constitutively expressed reference gene,
was comparable across all samples (Supplementary Fig. 3f). Furthermore,
iCre transcripts were detected across all experimental conditions, although
substantial variability in expression levels among samples precluded a
reliable assessment of the impact of the 124T sequences on transgene
expression (Supplementary Fig. 3g, h).

Integration of all scRNA-seq samples and subsequent clustering led to
the identification of 17 unique groups (Fig. 3e), which were mostly present
in all samples (SupplementaryFig. 3a–d).Cluster annotationwasperformed
using cell type-specific markers obtained from the CellMarker 2.0
database45. All major brain cell types were identified, including astrocytes,
oligodendrocytes and neurons, aswell as endothelial cells and immune cells,
such asmicroglia, B-cells, T-cells andmacrophages (Fig. 3e). The prevalence
of immune cells was in keeping with the disruption of brain tissue by the
microsurgery, and the adaptive immune response of the brain toAAVs46. In
a subclustering analysis of neural cells, cluster 6 was positioned at the
intersection of astrocyte-associated clusters (1, 2, 3, and9), oligodendrocyte-
associated clusters (4 and 8), and neuron-associated clusters (5 and 7) in the
UMAP space (Fig. 3f). Cluster 6 could not be identified since it displayed
high levels of heterogeneity in marker expression, so we labeled it as
“Undetermined” (Fig. 3f). Notably, this “Undetermined” cluster was not
present in the control iCre-124T samples at either 7 or 50 dpi, and its
location was consistent with the expected transcriptional profile of cells
undergoing astrocyte-to-neuron or astrocyte-to-oligodendrocyte
conversion.

To assess shifts in cell-type proportions, we compared cluster abun-
dances between experimental and control groups and evaluated statistical
significance using a permutation-based test (5000 iterations), as previously
described47. The analysis revealed no significant changes in cell proportions
for most clusters at both 7- and 50-days post transduction (Fig. 3g, Sup-
plementary Fig. 4a, b). However, when differences were detected, they
predominantly involved neuron- and oligodendrocyte-related clusters and
occurred more frequently in the Ascl1SA6 and Ascl1SA6-124T experimental
conditions (Fig. 3g). These shifts were especially pronounced at 50 dpi
within neuron-like clusters, representing the primary population that was

the product of fate conversion, further reinforcing the conclusion that
successful reprogramming events had taken place (Fig. 3g). Notably, the
x-axis of the plot depicts fold change in cell proportions. In cases where
neuron-like cells were absent in controls, the fold change is mathematically
infinite, causing those data points to appear at the edge of the plot, a visual
reflection of the proportional shift when comparing zero to non-zero
populations (Fig. 3g, Supplementary Fig. 4a, b).

Unique cell cycle and molecular signatures of astrocytes in
cluster 3
We were intrigued by the observation that astrocytes in cluster 3 exhibited
an enhanced capacity for neuronal conversion. During cortical develop-
ment, neurogenic divisions are accompanied by an extended G1 phase,
which provides a transcriptionally permissive window prior to DNA
replication, facilitating chromatin engagement by neurogenic TFs and the
initiation of lineage-specific gene expression48,49. Similarly, during fibroblast
to motor neuron conversion in vitro, elevated proliferation rates support
higher rates of Neurog2-induced neuronal conversion50. To evaluate whe-
ther astrocyte reprogramming potential was associated with cell cycle phase
in vivo, we assigned cells to G1, S, or G2/M phases based on scoring with 43
markers for Sphase and54markers forG2/Mphase; cellswith lowscores for
bothphaseswere categorized asG1 (Fig. 3h).AFisher’s exact test comparing
astrocytes from cluster 3 to those in clusters 1 and 2 revealed a significant
decrease in the proportion of G1-phase cells and concomitant increase in S
and G2/M phases in cluster 3 (Fig. 3h). These findings suggest that pro-
liferative activity, and progression into S- or G2/M-phases, may enable the
transcriptional reconfiguration required for neuronal fate conversion.

To further investigate molecular features underlying this heightened
reprogramming potential of cluster 3 astrocytes, we examined WNT sig-
naling, a pathway known to regulate neurogenesis in postnatal and adult
brains51,52. Notably, neurogenic induction in pluripotent stem cells can be
enhanced by CHIR99021, a potent GSK3 inhibitor that activates WNT
signaling4. Furthermore, high levels of GSK3 suppress Neurog2-mediated
neurogenesis during embryonic development29. We therefore analyzed the
expression of GSK3 downstream targets using feature plots and found that
relative to clusters 1 and 2, cluster 3 astrocytes exhibited reduced expression
of several key GSK3-regulated genes, including Dpysl2, Clasp1, Apc, Nfkb1,
Tsc1,Tsc2,Creb1, andCtnnb1 (Supplementary Fig. 5). Taken together, these
data suggest that astrocytes in cluster 3 possess a distinctive cell cycle profile
and a reduced GSK3 target gene expression signature, both of which may
underpin their enhanced susceptibility to neuronal reprogramming.

