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DEVELOPMENTAL NEUROSCIENCE
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Stem cells balance self-renewal with differentiation. Priming, i.e., low-level expression of differentiation-related
genes, enables stem cells to remain undifferentiated and progeny to fast proceed in up-regulation of differentia-
tion genes. Here, we investigated transcriptional priming during neurogenesis to search for key regulators. Assay
for transposase-accessible chromatin using sequencing (ATAC-seq) and RNA sequencing of neural stem cells (NSCs)
and neurons across forebrain regions identified hundreds of neuronal differentiation genes open while lowly ex-
pressed in NSCs. Pantelencephalic candidate transcription factors regulating neurogenic primed genes highlight-
ed the transcriptional repressor transforming growth factor-f-induced homeobox factor 2 (TGIF2). We show that
TGIF2 binds and represses neuronal differentiation genes in NSCs by interacting with SIN3 transcription regulator
family member A/histone deacetylase corepressor complexes. Gain- and loss-of-function experiments in vitro and
in vivo show that TGIF2 maintains NSC identity, slows neuronal differentiation, and regulates more than half of the
primed neuronal differentiation genes in NSCs. Together, our database determines primed gene expression across

regions and stages and identifies TGIF2 as a key regulator of neurogenic NSC fate.

INTRODUCTION
Stem cells choose among different fates for their progenies while bal-
ancing differentiation versus self-renewal. To achieve this, stem cells
can use lineage priming, by which they begin preparing for specific
fate decisions before full lineage commitment. The regulation of lin-
eage priming helps stem cells rapidly respond to differentiation signals
while preserving plasticity. Priming can occur at the epigenetic, tran-
scriptional, and translational levels (1-3). At the epigenetic level,
lineage-specific regulatory elements acquire certain epigenetic marks,
such as chromatin marks mediated by disrupter of telomeric silencing
1-like (DOT1L) or other histone methyltransferases often referred to
as “poised transcription” (4-7). This poised and repressed state can be
mediated by polycomb repression and RNA polymerase II stalling (8).
At the transcriptional level, regulatory regions of genes are accessible,
while their gene expression remains low, achieving a primed but inac-
tive state. For example, in hematopoietic stem cells, early chromatin
opening at lymphoid gene loci biases lineage output toward lymphoid
fates without full gene activation (3). At the translational level, specific
mRNAs can be transcribed but remain translationally repressed until
extrinsic cues initiate their rapid translation (I). In neural stem cells
(NSCs), all three layers of priming—epigenetic (9), transcriptional (2),
and translational (1)—contribute to progenitor heterogeneity.
However, still very little is known about the transcription factors
(TFs) governing these priming states. Canonical pathways such as
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NOTCH and repressor element-1 silencing transcription factor
(REST) have been implicated in cell fate transitions of NSCs (10-12),
but these findings do not fully explain how transcriptional programs
are selectively repressed yet primed. In particular, how transcrip-
tional repressors contribute to lineage priming without triggering
full differentiation remains an open question (I).

While much research has focused on transcriptional activators
driving neurogenesis, transcriptional repressors that preserve progeni-
tor identity and restrain premature differentiation are comparatively
understudied. Notably, several repressors—such as methyl-CpG-
binding protein 2 (Mecp2), zinc finger E-box-binding homeobox 2
(Zeb2), and chromodomain helicase DNA binding protein 4 (Chd4)
(13-15)—are implicated in severe neurodevelopmental disorders,
highlighting their functional importance in brain development.
However, to which extent these factors are involved in regulating tran-
scriptional priming is not known. This raises a fundamental question:
Are there central transcriptional repressors coordinating neurogen-
ic priming and NSC maintenance, thereby ensuring proper progres-
sion of neurogenesis and the correct cortical cytoarchitecture?

RESULTS

Identification of neurogenic primed genes across

forebrain regions

To identify primed genes and their potential regulators in neurogen-
esis, it is important to analyze NSCs at the peak of neurogenesis,
embryonic day 14 (E14), in the murine cerebral cortex and compare
their expression profiles to the onset of gliogenesis, E18, when lin-
eage priming changes toward glial lineages. Therefore, NSCs were
isolated by their cell surface protein Promininl+ from the cerebral
cortex and lateral ganglionic eminence (LGE) at these stages, fol-
lowing previously established protocols (Fig. 1A) (16). Notably, neu-
rogenesis of olfactory bulb interneurons continues into adulthood in
the LGE, suggesting that these NSCs may maintain neurogenic lin-
eage priming for these neurons at E18. To characterize neuronal gene
expression, we also isolated neurons by polysialic acid (PSA)-neural
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Fig. 1. Screening of neurogenic primed genes and their regulators. (A) Experimental scheme of RNA-seq and ATAC-seq. PROM1+, PROMININ1. (B) Venn diagram show-
ing data mining logic of neurogenic primed genes. (C) Example of ATAC-seq profiles in E14 and E18 cortical NSCs of a neurogenic primed gene, Ank2, together with its
RNA expression by violin plot in E14 cortical NSCs and neurons. (D) Gene Ontology (GO) terms associated with biological processes for cortical neurogenic primed (CNP)
genes, showing top 20 terms. ERBB, erythroblastic oncogene B. (E) Expression heatmap of candidate regulators of neurogenic primed genes in E14 and E18 cortical NSCs.
(F) Expression heatmap of candidate regulators of neurogenic primed genes filtered for nonregion specific TFs in E14 NSCs between cortex (CTX) and LGE. (G) Venn dia-
gram of neurogenic NSC regulators identified from the transcriptome analysis and the differentially enriched motifs.

cell adhesion molecule (NCAM)+ at E14 and performed deep bulk
RNA sequencing (RNA-seq) and assay for transposase-accessible
chromatin using sequencing (ATAC-seq) (Fig. 1A). Principal com-
ponents analysis (PCA) revealed that brain region and developmen-
tal stage accounted for more than 70% of the variance in both RNA-seq
and ATAC-seq datasets (fig. S1, A and B), while technical parame-
ters had minimal impact (fig. S1, A to D).

To define neurogenic primed genes, we selected genes with sig-
nificantly higher expression in E14 cortical neurons compared to
NSCs [5835 genes at false discovery rate (FDR): 5%]. Of these,
85.4% (4984 genes) already exhibited accessible chromatin, i.e., were
associated to a peak signal in ATAC-seq, in E14 NSCs—consistent
with a transcriptionally primed but inactive state (Fig. 1B). Notably,
60% of these were inside genic regions, while the remainder were
more distal to the associated gene. To further ensure their identity as
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primed genes, we intersected this set with genes, for which the as-
sociated chromatin accessibility decreased in E18 cortical NSCs during
gliogenic transition (Fig. 1B). This approach identified 433 genes,
hereafter referred to as cortical neurogenic primed (CNP) genes (Fig. 1,
B and C, and table S1). Gene Ontology (GO) analysis revealed en-
richment for neuronal differentiation and maturation processes,
including “axonogenesis” and “synapse assembly” (Fig. 1D). These
findings indicate that cortical NSCs harbor a broad neurogenic pro-
gram marked by accessible chromatin well before full transcrip-
tional activation. CNP genes also showed higher expression in E14
cortical neurons compared to nonprimed genes (fig. S1, E and F),
suggesting that these genes can be activated faster upon differentia-
tion cues.