Cell fate conversion involves several hybrid cell types
To further assess differences across the scRNA-seq datasets, we first overlaid
UMAPembeddingsof iCre control andAscl1SA6 orAscl1SA6-124Tconditions
at both 7- and 50 dpi; however, gross differences were not detectable at this
global level (Supplementary Fig. 6a–d). We therefore focused subsequent
analyses on subclusters corresponding to astrocytes, neurons, oligoden-
drocytes and undetermined populations, in which reprogramming events
were expected to occur (Fig. 3f). To examine marker heterogeneity at finer
resolution, we curated a panel of cell-type-specific genes and calculated
scores for individual cells based on the geometric mean of non-zero
expression values. Marker sets included astrocytic (Fabp7, Gfap, Aqp4,

Fig. 2 | miRNA-124 target sites reduce off-target neuronal expression and reduce
Ascl1SA6-mediated neuronal conversion of pre-labeled astrocytes. aPre-labeling of
astrocytes in Slc1a3-CreERT;Rosa-zsGreen mice treated with 4-OHT four times,
separated by a day per injection. At 3 days after the last injection, AAVs were
administered, and brains were collected after 21 dpi. BioRender was used to create
the schematics. b Slc1a3-CreERT mediated recombination of the Rosa-zsGreen
locus. BioRender was used to create the schematics. c AAV-GFAP vectors incor-
porating four copies of the miR-124 target sites (‘124T’) in the 3’UTR of mCherry,
either in the correct orientation or reversed. The three constructs utilized were
abbreviatedmCh-124T, Ascl1SA6-mCh-124T, and Ascl1SA6-mCh-124T-R. BioRender

was used to create the schematics. d–g Labeling of Slc1a3-CreERT;Rosa-zsGreen
motor cortices that had been transduced with mCh-124T, Ascl1SA6-mCh-124T, or
Ascl1SA6-mCh-124T-R, assayed for co-expression of mCherry and zsGreen with
ASCL1 (d), GFAP (e), DCX (f) or NEUN (g). White arrows indicate
mCherry+zsGreen+; yellow arrows indicate mCherry-negative/zsGreen+. Scale bars
= 100 µm. h–kThe percentage of mCherry+zsGreen+ cells that co-expressed ASCL1
(h), GFAP (i), DCX (j) and NEUN (k) (n = 3 each vector). Mean values and error
bars representing the standard error of the mean (s.e.m.) were plotted. Statistical
significance was assessed by a one-way ANOVA with Tukey’s post hoc multiple
comparisons test.
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Slc1a2), mature oligodendrocytic (Mbp,Mog,Mag, Opalin), newly-formed
oligodendrocytes (Cnp, Plp1, Foxo4,Galc), GABAergic (Pvalb,Gad1,Gad2,
Npy), and glutamatergic (Slc17a7, Slc17a6, Gap43, Camk2a) neurons
(Supplementary Fig. 6e–h). Cells with score differentials below 0.2 between
the top two identity groups were designated as “hybrids” (Fig. 4a–d).

At 7 dpi, cluster 6 (undetermined) appeared transcriptionally hetero-
geneous, consistent with a transitional state possibly undergoing astrocyte-
to-neuron or astrocyte-to-oligodendrocyte conversion events (Fig. 4a, b). In
parallel, cluster 5, annotated as Neuron-like, was predominantly composed

of GABAergic and astrocyte-GABAergic hybrid cells, with approximately
25% retaining astrocytic signatures (Fig. 4a, b). By 50 dpi, cluster 6 had
largely shifted toward an oligodendrocyte identity, coincidingwith a decline
in the neuronal trajectory emanating from the same region (Fig. 4c, d). This
shift may reflect either a slower trajectory into oligodendrocytes or a more
rapid neuronal conversion that relocates reprogrammed cells from cluster 6
to cluster 5. Supporting this latter possibility, cluster 5 at 50 dpi displayed a
reduced proportion of astrocytes and a corresponding increase in
GABAergic-scored cells and hybrids thereof. Importantly, the spatial

Fig. 3 | Single-cell transcriptomic analyses of Ascl1SA6-mediated lineage conver-
sion. a AAV-GFAP vectors incorporating four copies of the miR-124 target sites in
the 3’UTR of iCre in the correct orientation. The three constructs utilized were
abbreviated iCre-124T, Ascl1SA6-iCre, and Ascl1SA6-iCre-124T. BioRender was used
to create the schematics. b, c A FLEX-GFP reporter system used to identify trans-
duced cells (b). Time points of scRNA-seq analyses at 7 and 50 dpi (c). BioRender
was used to create the schematics. d Motor cortex collected 21 days after co-
transduction with Ascl1SA6-iCre and FLEX-GFP, showing expression of GFP in the
transduced area of the motor cortex. Scale bar = 100 µm. eUMAP plot of combined

scRNA-seq data sets from day 7 and day 50 post-infection (n = 3 mice/construct/
time point). f Subclustering of the neural cell-specific region revealed distinct cell
populations, including astrocytes (clusters 1–3, 9), oligodendrocytes (clusters 4, 8),
neuron-like cells (cluster 5), an undetermined group (cluster 6), and endogenous
neurons (cluster 7). g Cellular proportion shifts, comparing control to Ascl1SA6, or
control to Ascl1SA6-124T at 50 dpi, and plotting Log2 fraction differences. Red dots
show statistically significant increases in cellular populations, with an FDR < 0.05
and Log2FD > 1.5. h Proportion of cells in clusters 1-9 that were in G1, S or G2/M-
phases of the cell cycle.
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distribution of cell scores revealed that cells with GABAergic and astrocyte-
GABAergic hybrid identities were enriched within the zone predicted to
harbor conversion activity (Fig. 4c, d).

Marker-based scoring revealed that Cluster 7 initially comprises a
dominant population of endogenous GABAergic neurons, which undergo
substantial cell loss over time.At day 7,GABAergic cells (including hybrids)
represented the majority of this cluster (Fig. 4a, b), but by day 50, their
numbers and relative proportions declined markedly (Fig. 4c, d). This shift
in cell-type composition is most likely attributed to decreased GABAergic
neuronal survival in the sorted cell pool, rather than transdifferentiation.
Additionally, classification noise arising from non-specific markers became
more pronounced at later time points due to lower cell counts, resulting in a
more heterogeneous cell identity distribution within the cluster (Fig. 4c, d).
Together, these results demonstrate that combining subclustering with
marker-based scoring enhances resolution of fate transitions, and pinpoints
cluster 5 as a likely endpoint of successful astrocyte-to-neuron
reprogramming.