To uncover regulators of CNP genes, we performed motif search
analysis on the genomic regions that became reduced in accessibility
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in E18 compared to E14 cortical NSCs (i.e., during gliogenic transi-
tion) and were associated to the CNP genes. In addition, we filtered
for TFs with higher mean expression in E14 cortical NSCs than in
E18 cortical NSCs (Fig. 1E). This strategy yielded 33 candidate TFs
that may either activate or repress neurogenic primed genes (table S1).
As we noted many region-specific TFs (e.g., Neurogenin 2), we fur-
ther filtered out the TFs that were differentially expressed between
NSCs in cortex and LGE at E14. This yielded eight TFs (Fig. 1F),
which can be considered as more panneurogenic, or at least pantel-
encephalic, neurogenic priming factors. Of note, amongst these eight,
Smad4, Sox9, Tgif2, and Pbx2 are on average around 12 times more
highly expressed than the other four.

Identification of TFs in regulating neurogenic NSC fate

To identify TFs that may more broadly regulate the neurogenic state
of NSCs, we focused on neurogenic NSCs at E14 in cortex and LGE
and compared them to NSCs starting to convert to gliogenesis (E18).
Comparing cortex NSCs between E14 and E18, we identified exten-
sive transcriptional and chromatin changes. We found 7455 differ-
entially expressed genes (DEGs; 1% FDR; 33.5% of 22,215 detected
genes; table S2 and fig. S2A). In the LGE, 8517 DEGs were found (1%
FDR; table S2 and fig. S2B), constituting 38.33% of detected genes.
Comparing the two regions at E18, when the cortex has transitioned
to gliogenesis, while the LGE continues neurogenesis of a subset of
neurons, we found 7330 DEGs (1% FDR; 32.9% of 22,215 detected
genes; table S2 and fig. S2C). Chromatin remodeling was also very
prominent in these comparisons, with 7654 differentially accessible
regions (DARs) in cortex between the two time points (table S3 and
fig. S2D). These were fewer (4710) in the LGE, where gliogenesis also
starts, but neurogenesis of olfactory bulb (OB) interneurons contin-
ues (table S4 and fig. S2E). Comparing DARs at E18 between the
two regions revealed 9576 DARs (table S5 and fig. S2F), underscor-
ing the massive difference between a region ending neurogenesis
and one continuing it, at least in part. This illustrates the power of
this direct comparison that has not been performed so far.

To identify TFs involved in regulating the neurogenic state of NSCs,
we focused on TFs more highly expressed in E14 than in E18 NSCs
from both cortex and LGE and more highly expressed in E18 LGE
NSCs than E18 cortical NSCs, given that LGE NSCs continue neu-
rogenesis longer. To avoid factors involved in regional specification
of cortex versus LGE, we excluded those differentially expressed be-
tween the two regions at E14 (1% FDR cutoff). Following this ratio-
nale, we found 67 genes (table S6), 14 of which are TFs and/or
chromatin remodelers (Fig. 1G and table S6). To further prioritize
functional regulators, we assessed motif accessibility using ATAC-
seq. We searched for motifs that were more accessible in E14 cortex
NSCs compared to E18 cortex and in E18 LGE compared to E18 cor-
tex, excluding DARs between cortex and LGE at E14. This genomic
analysis mirrors the transcriptomic criteria but excluding the E14
versus E18 LGE comparison, as the LGE continues neurogenesis and
many neurogenic regions might not close at E18. Thereby, we identi-
fied 98 enriched TF motifs in neurogenic NSCs (table S7). Overlap-
ping these with the 14 TFs from the expression analysis revealed a
single shared TE, whose expression and motif accessibility were en-
riched in neurogenic NSCs: transforming growth factor-p (TGFp)-
induced homeobox factor 2 (TGIF2) (Fig. 1G).

As TGIF2 also emerged as a candidate for regulating neuro-
genic primed genes (Fig. 1F and table S1) and was reported as a re-
pressor in cancer studies (17, 18), we set out to explore its function
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in neurogenesis. In the nervous system, TGIF2 has only been exam-
ined in adult neurons in the context of autism spectrum disorder,
where its overexpression (OE) alleviated behavioral phenotypes in
mouse models (19). However, its function during brain development
has not been explored in contrast to its family member TGIF1 that
has been involved in holoprosencephaly (20). Consistent with our
RNA-seq data, in situ hybridization shows that TGIF2 expression is
strongly enriched in the ventricular zone, the germinal niche where
NSCs reside (fig. S3A), and gradually down-regulated in development
(fig. S3B). These findings suggest that TGIF2 may serve a previously
unrecognized function in neurogenesis, particularly by regulating
neurogenic priming programs and the maintenance of NSCs.

TGIF2 promotes NSC maintenance in vitro

To investigate the function of TGIF2 in neurogenesis, we performed
loss- and gain-of-function (LOF/GOF) experiments in vitro, using
dissociated cultures from E12 mouse cerebral cortex, a developmental
stage enriched in NSCs (Fig. 2A). TGIF2 has two isoforms, TGIF2a
and 2b, with the longer, intron-retaining isoform TGIF2a (Fig. 2H)
being both the canonical variant and also the more abundantly ex-
pressed form during cortical development (fig. S3C) (2I). For LOFE a
pool of small interfering RNAs (siRNAs) targeting both isoforms of
TGIF2 (Fig. 2B), will now be referred to as TGIF2 knockdown (KD),
were cotransfected with a plasmid expressing green fluorescent pro-
tein (GFP) to visualize transfected cells. As the siRNAs are very small,
they transfect almost all cells, and therefore, every GFP+ cell highly
likely contains siRNA. The KD condition was compared to a pool of
nontargeting siRNAs as controls (Fig. 2, B to G, and fig. $3, D to F). To
validate siRNA KD efficiency, we cotransfected them with bicistronic
expression plasmids encoding GFP and FLAG-tagged TGIF2a or
TGIF2b in Neuro2a (N2A) cells. TGIF2 protein levels were subse-
quently assessed by Western blot (fig. S3D). Similar validations were
performed in E12 cortical cultures overexpressing TGIF2a using anti-
bodies against TGIF2 and the FLAG tag (fig. S3, E and F). These data
showed significant reduction of both TGIF2a and TGIF2b to about
half (fig. S3, D to F).

To explore whether TGIF2 KD would have any functional conse-
quences on cell type identity, we fixed E12 cortex dissociated cell
cultures 3 days posttransfection and immunostained for paired box 6
(PAX6), labeling NSCs, T-Box brain protein 2 (TBR2), specific for
neuronal progenitors (NPCs), and TUBULIN bIII (TUBB3) to de-
tect differentiating neurons (Fig. 2B). TGIF2 KD significantly reduced
the proportion of PAX6+ NSCs (Fig. 2C) and increased TUBB3+
neurons (Fig. 2D), indicating that loss of TGIF2 promotes prema-
ture neuronal differentiation. When cell cultures were fixed at 7 days
posttransfection and stained for the same marker proteins (Fig. 2E),
we observed very few PAX6+ cells (fig. S3, G and H), as cells had
differentiated further, possibly also due to dilution of the siRNAs in
further divisions. However, TBR2+ progenitor cells were now sig-
nificantly reduced (Fig. 2F), and TUBB3+ neurons were still signifi-
cantly increased upon TGIF2 KD (Fig. 2G).