Incorporation of 124T sequences alters neuronal transcriptional
profiles during astrocyte reprogramming
To assess whether 124T sequences function as neuronal detargeting ele-
ments, we compared differentially expressed genes (DEGs) across cell
clusters following transductionwith eitherAscl1SA6 orAscl1SA6-124T vectors,
relative to controls (Supplementary Fig. 7a–h).At 7 dpi,Ascl1SA6-transduced
samples exhibited transcriptional changes in astrocytes, converting cells,
mature neurons, and to a lesser extent, newly generated and mature oli-
godendrocytes (Fig. 5a; Supplementary Data 1). In contrast, Ascl1SA6-124T
transduction induced DEGs exclusively in astrocytes, consistent with
effective detargeting of endogenous neurons (Fig. 5a; Supplementary
Data 2). Although DEG numbers declined in the Ascl1SA6 group by 50 dpi,
transcriptional changes persisted in astrocytes and converting cells (Fig. 5b;

Supplementary Data 3). However, by 50 dpi, transcriptomic divergence
became more pronounced in the Ascl1SA6-124T condition, notably within
astrocytes and converting neurons, suggestive of a lag in the onset of gene
expression (Fig. 5b; Supplementary Data 4). Interestingly, both conditions
showed enrichment of DEGs in mature oligodendrocytes at this later stage,
suggesting a potential bifurcating lineage trajectory (Supplementary
Data3 and4).Collectively, these results support robustneuronal detargeting
effects mediated by the 124T sequences.

To investigate Ascl1SA6-driven astrocyte-to-neuron conversion, we
performed gene ontology (GO) enrichment analysis of DEGs at 7 dpi.
Compared to iCre controls, Ascl1SA6-iCre samples showed significant
enrichment of Biological Process terms related to neurogenesis, including
“positive regulation of nervous system development”, “synaptic assembly”,
and “positive regulation of axonogenesis” (Supplementary Fig. 7a, b).
Further analysis of the astrocyte cluster revealed increased expression of
genes linked to neuronal differentiation and decreased expression of
astrocytic markers and glycolytic genes (Fig. 5c), a metabolic shift con-
sistent with transition toward a neuronal phenotype53. In contrast, at 7
dpi, astrocytes transduced with Ascl1SA6-iCre-124T exhibited enrichment
in “regulation of membrane potential” terms (Supplementary Fig. 7c, d)
and also upregulated neuron-associated genes while suppressing astro-
cytic and glycolytic signatures in the astrocytic cluster (Fig. 5d). At 50
dpi, both constructs induced immune-related gene expression, indicative
of inflammatory responses to reprogramming (Supplementary
Fig. 7e–h).

Focusing on neuronal genes turned on in astrocytes, Ascl1SA6 induced
expression of both GABAergic interneuron-specific genes (Sp8,Npy, Pvalb,
Sox6) and pan-neuronal genes (Dll1, Dcx, Map2, Rnd3, Id1, Grik2, Gria2)
(Fig. 5c). Of note,Dll1 andRnd3 are knownAscl1 target genes, supporting a
direct mechanistic link to reprogramming. In contrast, Ascl1SA6-124T pre-
ferentially activated genes linked to a glutamatergic identity, including

Fig. 4 | Identification of hybrid cell types and fate transitions via marker scoring.
a, b Cluster assignments, including hybrid cell types, with a label indicating the
centroid of each cell score distribution in a UMAP plot (a), or as a percentage of cells
in each cluster with the assigned identity (b), focusing on 7 dpi. c, d Cluster

assignments, including hybrid cell types with a label indicating the centroid of each
cell score distribution shown in a UMAP plot (c), or as a percentage of cells in each
cluster with the assigned identity (d), focusing on 50 dpi.
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Grik2, Kcnd2, Nlgn1, Nrxn1, Ncam2, Npas3, Syn2, Gria2, Map2, Nrcam,
suggesting a bias toward excitatory neuronal reprogramming (Fig. 5d).
Notably, other genes inducedbyAscl1SA6-124T, suchas Sox6, Sox5, andTle4,
have context-dependent roles in inhibitory interneuron specification,
indicating partial overlap in transcriptional programs during early neuronal
fate transitions.

To validate differential marker induction, we transduced brains with
mCh-124T control, Ascl1SA6-mCh, or Ascl1SA6-mCh-124T vectors and ana-
lyzed them at 21 dpi. In line with the scRNA-seq results, Ascl1SA6 robustly
induced NPY expression (Fig. 5e), whereas Ascl1SA6-124T preferentially
activatedNLGN1 (Fig. 5f).However, induction of these target geneswas not
exclusive; both constructs activated both markers, albeit to a lesser degree
with one construct or the other. In contrast, SOX6, which was upregulated
byAscl1SA6 andAscl1SA6-124T in the scRNA-seq datasets to a similar extent,
was also induced in a similar number of cells at the protein level (Supple-
mentary Fig. 8). These findings are consistent with the high prevalence of
hybrid cell types following astrocytic transduction withAscl1SA6 orAscl1SA6-
124T. In summary, the 124T sequence effectively detargets endogenous

neurons, fine-tuning the site of transgene expression, while simultaneously
altering the transcriptional identity of reprogrammed cells. Thismodulation
drives a distinct reprogramming trajectory by preventing activation of
ectopic genes in endogenous neurons and enhancing excitatory neuronal
signatures.

124T sequences delay conversion kinetics and drive lineage
bifurcation during neuronal reprogramming
To investigate the dynamics of cellular conversion driven by Ascl1SA6 and
Ascl1SA6-124T, we performed pseudotime trajectory analysis on scRNA-seq
datasets.At 7 dpi followingAscl1SA6-iCre transduction, pseudotimeordering
revealed a continuum from astrocytes at low (early) pseudotime values,
through undetermined intermediate cells, to neuron-like cells at higher
(later) pseudotime values (Fig. 6a). By 50 dpi, both undetermined and
neuron-like populations were no longer detectable (Supplementary Fig. 9a),
despite continued expression of iCre transcripts (Supplementary Fig. 3g, h),
suggesting either selective cell loss or convergence toward endogenous
neuronal identity.

Fig. 5 | 124T sequence alters differentially expressed gene (DEG) profiles and
reprogramming outcomes. a, b Total number of DEGs in each cell type after
transductionwithAscl1SA6 (purple bars) orAscl1SA6-124T (blue bars) at day 7 (a) and
day 50 (b). c, d Log2FC in gene expression, comparing iCre to Ascl1SA6-iCre (c) or
iCre to Ascl1SA6-iCre-124T (d). Genes were categorized as associated with neurons,
astrocytes or glycolysis. e, f Motor cortices transduced with mCh-124T, Ascl1SA6-
mCh, or Ascl1SA6-mCh-124T were assayed for co-expression of mCherry with NPY

(e), or NLGN1 (f).White arrows indicate marker+mCherry+; yellow arrows indicate
marker-negative/mCherry+. Scale bars = 100 µm. The percentage of marker
expression in mCherry+ cells was quantified (n = 3 animals each vector). Mean
values and error bars representing the standard error of the mean (s.e.m.) were
plotted. Statistical significancewas assessed by a one-wayANOVAwithTukey’s post
hoc multiple comparisons test.
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In contrast, Ascl1SA6-iCre-124T transduction resulted in only a sparse
population of undetermined cells, and no neuron-like cells, at 7 dpi (Sup-
plementary Fig. 9b). However, by 50 dpi, both populations emerged, and
pseudotime trajectories revealed a bifurcation into either oligodendrocyte or
neuron-like lineage, with oligodendrocytes occupying the highest pseudo-
time values, indicative of more advanced or terminal states (Fig. 6b). These
findings indicate that Ascl1SA6 drives rapid neuronal-like conversion, while
Ascl1SA6-124T delays fate acquisition and expands lineage outcomes.

scRNA-seq analysis reveals a lineage bifurcation into oligodendrocyte
and neuronal trajectories upon incorporation of 124T sequences, indicating
that target astrocytes retain a degree ofmultipotency and thatAscl1SA6 alone
does not consistently drive neurogenesis. To investigate the transcriptional
mechanisms underlying this divergence, we employed SeeSawPred, a
computational tool designed to identify TFs governing binary cell fate
decisions54. In alignment with trajectory inference, Foxo1 expression was
enriched in neuron-like cells (Fig. 6c). Foxo1 is expressed in neural pro-
genitor cells during the period of neurogenesis, although its expression
declines upon neuronal differentiation, in part due to targeting by the
neurogenic miR-955. Conversely, Stat1 and Nr3c1 were preferentially
expressed in oligodendrocyte-like populations, consistent with the known
role of cytokine signaling and downstream STAT-TFs in glial maturation
and the regulation of myelin-associated genes56. These findings suggest that
astrocyte reprogramming outcomes may remain plastic, with terminal
identity influenced by intrinsic transcriptional states and potentially
modulated by extrinsic environmental cues.

Taken together, our results confirm that Ascl1SA6 is a potent driver of
astrocyte-to-neuron conversion, rapidly inducing a neuron-like identity.
Importantly, addition of the 124Tmodification toAscl1SA6 prevents ectopic

transgene activation in endogenous neurons when employing the GFAP
promoter, and markedly reconfigures the reprogramming trajectory,
delaying fate transitions, and promoting a bifurcation into neuronal and
oligodendrocyte lineages.

Discussion
In this study we demonstrate that Ascl1SA6 is a potent neurogenic TF that
drives astrocyte-to-neuron reprogramming in the adult brain, converting
lineage-traced astrocytes into neuron-like cells expressing PVALB, GAD1,
and NPY. This phenotype mirrors that of fast-spiking interneurons pre-
viously shown to be induced by Ascl1SA6 in proliferating, early postnatal
astrocytes via retroviral delivery40. Notably, NPY is frequently co-expressed
with PVALB during development or in specific physiological states, rein-
forcing an inhibitory interneuron identity of the reprogrammedneuron-like
cells. Among three astrocyte clusters, only one progressed into a transitional
state enriched for cells in S- and G2/M-phases and marked by low GSK3
target gene expression, amolecular and cellular signature thatmay enhance
reprogramming responsiveness. Incorporating 124T sites into the Ascl1SA6

transcriptional cassette effectively suppressed transgene expression in
endogenous neurons, refining cell-type specificity. However, beyond
detargeting, 124T appears to delay reprogramming kinetics and redirects
converting cellular trajectories towards both glutamatergic neuron-like and
oligodendrocyte-like fates. This bifurcation is substantiated by transcrip-
tional profiling and SeeSawPred analysis, which reveal distinct TF programs
along each lineage. These results underscore Ascl1SA6’s capacity to induce
subtype-specific neural cell identities and demonstrate how regulatory
sequencemodifications can broaden glial lineage potential. For instance, the
ability to generate both oligodendrocytes and neurons could enhance the

Fig. 6 | Pseudotime trajectory analysis reveals divergent fate trajectories triggered
by 124T. a, b Pseudotime trajectory analyses, originating in the astrocyte cluster, of
Ascl1SA6-iCre-transduced cells at 7 dpi (a) andAscl1SA6-iCre-124T-transduced cells at

50 dpi (b). c TF analysis of scRNA-seq data using SeeSawPred reveals Foxo1
enrichment in neuron-like cells and Stat1/Nr3c1 enrichment in oligodendrocyte-
like cells.
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therapeutic relevance of neuronal reprogramming in treating conditions
involving neuronal loss and demyelination.