For GOEF, we transfected E12 cortex cells with constructs encod-
ing the two splice variants of TGIF2 (Fig. 2H). Constructs encoded
triple-Flag-tagged TGIF2a or TGIF2b coexpressing GFP under the
CAG promoter. A monocistronic GFP vector served as the negative
control. OF of both forms of TGIF2 significantly increased the pro-
portion of PAX6+ NSCs at 3 days posttransfection, with TGIF2a ex-
erting a stronger effect than TGIF2b (Fig. 2, I and J). In parallel, the
proportion of TUBB3+ neurons was significantly reduced in the
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Fig. 2. TGIF2 KD promotes differentiation, while TGIF2 OE promotes NSC state in vitro. (A) Schematic drawing showing the procedure of E12 cortical culture transfec-
tion assay. (B and E) Representative images showing transfected E12 cortical cultures in LOF experiment at 3 or 7 days posttransfection (dpt), respectively. White arrow-
heads for paired box 6+T-Box brain protein 2— (PAX6+TBR2-)GFP+/GFP+ cells, yellow arrowheads for PAX6+TBR2+GFP+/GFP+ cells, and red arrowheads for TUBULIN blll
(TUBB3)+GFP+/GFP+ cells. Scale bars, 50 pm. (C, D, F, and G) Quantifications of PAX6+GFP+/GFP+ and TUBB3+GFP-+/GFP+ in LOF experiment at 3 or 7 days posttransfec-
tion, respectively; mean + SD. N = 3 pools of embryos. Two-tailed paired t test. *P < 0.05 and **P < 0.01. (H) Schematic drawing of TGIF2 isoforms. IR, intron retention; aa, amino
acids. (I) Representative images showing transfected E12 cortical cultures in GOF experiment at 3 or 7 days posttransfection, respectively. Magenta arrowheads for PAX6+TBR2-
GFP-+/GFP+ cells, cyan arrowheads for TBR2+PAX6-GFP+/GFP+ cells, yellow arrowheads for PAX6+TBR2+GFP+/GFP+ cells, and white arrowheads for TUBB3+GFP-+/
GFP+ cells. Scale bars, 50 pm. (J and K) Quantifications of PAX6+GFP+/GFP+ and TUBB3+GFP+/GFP+ at 3 days posttransfection; mean + SD. N =5 to 6 pools of embryos.
Ordinary one-way analysis of variance (ANOVA) with Holm-Sidak’s multiple-comparison test. *P < 0.05 and ***P < 0.001.
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TGIF2b condition (Fig. 2, I and K). Thus, TGIF2 OE maintains more
NSCs and reduces neuronal differentiation.

To assess longer-term effects of TGIF2, we analyzed cultures at
7 days posttransfection. While PAX6+ cells are very few at this stage
and plasmids are diluted when cells continue to proliferate, we now ob-
served a significant increase in the proportion of TBR2+ NPCs in
TGIF2a-OE cultures, with a similar but milder trend in TGIF2b-
expressing cells (fig. $4, A to C). No significant difference in the propor-
tion of neurons was observed at this later stage (fig. S4D). These results
demonstrate that TGIF2, particularly TGIF2a, delays differentiation
and sustains initially NSC states, followed by an increase in neuronal
progenitor cells. Conversely, TGIF2 KD accelerates neuronal differen-
tiation, reducing first PAX6+ NSCs and at later stages TBR24 NPCs.

TGIF2 function is dependent on its repressor domain

and phosphorylation

To determine whether TGIF2 acts as a repressor in NSCs, we per-
formed sequence alignment with its paralog TGIF1, which is better
characterized (22). This alignment revealed a conserved SIN3A-
interacting domain (SID) in TGIF2, previously shown to interact
with the SIN3A in TGIF1 and suggested to maintain pluripotency
by repression (Fig. 3, A and C) (22, 23).

To test the functional relevance of this domain, we generated
TGIF2a fusion constructs replacing the SID with either a more po-
tent repressor domain, Kriippel-associated box (KRAB), or an acti-
vator domain, tetrameric repeat of herpes simplex viral protein 16
(VP64) (Fig. 3A). TGIF2a-KRAB OE in E12 cortical cell cultures
resulted in the same but even stronger phenotype than wild-type
TGIF2a, showing a significantly higher proportion of PAX6+ NSCs
(32.8%) compared to wild-type TGIF2a (17.2%) and control (8.7%)
at 3 days posttransfection (Fig. 3, B and D). This was accompanied
by a substantial reduction in the neuronal population in the TGIF2a-
KRAB condition (Fig. 3E). Conversely, TGIF2a-VP64 OE led to a
decrease in NSCs (Fig. 3, C and D), with more than 90% of cells
differentiating into neurons (Fig. 3E). To determine whether it is the
SID domain that is necessary to prevent premature differentiation
and maintain NSC identity, we introduced a mutation in the middle
of SID (fig. S4E). This mutant form shows a phenotype mimicking
TGIF2 KD—more neurons at 3 days posttransfection (fig. S4, F to H).

Because phosphorylation has been reported to regulate TGIF2 in
other systems (e.g., cancer) (17) and its phosphorylation sites seem
to be a linker connecting the homeodomain and SID (Fig. 3A), we next
investigated its relevance in neurogenesis. We generated a phospho-
deficient TGIF2a mutant by substituting two mitogen-activated protein
kinase (MAPK) threonine residues with glycine (TGIFZaTTGG) (Fig. 3,
A and B). OE of phospho-resistant TGIF2 in E12 cortical cultures
did not affect NSC maintenance or neuronal differentiation (Fig. 3,
C to E), suggesting that TGIF2a function requires its phosphorylat-
ed form to repress differentiation and promote NSC maintenance.

Collectively, these findings demonstrate that TGIF2 exerts its tran-
scriptional repressive function through a conserved SID, which nor-
mally mediates interaction with the SIN3A-histone deacetylase
(HDAC) complex (22), and that this function is dependent on TGIF2’s
phosphorylation state. These properties are critical for its role in main-
taining NSC identity and repressing premature neuronal differentiation.

TGIF2 interacts with HDAC1/2 and SIN3 corepressor complex
To uncover molecular partners that mediate TGIF2’s transcriptional
repression, we performed coimmunoprecipitation, followed by mass
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spectrometry (co-IP-MS) using the triple-flag-tagged TGIF2a ex-
pressed in P19 cells (Fig. 3F). In two independent biological replicates,
we identified high-confidence interactors by comparing TGIF2a pull-
downs to GFP controls [label-free quantification (LFQ) intensity
ratio > 3; table S8]. Notably, TGIF2a robustly associated with core
components of the SIN3A corepressor complex, including HDAC1/2
and retinoblastoma binding protein 4 and 7 (RBBP4/7)—key media-
tors of transcriptional repression via histone deacetylation (Fig. 3G)
(18). In addition, TGIF2a interacted with nuclear lamina-associated
proteins such as barrier to autointegration factor 1 (BANF1) and thy-
mopoietin (TMPO) (also known as lamin-associated polypeptide 2),
which contribute to gene silencing through chromatin tethering to
the nuclear periphery (24).