Based on our scRNA-seq analyses, we identified three transcriptionally
distinct astrocyte clusters, among which cluster 3 showed the highest pro-
pensity for neuronal reprogramming. This cluster exhibited reduced
expression of GSK3 target genes compared to clusters 1 and 2, a molecular
profile that may facilitate neuronal conversion, given GSK3’s established
role in repressing proneural TF activity29 and in suppressing neuronal
morphogenesis57. Indeed, pharmacological or genetic inhibition of GSK3
enhances fibroblast-to-neuron conversion4, and facilitates reprogramming
by neurogenic TFs such asNeurog258,59. Thus, attenuatedGSK3 signaling in
cluster 3 astrocytes may create a more permissive cellular environment for
reprogramming. Intriguingly, cell cycle phase analysis revealed that repro-
grammable astrocytes in cluster 3were enriched in S andG2/Mphases. This
transition likely reflects a transition from G₀ quiescence to an actively
proliferative state, rather than implicating particular phases as intrinsically
favorable for neuronal conversion. Supporting this interpretation, increased
proliferative capacity of target cells has recently been shown to enhance the
efficiency of neuronal reprogramming in vitro50. Notably, these findings
diverge from the well-established cell cycle length hypothesis in develop-
mental neurogenesis, which posits that a prolonged G₁ phase enhances the
differentiation capacity of neural progenitor cells49. Dissecting the
mechanistic distinctions between embryonic neurogenesis and induced
neuronal reprogramming remains a key future challenge.

One intriguing aspect of our study was the transcriptomic shift
observed in induced neurons generated with Ascl1SA6 compared to those
produced using the Ascl1SA6-124T construct. A similar phenomenon was
reported in a separate study employing Neurod1-based reprogramming, in
which the inclusion of 124T sites in the 3′UTR ofNeurod1 led to a marked
shift in neuronal subtype specification, froma predominantly glutamatergic
profile with Neurod1 alone to a higher proportion of GABAergic neurons
with Neurod1-124T60. This altered fate outcome was attributed to reduced
Neurod1 expression levels due to miR-124-mediated post-transcriptional
suppression60. Although we did not observe a statistically significant
decrease in Ascl1SA6-iCre transgene expression when incorporating 124T
sites, variability across our three in vivo replicates may have obscured
expression-level effects. Nevertheless, it is well-established that proneural
TF dosage can influence neuronal fate decisions. For instance, Neurog2
expression at endogenous levels, achieved via knock-in into the Ascl1 locus
in ventral telencephalic progenitors, fails to redirect these cells, normally
committed to a GABAergic fate, towards a glutamatergic identity61. In
contrast, Neurog2 overexpression via in utero electroporation under the
control of a strong CAG promoter successfully reprograms ventral tele-
ncephalic progenitors toward a glutamatergic lineage62, illustrating the
importance of TF dosage in directing neuronal specification.

The ability of the 124T sites not only to detarget neurons, but also to
redirect cell fates towards glutamatergic and oligodendrocyte fates was
unexpected. One possibility is that the 124T sites added to the 3′UTR of
Ascl1SA6 may function as a microRNA sponge, sequestering endogenous
miR-124 and thereby impairing its ability to repress native target genes. This
sponge effect could occur if the 124T sites were present in sufficient copy
number and affinity to competitively bind miR-124, diverting it from its
physiological targets. Thismechanismhas precedent: circular RNAs such as
circHIPK3 and circMMP9 have been shown to act as sponges for miR-124
in cancer andneurodevelopmental contexts, resulting in the upregulation of
target genes like AQP3, CDK4, and AURKA, which are normally repressed
bymiR-124 and play roles in proliferation andmigration63,64. Consequently,
in the presence of supernumerary 124T sites, genes normally silenced by
miR-124, including those inhibiting neuronal differentiation, may become
derepressed, potentially influencing the fate or identity of reprogrammed
cells. For instance, miR-124 inhibits REST and CoREST, lifting repression
onneuronal genes65. If this effectwere lost through124Tsponge effects, then
a shift to the oligodendrocyte lineage could be facilitated. Notably, Ascl1
itself can upregulate miR-124 in lung carcinomas66, and miR-124

overexpression has been shown to reprogram astrocytes in vitro67, high-
lighting the important role of this molecular switch in neuronal conversion.

Sponge-based interference may also disrupt the “fate erasure” that
miR-124 normally orchestrates during neuronal reprogramming68. In this
process, miR-9/9* and miR-124 initiate neuronal conversion by first
silencing somatic identity, repressing gene networks involved in cell cycle,
adhesion, metabolism, and chromatin organization, before activating neu-
ronal transcriptional programs68. Key steps in this erasure process include
repression of TFs such as KLF4 and KLF5, and activation of chromatin
remodelers such as the small nuclear RNA 7SK, which facilitates neuronal
gene accessibility. miR-124 also governs early metabolic reprogramming
critical to the neurogenic cascade69. Thus, if 124 T sites act as a sponge in our
constructs, theymay limit the functional pool ofmiR-124, allowing residual
somatic gene networks to persist and potentially skewing the reprogram-
ming trajectory. Thus, even without a measurable reduction in transgene
expression, the functional availability of miR-124 may be compromised,
leading to indirect effects on gene networks that are sensitive to miR-124
regulation and contributing to the altered transcriptomic profiles and fate
outcomes observed with Ascl1SA6-124T.

Collectively, our findings position Ascl1SA6 as a potent and program-
mable effector of astrocyte-to-neuron conversion and demonstrate that
strategic placement of miR-124 target sequences within the 3′UTR mod-
ulates transcriptional specificity, refines lineage trajectory, and alters glial
reprogramming potential in the adult brain.

Methods
Animals
All animal procedureswere approved by the SunnybrookResearch Institute
Animal Care Committee (ACC 21-757 and 16-769) or the University of
Toronto ACC (AUP 20012508) in agreement with the Guidelines of the
CanadianCouncil of AnimalCare (CCAC).Micewere purchased fromThe
Jackson Laboratory, Bar Harbor, ME, USA, and included Slc3a1-CreERT
(RRID:IMSR_JAX:012586), Rosa-zsGreen (RRID:IMSR_JAX:007906),
Aldh1l1-CreERT2 (RRID:IMSR_JAX:029655) and Ai14 (B6.Cg-Gt(ROSA)
26Sor tm14(CAG-tdTomato)Hze/J) (RRID:IMSR_JAX:007914) strains. All
transgenic mice were maintained on a C57BL/6J background (RRI-
D:IMSR_JAX:000664). PCR genotyping was conducted according to
Jackson Laboratory protocols. The following PCR primers were used: Rosa-
zsGreen: wild-type forward: 5’-CTGGCTTCTGAGGACCG-3’; wild-type
reverse: 5’-AAT CTG TGG GAA GTC TTG TCC-3’; mutant forward: 5’-
ACCAGAAGTGGCACCTGAC-3’; mutant reverse: 5’-CAAATT TTG
TAA TCC AGA GGT TGA-3. PCR cycles were: 94 °C 2min, 10x (94 °C
20 s, 65 °C 15 s *−0.5c per cycle decrease, 68 °C 10 s), 28x (94 °C 15 s min,
60 °C 15 s, 72 °C 10 s), 72 °C 2min Slc1a3-cre/ERT wild-type Locus F: 5’-
CTAGGCCACAGAATTGAAAGATCT-3’, Slc1a3-CreERT wild-type
Locus R 5’-GTAGGTGGAAATTCTAGCATCATCC-3’. Slc1a3-CreERT
mutant Locus F: 5’-ATACCGGAGATCATGCAAGC-3’. Slc1a3-CreERT
mutant Locus R: 5’GGCCAGGCTGTTCTTCTTAG-3’. CyclesMT+WT:
JAX: 94 °C 2min, 10x (94 °C 20 s, 65 °C 15 s [*−0.5 °C per cycle], 68 °C
10 s), 28x (94 °C 15 s, 60 °C 15 s, 72 °C 10 s), 72 °C 2min Amplicon Sizes:
MT: ~200 bp; WT: 324 bp. Cre-transgene F: 5ʹ-TTGCCAGGATCAG
GGTTAAAG-3ʹ. Cre-transgene R: 5ʹ-TCATCCTTAGCGCCGTAAAT
C-3ʹ. PCR Cycling Conditions: 94 °C 3min, 35x (94 °C 30 s, 58 °C 30 s,
72 °C, 1min), 72 °C 10:00. Amplicon Size: Cre+: 300 bp. tdTomato wild-
type F: 5ʹ-AAGGGAGCTGCAGTGGAGTA-3ʹ. tdTomato wild-type R: 5ʹ-
CCGAAAATCTGTGGGAAGTC-3ʹ. tdTomato mutant R: 5ʹ-GGC
ATTAAAGCAGCGTATCC-3ʹ. tdTomato R: 5ʹ-CTGTTCCTGTACGG
CATGG-3ʹ. PCR Cycling conditions same as for Slc1a3-CreERT described
above. Amplicon Sizes: MT: 196 bp; WT: 297 bp.

Tamoxifen-induced CreERT activation
To activate Slc1a3-CreERT, 100 μg of 4-hydroxy-tamoxifen (4-OHT) was
administered every seconddayvia intraperitoneal injection for a total of four
injections. Three days later, AAVs were transduced. To lineage trace
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Aldh1l1+ astrocytes, 6-month-old male Aldh1l1-CreERT2 mice were fed
~250mg/kg of tamoxifen (TAM) in the form of Tamoxifen chow (6 kg of
Catalog #314.46, TekladDiets, Indianapolis, IN,USA formulatedwith 350 g
of Tamoxifen (0.5% tamoxifen in sucrose, Catalog #T5648, Sigma-Aldrich,
St Louis, MO, USA)) for seven days, followed by a 3-day wash-out period.

Adeno-associated viruses (AAVs)
All pAAV-GFAPshort vectors included a 681 bp (gfaABC(1)D) modified
GFAP promoter70. The generation of AAV2/5-GFAP-mCherry andAAV2/
5-GFAP-Ascl1SA6-t2a-mCherry vectors was previously described39. We
outsourced to GenScript to generate the following five new AAVs: (1)
pAAV-GFAPshort-mCherry-miR-124 target sites (x4), designated mCh-
124T; (2) pAAV-GFAPshort-Ascl1SA6-mCherry-miR-124 target sites (x4),
designated Ascl1SA6-mCh-124T; (3) pAAV-GFAPshort-Ascl1SA6-mCherry-
miR-124 target sites (x4) reversed in orientation, designated Ascl1SA6-mCh-
124T-R; (4) pAAV-GFAPshort-iCre-miR-124 target sites (x4), designated
iCre-124T; and (5) pAAV-GFAPshort-Ascl1SA6-iCre-miR-124 target sites
(x4), designated Ascl1SA6-iCre-124T. Sequence information for the four
miR-124 target sites was previously described44. After cloning, all AAVs
were packaged into an AAV5 capsid by VectorBuilder Inc (Chicago, IL,
USA). Titers for all viruses are provided in Supplementary Table 1. For the
iCre constructs,AAVswere co-transducedwithpAAV-FLEX-GFP (Catalog
# 28304, Addgene) packaged in capsid 5. As a control for Supplementary
Fig. 1, AAV2/5-GFAPshort-EmGFP (cloned and packaged by Vector-
Builder Inc.) was injected into the left burr hole.