Beyond chromatin regulators, TGIF2a also pulled down proteins
involved in DNA replication and cell cycle [replication protein A 1, 2,
and 3 (RPA1/2/3)], as well as metabolic control [poly(ADP-ribose)
polymerase 1 (PARP1) and single-stranded DNA binding protein 1
(SSBP1)], suggesting broader regulatory roles (Fig. 3G). To verify that
TGIF2a physically interacts with the SIN3A-HDAC complex as shown
before (18), we performed IP-Western blot experiments. Using an
anti-Flag antibody to immunoprecipitate TGIF2, we could pull down
HDAC1, HDAC?2, and SIN3A but not in the immunoglobulin G (IgG)
control or in cells transfected with the GFP control plasmid (fig. S41).
These data thus provide molecular evidence in support of TGIF2’s re-
pressive function by interacting with the SIN3A/HDAC complex.

TGIF2 OE in vivo expands the NSC pool and delays

neuronal positioning

Given the evidence of TGIF2 promoting NSC fate via its repressive
function in vitro, we aimed to determine whether this was also the
case in vivo and whether it would affect neurogenic primed gene ex-
pression. Toward this aim, we used the same OE constructs for in
utero electroporation (IUE) into the cerebral cortex at E13 and ana-
lyzed the cortices 3 days post-IUE (Fig. 4A).

To determine the effect of TGIF2 on NSCs and NPCs, we per-
formed immunostaining using PAX6 for labeling NSCs and TBR2 for
labeling NPCs (Fig. 4, B to D). Both TGIF2 constructs resulted in a
significant enrichment of PAX6+4 NSCs, with no differences observed
for TBR2+ cells (Fig. 4E), suggesting that TGIF2 favors NSC fate.
Most PAX6+ cells were located in the ventricular zone (binl) after
TGIF2 OE similar to the control, and no ectopic PAX6+ or TBR2+
cells were detected under the OE conditions. To assess proliferation,
we examined the mitotic marker phospho-histone 3 (pH3), which
revealed a more than twofold increase in proliferating pH3+/GFP+
cells under TGIF2 OE, with TGIF2b isoform showing a stronger and
significant effect (fig. S5, A and B).

To determine whether cells overexpressing TGIF2 remain stuck
in the ventricular zones, we examined their position by dividing the
cortical thickness into five bins, with binl being at the ventricle
(Fig. 4, F to H). While cells were capable reaching the cortical plate,
we observed a decrease of mature neurons in the cortical plate (bin5)
upon TGIF2a OE (Fig. 4I). We also noted increased cell proportions
in bin3 (Fig. 4I), which contained young neurons labeled with neu-
ronal differentiation factor 2 (NEUROD?2) (fig. S5, C to F). The two
isoforms differed in the size of the effect, with TGIF2b affecting pro-
liferation stronger and TGIF2a affecting neuronal differentiation
and positioning more. These results demonstrate that TGIF2 favors
NSCs and proliferation while delaying neuronal differentiation also
in vivo.
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Fig. 3. TGIF2 acts as a repressor and interacts with SIN3A corepressor complex. (A) Schematic structures of TGIF2a fusion constructs. TTGG, two threonines mutated
to glycines. (B) Representative pictures of E12 primary cortical cultures transfected with different conditions at 3 days posttransfection, costained for PAX6, TBR2, and
TUBB3. Magenta arrowheads for PAX6+TBR2-GFP+/GFP+ cells, yellow arrowheads for TBR24+-PAX6+GFP+/GFP+ cells, and white arrowheads for TUBB3+GFP+/GFP+ cells.
Scale bars, 50 pm. (C) AlphaFold prediction of TGIF2 structure, with DNA binding domain and repressor domain circled, and two mitogen-activated protein kinase (MAPK)
sites indicated. (D and E) Quantifications of PAX6+GFP+/GFP+ and TUBB3+GFP+/GFP+ in transfected E12 culture at 3 days posttransfection with TGIF2a_KRAB, TGIF2a_
VP64, and TGIF2a'™eC constructs; mean + SD. N = 3 to 9 pools of embryos. Ordinary one-way ANOVA with Dunnett’s multiple-comparison test. n.s., not significant. (F) Sche-
matic drawing of immunoprecipitation-mass spectrometry (IP-MS) experiment in P19 cells. h, hours. (G) STRING analysis of interactors of TGIF2a with label-free quantification
(LFQ) intensity more than threefold compared to GFP control.
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condition in GFP. Scale bars, 100 pm. Dashed lines indicate the five equal bins. (I) Quantification of GFP+ cell distribution per bin at 3 days postelectroporation; mean =+ SD.
N =4to 5 embryos from at least two different mothers. Different symbols indicate different mothers. Multiple unpaired t tests with 5% FDR. *q < 0.05.
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TGIF2 target genes include neuronal differentiation and

neurogenic p

To identify the genomic targets through which TGIF2 mediates its
effects, we performed Cleavage under targets and release using nucle-
ase (CUT&RUN), focusing on the TGIF2a isoform. The flag-tagged
TGIF2a-OE construct as described above was electroporated into the

rimed genes

cortex at E13, followed by CUT&RUN 36 hours later (Fig. 5A).
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This experiment revealed 10,688 TGIF2a-bound peaks (Fig. 5B),
predominantly located in intronic (44.6%) and intergenic regions

(33.5%), suggesting a preference for regulatory elements over pro-
moter regions (10.2%) (Fig. 5C). Motif enrichment analysis identified
binding motifs for several key TFs involved in neurogenesis and neu-
ronal differentiation, including achaete-scute family BHLH transcrip-
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Fig. 5. TGIF2 binds to neural differentiation and neurogenic primed genes. (A) Schematic drawing of experimental procedures of CUT&RUN. hpe, hours postelectro-
poration. (B) Enrichment heatmap of TGIF2a peaks and its corresponding IgG control, centered at the middle of the peaks. (C) Pie chart of genomic distribution of TGIF2a
peaks. 3'UTR, 3’ untranslated region. (D) monaLisa motif enrichment analysis of TGIF2a peaks. adj., adjusted. (E) Top 20 terms from GO term enrichment analysis of an-
notated genes. (F) Peak examples with bigwig profiles exported from Integrative Genomics Viewer IGV (83). (G) Venn diagram of TGIF2a targets and CNP genes. (H) Per-
mutation test with 100,000 trials to identify the possibility of equal-sized random gene sets to overlap with the CNP genes. (I) Examples of ATAC-seq profiles of neurogenic
primed genes with TGIF2a CUT&RUN peaks exported from IGV (83). CNR, CUT&RUN.
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viral integration site 1 and 2 (MEIS1/2), and MYC (Fig. 5D), suggest-
ing possible competition or cooperation at shared regulatory sites.
While the canonical TGIF2 motif was not among the top enriched,
motif scanning confirmed 3176 occurrences of its known binding se-
quence within the peak set (P < 0.001; table S9).