Intracranial injections
AAVswere injected in themotor cortex bilaterally using a stereotaxwith the
following coordinates: anterior-posterior (AP)+ 2.15, medial-lateral
(ML) ± 1.7, dorsal-ventral (DV): −1.7 as previously described39. For Sup-
plementary Fig. 1, the coordinates were slightly different (AP+ 2.2 mm,
ML ± 1.7mm, DV −1.7). Briefly, mice were anaesthetized with isoflurane
(2%, 1 L/min; Fresenius Kabi, CP0406V2) and administered Tramadol-
HCL (20mg/kg; Chiron, RxN704598), Baytril® (2.5mg/kg; Bayer,
02249243), and saline (0.5 ml, Braun, L8001). To access the motor cortex, a
burr hole was drilled through the skull using a dental drill (P/N 8177 #77,
0.018”, David Kopf Instruments, Tujunga, CA, USA), and bregma and
lambda coordinates were landmarked using a stereotaxic instrument. Each
motor cortex was injected with 4.8 × 109 genome copies (GC) in a 1 μL
volume at a speed of 0.1–0.2 µl/min over 5–10min, using a 5 μl Hamilton
syringe with 33-gauge or 26-gauge needle (Hamilton, 7803-07, The
Hamilton Company, Reno, NV, USA), followed by a 5-min rest before the
needle was removed.

Tissue processing and immunostaining
Mice were perfused prior to dissection. Briefly, animals were terminally
anesthetized with Avertin prepared by dissolving 1.25% (w/v)2,2,2-tri-
bromoethanol (Catalog #T48402, Sigma-Alrich) and 2.5% (v/v) 2-methyl-2-
butanol (Catalog #152463, Sigma-Aldrich), or with ketamine (75mg/kg,
Narketan, 0237499) and xylazine (10mg/kg, Rompun, 02169592). Once
anesthetized, mice were perfused transcardially with a 20-fold amount
(compared to blood volume) of ice-cold saline (0.9% NaCl, Braun, L8001)
that was delivered with a peristaltic pump at 10ml/min, followed by 4%
paraformaldehyde (PFA, ElectronMicroscopy Sciences, 19208) diluted in 1X
phosphate buffer saline (PBS, Wisent, 311-011-CL) for 5min. Brains were
drop-fixed overnight in 4% PFA at 4 °C or for 2 hours in 4% PFA at 4 °C.
Brains were then washed three times for 10min each in 1X PBS, cryopro-
tected in 20–30% sucrose/1X PBS overnight at 4 °C, and blocked and frozen
directly, or frozen in O.C.T™ (Tissue-Tek®, Sakura Finetek U.S.A. Inc.,
Torrance, CA). Brains were sectioned coronally and cut at 10 μm or 20 μm
(only Supplementary Fig. 1) on a Leica CM3050 cryostat (Leica Micro-
systems Canada Inc., Richmond Hill, ON, Canada) or a Thermo Scientific
HM525 NX Cryostat (Waltham, MA, USA) and mounted on Fisherbrand™
Superfrost™ Plus Microscope Slides (Thermo Fisher Scientific, 12-550-15).

Immunostaining
Cryosections were hydrated with 250 µL of PBS (1X) for 5min and then
were permeabilized with 0.3% Triton X-100 (Catalog #TRX506.500, Bio-
Shop, Burlington, ON, CA) in 1X PBS for 30min. Cryosections were then
blocked for 1 h at room temperature in blocking buffer containing 10%
horse serum (HS,Wisent, 065-150) and 0.1% Triton X-100 (Sigma, T8787)
in PBS (PBST). For Supplementary Fig. 1, the blocking buffer was 5%
normal goat serum (NGS, Catalog #005-000-121 Jackson Immunoresearch
Labs, West Grove, PA, USA), 1% bovine serum albumin (BSA, Catalog
#A7906-50G, Sigma-Aldrich) and 0.3%TritonX-100 in 1XPBS. Slideswere
incubated at 4 °C overnight with primary antibodies diluted in blocking
solution as follows: rabbit anti-ASCL1 (1:500, Abcam #74065, rabbit anti-
DCX (1:500, Abcam #ab18723), rat anti-GFAP (1:500, ThermoFisher #13-
0300), mouse anti-NEUN (1:500, Millipore Sigma #MAB377), rabbit anti-
NEUN (Sigma-Aldrich #ABN78), rabbit anti-NPY (1:500, Invitrogen PA5-
85762), mouse anti-Neuroligin 1/NLGN1 (1:500, Novus #NBP2-42192),
and rabbit anti-SOX6 (1:300, Protein Tech 14010-1-AP). The next day,
cryosections were washed three times for 10min each in PBS or in 0.1%
PBST and incubated with 1:500–1:1000 dilutions of species-specific sec-
ondary antibodies all from Invitrogen Molecular Probes™ for 1 h at room
temperature. Secondary antibodies conjugated to Alexa647 goat-anti-rat
(A21247), donkey-anti-rabbit (A31573), goat-anti-mouse (A21235), and
goat-anti-rabbit (A21245). Slides were washed three times in PBS and
counterstained with 1:10,000 4′,6-diamidino-2-phenylindole (DAPI, Invi-
trogen, D1306). Finally, cryosections were washed three times in PBS and
mounted in Aqua-polymount (Polysciences Inc., 18606-20) or in Fluores-
cence Mounting Medium (Catalog #S302380-2, Agilent, Santa
Clara, CA, USA).

Tissue processing for scRNAseq
Brains were harvested into cold 1X PBS 7- and 50-days post AAV injection.
Using a brain slicer, brains were cut into coronal slices and the injected
region in the cortex was microdissected. Dissected tissue was dissociated
into single cell suspension according to the manufacturer’s instructions
using Worthington Papain System kit (Worthington, LK003150). Using a
Dead cell removal kit (130-090-101, Miltenyi Biotec), dead cells were
removed following the manufacturer’s instructions. Trypan blue staining
was used to determine cell viability, and samples with 90% viable cells were
processed for analysis. Single-cell libraries were prepared using the Chro-
mium Next GEM Single Cell 5’ Reagent Kit v2 (10X Genomics, Cat #
1000263), following the manufacturer’s protocol. Briefly, cell suspensions
were prepared at a concentration of 1 × 10⁶ cells/mL, and 16,500 cells were
loaded into each lane of aChromiumGEMChipK for an expected recovery
of 10,000 cells. Gel Bead-in-Emulsions (GEMs) were generated using the
Chromium Controller (Wang Lab, Biological Sciences Platform of Sunny-
brook Research Institute) followed by cDNA generation and amplification.
For each sample, a total of 50 ng of cDNA was used to generate libraries
according to themanufacturer’s instructions. Equalmolar quantities of each
librarywere sequenced on the IlluminaNovaSeq 6000 platformusing the S4
flow cell system (The Centre for Applied Genomics, The Hospital for Sick
Children, Toronto).

scRNA-seq data analysis
scRNA-seq data were analyzed using R (v.4.4.1). Quality control, data
clustering and visualization were performed using the Seurat (v.5.1.0)
packages. Data preprocessing, clustering, and visualization were performed
with the Seurat (v5.1.0) package, following standard guidelines from the
Seurat integration tutorial. Cross-condition dataset integration was
achieved using Canonical Correlation Analysis (CCA), which effectively
minimized batch effects between control and experimental samples.

Dimensionality reduction was performed via Principal Component
Analysis (PCA), and the top 30 principal components were used for Uni-
form Manifold Approximation and Projection (UMAP) embedding and
graph-based clustering. UMAPs were generated from integrated data,
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ensuring that spatial relationships were not biased by experimental condi-
tions, thereby highlighting biologically meaningful differences.

To quantify shifts in cell-type abundance between conditions, we used
scProportionTest (R package) to perform a permutation-based statistical
comparison of cluster proportions47. We added iCre and zsGreen coding
sequences to the reference mouse genome (refdata-gex-mm10-2020-
A_zsgreen_iCre) so that AAV transduced cells could be assigned. Statisti-
cally significant increases in cellular populations had a false discovery rate
(FDR) < 0.05 and a log2 fold-difference (Log2FD) > 1.5.

To visualize spatial expression patterns of key genes, we utilized Fea-
turePlot from the Seurat package, overlaying normalized gene expression
values onto UMAP embeddings. Color gradients were adjusted to improve
contrast and interpretability. Genes selected for visualization included
canonical lineage markers and candidate regulators identified from differ-
ential expression and TF enrichment analyses.

Cell cycle phase classification was performed using Seurat’s Cell Cycle
Scoring functionality,which assignsG1, S, orG2/Mphases basedon curated
marker sets (43 S-phase genes and 54 G2/M-phase genes). Cells with low
scores in both categories were assigned to G1 (https://satijalab.org/seurat/
articles/cell_cycle_vignette.html).

Differential gene expression analysis was conducted using DElegate
(v1.2.1), and clusterProfiler (v4.12.6) was used to perform pathway
enrichment and Gene Ontology (GO) analysis. For pseudotime trajectory
inference, we applied Monocle3 (v1.3.7) to model dynamic lineage
progression.

To identify TFs involved in fate bifurcations, we employed See-
SawPred, a computational tool designed to detect mutually inhibitory TF
pairs using pseudobulk scRNA-seq data. This platform (https://seesaw.lcsb.
uni.lu/webapp/) enabled inference of key TFs driving binary lineage deci-
sions based on the expression divergence observed in our dataset.

Imaging, quantification
All images were taken using a Leica DMi8 Inverted Microscope (Leica
Microsystems CMS, 11889113) or Zeiss Z1 Observer/Yokogawa spinning
disk (Carl Zeiss) microscope with a 20X objective. One exception is Sup-
plementary Fig. 1, for which images were taken using Axiovision software
(version 4.8.10) on a Zeiss Observer D1 inverted microscope at 20x
magnification.

Imaging and image processing
Images were analyzed using QuPath Software (v0.5.1)71. For each mouse,
cells were analyzed from three serial sections. Counts were standardized to
the number of transduced cells, or to the counting area, as indicated in the
y-axis for each graph. For Supplementary Fig. 1, to account for differences in
tamoxifen labeling betweenmice, counts were normalized to the number of
tdTomato labeled cells/mm2. Adobe Photoshop under the terms of a
Creative Cloud subscription was used to prepare figures and a license from
BioRender was used to create the schematics.

Statistics and reproducibility
Data was plotted and analyzed using GraphPad Prism 9.2.0 Software to
confirm that they met the assumptions of parametric testing. Comparisons
between two groups were performed using an unpaired two-tailed t-test,
andbetween three groups, a one-wayANOVAfollowedbyTukey’smultiple
comparisons tests was performed. Significance was defined as p-values less
than 0.05.Mean values and error bars representing the standard error of the
mean (s.e.m.) were plotted.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available within the paper
and its Supplementary Data section. The numerical source data for all

graphs are provided in Supplementary Data 5. All data for the scRNAseq
dataset is publicly available and deposited in the Gene ExpressionOmnibus
(GEO accession number GSE288733).
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