Annotation of the nearest genes associated with the peaks yielded
5783 target genes (table S9). GO analysis of these targets showed sig-
nificant enrichment for neuronal differentiation processes supporting
cell migration and synaptic maturation, including “neurogenesis,”
“postsynapse,” “dendrite;” and “cell projection morphogenesis” (Fig. 5E).
TGIF2 also targeted numerous RNA binding and splicing factors (e.g.,
Staul/2, Puml1/2, Ptbp2, and Snrnps) and signaling mediators such as
Tle4, Tcf711, and Smad4. Further analysis using Genomic Regions En-
richment of Annotations Tool (GREAT) revealed genes with particu-
larly dense TGIF2 binding, such as Auts2 and Nfia, each associated
with approximately 20 intragenic peaks (Fig. 5E fig. S6A, and table S9).
These high-density targets were enriched in categories including “H4
histone acetyltransferase complex” (Kansll, Epcl, and MIlt3), “growth
cone” (Dec, Auts2, and Myh10), and “chromatin” (Brd4, Smarccl, and
Arid1b) (fig. S6B), pointing to a broader role for TGIF2 in regulating
chromatin remodeling and neuronal differentiation.

A total of 225 of the 433 CNP genes (51.9%) was directly bound
by TGIF2 (Fig. 5G), indicating a substantial overlap between TGIF2
binding sites and accessible chromatin regions of primed genes in
NSCs. To assess the statistical significance of this overlap, we gener-
ated 100,000 random sets of genes not bound by TGIF2a (equal in
size to the TGIF2 target set) and compared their overlap with the
CNPs. None of the permutations exceeded 77 overlapping genes
(Fig. 5H), highlighting the specificity and significance of TGIF2 bind-
ing to them. We further investigated whether the notion of a gene as
primed and/or its binding status by TGIF2 influences chromatin open-
ness. Peaks in proximity to primed, TGIF2-bound genes showed sig-
nificantly decreased accessibility compared to all other groups of
peaks. These data are thus aligned with the concept that TGIF2 not
only represses its targets but also reduces chromatin accessibility
(fig. S6C). Together, these data establish TGIF2 as a key regulator of
neurogenic priming and neuronal differentiation, acting through
direct binding to primed chromatin regions of neuronal genes and
regulatory hubs that orchestrate NSC identity and maturation.

TGIF2 OE slows down neuronal differentiation shown by
single-cell RNA-seq
To elucidate the transcriptomic changes underlying TGIF2-mediated
maintenance of NSC identity, we performed single-cell RNA-seq
(scRNA-seq) on GFP+ cells isolated 36 hours after IUE via fluorescence-
activated cell sorting (FACS; Fig. 6A). After quality control, 51,392
cells were retained for analysis. Dimensionality reduction via uni-
form manifold approximation and projection (UMAP) showed con-
sistent overlap among conditions and replicates (fig. S6D). Cell clusters
were identified via the Leiden algorithm (fig. S6E) and annotated on
the basis of marker gene expression (Fig. 6B and fig. S6G). For in-
stance, we identified NSCs, marked by Pax6, Sox2, and the radial glia
marker Fabp7, and NPCs, marked by expression of Eomes, Neurog2,
and Elavi2 (fig. S6G). Cell cycle phases were inferred through cell
cycle marker genes to identify cycling cell populations (fig. S6F).
Comparing TGIF2 expression levels between GFP control (repre-
senting endogenous TGIF2 levels) and TGIF2 conditions revealed
that TGIF2 OE levels were mild in the stem cell cluster of radial glial
cells (1.2 to 1.5x). Baseline expression levels were lower in migrating

Li (ZE1A R) etal, Sci. Adv. 12, eaea9974 (2026) 26 June 2026

and differentiating neurons, and hence OE was higher in fold change
but not reaching the levels of expression in NSCs or NPCs (fig. S6H).
DEG analysis revealed a global down-regulation of transcripts in
TGIF2-OE cells across cell types (Fig. 6C), many of which were di-
rect TGIF2 targets identified by CUT&RUN, highlighting its tran-
scriptional repressor function in vivo. Notably, approximately half of
the CNPs directly bound by TGIF2 were down-regulated (Fig. 6D),
including Stmn2, Epha3, and Rorb, reinforcing TGIF2’s major role in
repressing primed neurogenic gene expression.

To quantitatively assess the impact of TGIF2 on neuronal matura-
tion in vivo, we computed a maturation score based on the average
expression of genes associated with neuronal differentiation and mat-
uration (see Materials and Methods). TGIF2-OE cells displayed sig-
nificantly lower maturation scores, with TGIF2a having a stronger
effect than TGIF2b (Fig. 6E). In TGIF2a-OE NSCs, GO term analysis
of down-regulated genes revealed significant enrichment in “mitotic
cell cycle” and “neuron differentiation” (fig. S6I). Down-regulated
genes associated with mitotic cell cycle include Cdc45, Cdkl, and
UbeZ2c, suggesting insufficiency in G,-M transition and progression.
This aligns with observed changes in cell cycle phase distributions,
where TGIF2a OE promoted overall cell cycle length shown by time-
lapse live imaging in E12 cortical cultures, as well as a significant en-
richment in S and G,-M phases (fig. S7). In the upper layer (UL)
neuron cluster, GO terms under both control and TGIF2a conditions
showed general terms of neurogenesis (e.g., “neuron projection devel-
opment”), but only control cells showed enrichment for more mature
features such as “axon” and “postsynaptic density” (Fig. 6, F and G),
suggesting that TGIF2a slows terminal neuronal maturation.

To further investigate the dynamics of differentiation, we per-
formed pseudotime trajectory analysis using RNA velocity (25). Cells
overexpressing TGIF2 remained predominantly in early differentia-
tion states, whereas control cells progressed further along the neuro-
genic trajectory (Fig. 6H and fig. S8A). This delay was particularly
evident in NPC2 and postmitotic neuron populations (fig. S8B).
CellRank-based fate mapping identified 13 macrostates (fig. S8, C to
E) (26, 27). TGIF2a OE delayed the assignment of UL neuron fates
and maintained cells more in NSC states (Fig. 6, I and J), underscoring
TGIF2’s key role in modulating the tempo of fate transitions in corti-
cal neurogenesis. The OE of the shorter isoform TGIF2b also delayed
differentiation, maintaining some cells in NSC states, although the ef-
fect was slightly less pronounced than with TGIF2a (Fig. 6K). Unex-
pectedly, there was no UL neuronal fate being predicted in TGIF2b
condition but only deep layer neuronal (DL neuron) fate (Fig. 6K and
fig. S8E). Collectively, these analyses unbiasedly confirmed that TGIF2
OE down-regulates expression of neuronal differentiation genes, as
well as mitotic cell cycle genes in NSCs, thereby maintaining cells in
progenitor states, reminiscent of our findings based on immunostain-
ings in vivo (Fig. 4) and in vitro (Fig. 2).

To uncover the underlying regulatory network, we used RegVelo
(28), which integrated our E14 cortical NSC ATAC-seq data and
TGIF2a CUT&RUN data to construct a priori gene regulatory network
(GRN) and infer dynamics from the scRNA-seq control dataset
(Fig. 6L). This GRN revealed a network of targets negatively regulated
by TGIF2a and highlighted “neuron fate commitment” and neuron
differentiation as key regulated terms. Among these RegVelo-refined
and negatively regulated targets, Fez family zinc finger 2 (FEZF2)
and B-cell lymphoma/leukemia 11B (BCL11B) are two critical TFs
for DL neuron fate, suggesting that TGIF2a may directly repress DL
neuron fate. When we applied weighted simulations in RegVelo to
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mimic TGIF2a OE, TGIF2a weights promoted NSC and UL neuron
fates at the expense of DL neuron production (Fig. 6M). In addition,
the more added weights we simulated, the bigger the enrichment
in NSC fate, resonating with the phenotype in vitro and in vivo
(Figs. 2 and 4).

Collectively, our single-cell transcriptomic and trajectory analy-
ses reveal that TGIF2 functions as a transcriptional repressor that
delays neuronal maturation by down-regulating neurogenic primed
and differentiation genes. By broadly repressing these programs across
neural stem and progenitor populations, TGIF2 sustains cells in an
immature, undifferentiated state.

CRISPR-mediated knockout of TGIF2 promotes

neuronal differentiation

To functionally validate the role of endogenous TGIF2 in vivo, we
performed CRISPR-mediated knockout (KO) of Tgif2 via IUE (Fig. 6,
N and O). KO efficiency was validated first by reverse transcription
quantitative polymerase chain reaction (RT-qPCR) in N2A cells sta-
bly expressing Cas9, transfected with two separate candidate guide
RNAs (gRNAs) targeting exon 2 of Tgif2 (see Materials and Meth-
ods), which confirmed efficient KD of Tgif2 while sparing Tgif] (fig.
S9A). To additionally validate the effectiveness of the chosen gRNA1
at the protein level, we overexpressed TGIF2a and TGIF2b in N2A
cells and cotransfected them with the Cas9-GFP plasmid used for
the in vivo experiments and an mScarlet vector either with a non-
targeting (nt) gRNA or with gRNA1 against Tgif2. The overexpression
plasmids contain the targeted protospacer adjacent motif sequence,
thus the ribonucleoprotein complex is functional. We found a com-
plete KO of TGIF2a, while TGIF2b was only reduced to half, at the
protein level (fig. S9B). For in vivo experiments, Cas9-GFP was co-
electroporated with mScarlet-gRNA1 at E13, and brains were ana-
lyzed at E16.

A significantly higher proportion of GFP+ cells under the KO
condition migrated into the cortical plate compared to controls, with
very few cells remaining in the ventricular zone (Fig. 6P), exhibiting
a significant reduction of cells expressing the NSC marker PAX6
(fig. S9, C and D). Thus, loss of TGIF2 promotes neuronal differen-
tiation not only in vitro but also in vivo. These findings further cor-
roborate the concept that TGIF2 acts as a molecular brake on neuronal
differentiation.

To explore the effects of TGIF2 KO at the transcriptional level,
we performed RNA-seq of NSCs after Tgif2 KO in vivo (fig. SIE).
More specifically, a Cas9-GFP plasmid was co-electroporated with
mScarlet-gRNA1 against Tgif2 at E13 (fig. S9, A and B, for gRNA
validation), and GFP+mScarlet+Promininl+ NSCs were isolated
by FACS 48 hours after. SMARTseq2 low-input libraries were made
and sequenced. We found 2045 DEGs at FDR of 5% of which 1682
were up-regulated and 363 were down-regulated, highlighting the main
role of TGIF2 as a repressor also in vivo (fig. SOF and table S10).
Gene set enrichment analysis of the transcripts up-regulated under
the KO condition showed enrichments not only for signaling terms,
immune processes, or genes related to migration but also for “posi-
tive regulation of gliogenesis,” with derepression of, e.g., Egfr (29),
Tnf (30), Stat3 (31), and Id3 (32). These data thus suggest that TGIF2
is required to safeguard NSCs against not only neuronal but also
glial differentiation. These data therefore align with the in vitro find-
ings that TGIF2 regulates NSC maintenance. Conversely, however,
not all neurogenic genes were derepressed, but some were further
down-regulated with GO terms refer to “neuron fate specification”

Li (ZE1A R) etal, Sci. Adv. 12, eaea9974 (2026) 26 June 2026

and axonogenesis (fig. S9G and table S10). These surprising enrich-
ments are probably explained by a significant up-regulation of Tgifl at
the KO condition (log, fold change = 1.76, FDR = 0.002; fig. SOH).
As it is well known from work with KO mice that TGIF1 compen-
sates for loss of TGIF2 (33), also in the brain in vivo, it appears that
the loss of Tgif2 (fig. S9, B and H) triggered TgifI up-regulation. As
TGIF1 has a very similar binding motif to that of TGIF2 (18), it may
partially compensate loss of TGIF2 in repressing some of its neuro-
genic priming targets.

The above findings with partial compensation prompted us to
examine the centrality of TGIF2 in regulating the CNP genes. CNP
transcripts were more highly expressed than non-CNP transcripts
both under control, as described above (fig. S1F), and KO condi-
tions (fig. S9I), validating their role as CNPs. We then tested the en-
richment of CNP transcripts in the DEGs after Tgif2 KO. Among all
DEGs (FDR: 10%), CNP transcripts are significantly overrepresented
using a Fisher’s exact test and 10,000 permutations (fig. S9J; Fischer’s
P value = 0.03, odds ratio = 1.29), highlighting the importance of
TGIF2 (and partially TGIF1) in regulating these genes.

DISCUSSION

Here, we provide a comprehensive database to assess neurogenic
and gliogenic priming in the murine forebrain across regions by
RNA-seq and ATAC-seq of NSCs and neurons, both for specific re-
gions or in a region-independent manner. Isolating NSCs at the
peak of neurogenesis and onset of gliogenesis, with one region con-
tinuing some degree of neurogenesis, allowed to identify panneu-
rogenic TFs including TGIF2. The comparison of ATAC-seq with
RNA-seq reveals genes in a primed state during neurogenesis by
examining neuronal genes lowly expressed with accessible regions
at E14, which become less accessible upon transition to a different
lineage (e.g., gliogenesis). While assigning peaks to nearest genes
comes with a risk of identifying false positives, most of these peaks
were intragenic and hence reliable. This analysis revealed several
candidates for neurogenic priming of which we demonstrate TGIF2
as one key regulator. Notably, RNA-seq of TGIF2 KO NSCs revealed
also derepression of gliogenic factors, further strengthening the con-
cept of TGIF2 maintaining NSC fate by repressing neurogenic and
gliogenic lineage differentiation.

This dataset can also be used to identify novel regulators of glio-
genic priming—either for oligodendrogliogenesis [by comparing to
RNA datasets of oligodendrocytes such as (34)] that starts de novo
in the cortex or for astrogliogenesis [by comparing to RNA-seq da-
tasets of astrocytes such as (35)] that takes over at E18 across re-
gions. Moreover, region-specific analysis can be performed to identify
upstream regulators of primed genes for neuronal subtypes when
focusing on the LGE dataset. For example, generation of medium
spiny neurons and cortical interneurons also comes to an end in E18
LGE NSCs, and analyzing genes higher expressed in these neurons,
but open in E14 LGE NSCs, while closing in E18 LGE NSCs, could
lead to region-specific regulators of neuronal subtype priming. This
will allow to identify molecular regulators of the neuronal subtype
priming described before also in the cortex (2). To facilitate further
exploration of this dataset, a Shiny App has been made publicly avail-
able https://mrichter23.github.io/priming_repository/.

Here, we focused on neurogenic priming and identified the re-
pressive function of TGIF2 as key in regulating most of the primed
neurogenic genes in cortex NSCs along with maintaining their fate.
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We showed TGIF2 as a key regulator of NSC maintenance and neu-
ronal differentiation by LOF and GOF experiments both in vitro
and in vivo. TGIF2 functions as a molecular “brake” on neurogene-
sis programs, actively gatekeeping NSC and later NPC states, thereby
interfering with premature differentiation and fine-tuning the tim-
ing of cortical development. By integrating single-cell transcriptomics,
CUT&RUN, proteomics, and functional assays of fusion and mu-
tant proteins, we demonstrated that TGIF2 maintains NSC fate not
through its canonical role in antagonizing TGFp signaling (36) (al-
though some TGFp-related genes were derepressed upon KO of TGIF2
in NSCs) but mostly by repressing neuronal and also glial differen-
tiation genes to maintain NSC fate.

Here, we considered primed neurogenic genes in NSCs as those
expressed significantly higher in neurons but already exhibiting as-
sociated open chromatin and low-level expression in NSCs at E14.
TGIF2 bound more than half of them. As it is a panneurogenic factor
expressed not only in LGE and cortex NSCs but also throughout cen-
tral nervous system regions (37), we would propose TGIF2 functions
as one key regulator of neurogenic priming in a wider context. Sup-
porting the general relevance of our data also across species, RNA-
seq data from the human cortex also revealed that TGIF2 expression
steeply declines at gliogenesis stages (post-conceptual week 20) (38).
Thus, TGIF2 represents a novel regulator of NSC maintenance dur-
ing neurogenesis. TGIF2-mediated transcriptional repression allows
primed NSCs to remain poised for differentiation cues and respond
in a timely manner during the dynamic changes in neurogenesis.
This is also reflected by higher expression of the primed neuronal
genes compared to the nonprimed ones in young neurons. By main-
taining basal expression levels of neuronal differentiation genes,
TGIF2 ensures that NSCs are primed for lineage commitment with-
out undergoing premature differentiation.

In this regard, TGIF?2 itself is regulated by signaling pathways,
namely, MAPK/extracellular signal-regulated kinase (ERK) signal-
ing-induced phosphorylation, as shown before in cancer cells (17, 39).
Mutating the two MAPK phosphorylation sites in TGIF2 completely
abolished its ability to promote NSC fate. Proteomic analysis of hu-
man induced pluripotent stem cell-derived NSCs and neurons (40)
revealed that TGIF2 is phosphorylated only in NSCs but not in neu-
rons, while its total protein levels remain unchanged (fig. S9K). The
activation of MAPK/ERK is required for NSC proliferation and has to
decline for neuronal differentiation (41, 42). ERK activity is also sug-
gested to be a gating mechanism for neural differentiation, as inhibi-
tion of ERK induced precocious transcription of neural genes in spinal
cord precursors (43). These findings suggest that TGIF2’s activity is
developmentally regulated by endogenous signaling pathways, such as
MAPK/ERK signaling (17, 39), modulating TGIF2’s interaction with
the SIN3A complex.

Notably, TGIF2 binding sites determined by CUT&RUN are en-
riched with motifs for proneural TFs, such as ASCL1, NEUROG2,
and NEUROD2, which are known to promote neurogenesis and
neuronal differentiation in both developmental and adult contexts
(44-48). This suggests that TGIF2 sterically blocks the access of pro-
neural TFs and/or occupies the gene loci targeted by these neuro-
genic TFs, thereby inhibiting premature neuronal differentiation.
This interplay between TGIF2 and neurogenic TFs may serve as a
checkpoint to ensure the proper timing of neural differentiation
during cortical development. In addition, among the genes repressed
by TGIF2, we observed significant regulation of the nuclear factor I
(NFI) family of TFs, including Nfia, Nfib, and Nfix, which are known
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to function synergistically (49). Double KO of Nfia and Nfib has
been shown to cause ventricular enlargement from progenitor pro-
liferation and reduced neural differentiation (50), a phenotype re-
sembling TGIF2 OE with increased neural stem/progenitor cells
and delayed differentiation. In addition, Nfi factors are also involved
in gliogenesis (51, 52), in line with TGIF2 also repressing some glio-
genic TFs to maintain NSCs by repressing early gliogenesis (32).
This finding places TGIF2 upstream of NFI family members in the
regulatory hierarchy, functioning as a negative regulator of neuronal
and glial differentiation promoted by these TFs.

TGIF2 also regulates various chromatin factors and histone modi-
fiers, including Arid1b, Arid4b, and the histone methyltransferases
and demethylases Setbpl, Kdmla, and Kdm7a. Histone modifica-
tions, such as histone H3 lysine 36 methylation and H3K4 meth-
ylation in the context of bivalent marks, have been implicated in
establishing epigenetically primed and “poised” transcriptional states
(6). Thus, TGIF2’s regulatory influence may extend beyond direct
transcriptional repression, potentially contributing to neurogenic
priming through additional epigenetic mechanisms. This is also cor-
roborated by our finding that CNP genes bound by TGIF2 in E14
NSCs are also less open compared to others as revealed by ATAC-seq.

Interactome analysis further determined factors that cooperate
with TGIF2 to mediate repression, such as SIN3A and nucleosome
remodeling and deacetylase (NURD) repressor complexes. Function-
al assays using the TGIF2-KRAB and TGIF2-VP64 fusion proteins
further reinforced its role as a transcriptional repressor, as shown be-
fore (17, 18), and also confirmed its direct interaction with SIN3A
and HDAC2. SIN3A, in particular, regulates diverse cellular process-
es such as cell cycle, differentiation, and development (53, 54) and has
been implicated in neurological disorders such as intellectual disabil-
ity (55), as well as cancer progression (56, 57), some of the previously
described roles of TGIF2 (17, 36). TGIF2 appears to guide the SIN3A
complex to specific DNA targets, restricting the expression of primed
genes and fine-tuning the transcriptional regulation of neurogenesis
and neural differentiation.

TGIF2’s function in the developing nervous system differs signifi-
cantly from its role in other tissues. Unlike its reported interactions
with SMAD proteins to regulate TGFf target genes in other contexts,
TGIF2 was not found to interact with SMAD proteins in this study.
In addition, while in many cancer cells, TGIF2 promotes epithelial-
mesenchymal transition, e.g., in lung adenocarcinoma cells (17), it
maintains the epithelial-like NSCs in the developing cortex as shown
here. Therefore, TGIF2’s role in the nervous system exhibits signifi-
cant mechanistic differences compared to cancer cells and endoderm-
derived tissues, where it has been more extensively examined (21, 58).
It was never characterized in priming, and no major factors regulat-
ing transcriptional panneurogenic priming were previously known.
In summary, our findings establish TGIF2 as one major regulator of
maintaining NSC fate across regions, using transcriptional repression
to ensure the precise timing of cortical development.

MATERIALS AND METHODS

RNA-seq and ATAC-seq library preparation

Wild-type C57BL/6] embryos at E14 and E18 were used for the RNA-
seq experiments, with tissue of one litter per mother being pooled
and considered one biological replicate. Brains were dissected in 1X
Hanks’ balanced salt solution (HBSS; Gibco, catalog no. 14025) with
10 mM Hepes (Gibco, catalog no. 15630). Lateral cortex from the
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mediolateral to the cortex-LGE border and LGE without overlying
ventrolateral cortex were dissected and centrifuged at 1000 rpm at
4°C for 5 min. Dissection buffer was aspirated, and tissue was enzy-
matically dissociated with 1 ml of 0.05% Trypsin/EDTA (Gibco, catalog
no. 25300) for 15 min at 37°C. Digestion was inhibited by adding 2 ml
of Dulbecco’s modified Eagle’s medium (DMEM; Gibco, catalog no.
61965) with 10% fetal bovine serum (FBS; PAN-Biotech, catalog no.
P30-3302), and tissue was further mechanically dissociated with a
fire-polished glass Pasteur pipette coated with DMEM + 10% FBS to
obtain a single-cell suspension. The suspension was centrifuged at
300g at 4°C for 5 min, the supernatant was aspirated, and the cells
resuspended in 1X Staining Solution [1x HBSS, 1% glucose, 1 M Hepes,
1% FBS, 0.1% (w/v) NaN3, 1 mM EDTA, and DMEM-F12]. The cell
suspension was stained with the preabsorbed antibody mCD133-
phycoerythrin (PE) at 1:500 dilution [Anti-Mouse-CD133-PE (13A4),
eBioscience/Invitrogen, catalog no. 12-1331-82]. A corresponding
isotype control antibody (Mouse IgM-APC, Miltenyi Biotec, catalog
no. 130-093-176) was added to an isotype control sample in the
same dilution. Cells were incubated at 4°C in the dark for 25 min,
and then 4’,6-diamidino-2-phenylindole (DAPI) [1:1000 dilution of
stock (1 mg/ml); Sigma-Aldrich, catalog no. D9542] was added, fol-
lowed by another 5 min of incubation. To wash the cells, the suspen-
sion was filled up to 10 ml with phosphate-buffered saline (PBS;
Gibco, catalog no. 14190) and centrifuged at 300g at 4°C for 5 min.
Cells were resuspended in PBS and filtered through a cell strainer
(pluriStrainer Mini 40 pm, pluriSelect, catalog no. 43-10040-60) into
suitable sample tubes (Falcon Round Bottom Polypropylene Test
Tubes with Cap, Falcon, catalog no. 352063).

Cells were sorted on a FACSAria III Cell Sorter (BD Biosciences)
with the FACSDiva software (version 6.1.3, BD Biosciences). To sep-
arate the populations, the first gate was set to separate small debris
[low forward scatter (FSC)] and dead or damaged cells, which were
DAPI+ (high 450/40 signal). The second gate was set to remove
doublets or cell aggregates by FSC-area/FSC-width. The third gate
separated the stained populations by the laser lines 582/15 for PE,
with the gate set so that maximum of 0.1% of the parent population
in the isotype control was detected as single or double positive. Sorted
cells were collected in PBS and centrifuged at 300g at 4°C for 10 min.
The supernatant was aspirated, and cells were immediately lysed in
RNA extraction buffer.

For the RNA-seq libraries, total RNA extraction was performed
with the PicoPure RNA Isolation Kit (Applied Biosystems, catalog
no. KIT0204) according to the manufacturer’s protocol with on-
column deoxyribonuclease (DNase) digestion (On-Column DNase
I digestion set, Sigma-Aldrich, catalog no. DNASE70). RNA con-
centration and quality were evaluated on the Bioanalyzer (Model
2100, Agilent) using the RNA 6000 Pico Kit (Agilent, catalog no.
5067-1513) according to the manufacturer’s protocol. Samples with
an RNA Integrity number (RIN) < 8.0 were excluded from library
preparation. First-strand cDNA was prepared from 2 ng of RNA per
sample with the SMART-Seq v4 Ultra Low Input RNA Kit for Sequenc-
ing (Takara/Clontech, catalog no. 634897) according to the manufac-
turer’s instructions. Number of amplification cycles for each sample
was determined with a side qRT-PCR reaction performed after the
first 4 amplification cycles to avoid overamplification bias. With this,
the number of required total amplification cycles for each sample
corresponded to the cycle number at % of the maximum fluores-
cence signal (normalized reporter).
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The amplified cDNA was purified using AMPure XP magnetic
beads (Beckmann Coulter, catalog no. QT650) and quality and quan-
tity analyzed by Bioanalyzer (High Sensitivity DNA Kit, Agilent, cata-
log no. 5067-4626) and Qubit Assay (Qubit dsDNA HS Assay Kit and
tubes, Invitrogen, catalog nos. Q32854/Q32856). Purified cDNA was
fragmented by ultrasonic shearing on the Covaris AFA $220 system
using corresponding tubes (microtube AFA Fiber Pre-Slit Snap-
Cap 6x16mm, Covaris, catalog no. 520045), resulting in ~200- to
500-base pair (bp)-long fragments that were purified by ethanol
precipitation. Samples were evaluated again on the Bioanalyzer
(HS DNA assay) before proceeding to the library preparation with
the MicroPlex Library Preparation Kit v2 (Diagenode, catalog no.
C05010014) according to the manufacturer’s instructions, using 10 ng
of cDNA per sample. Following the library amplification, cDNA con-
centration was verified by Qubit assay, and the libraries were purified
over AMPure XP magnetic beads. Quality and quantity of these final
libraries were evaluated by Bioanalyzer HS DNA assay, and samples
were multiplexed at 5 nM each. Next-generation sequencing was per-
formed on an Illumina HiSeq 4000 system with 100-bp paired-end
deep sequencing.

For the ATAC-seq libraries, nuclei were isolated from 50,000 cells
using a cell lysis buffer containing 1 M tris-HCl, 5 M NaCl, 1 M
MgCl,, 10% NP-40, 10% Tween 20, and 2% digitonin. They were
subsequently resuspended in transposition mixture containing the
transposase enzyme, 2% digitonin, and 10% Tween 20 and incubated
for 30 min at 37°C. After the incubation, the samples were immedi-
ately put on ice, and DNA was purified with the MinElute Reaction
Cleanup kit (QIAGEN, #28204). The transposed DNA was PCR am-
plified with the NEBNext High-Fidelity 2x PCR Master Mix (NEB,
#MO0541S). The number of cycles was determined with a qRT-PCR
using the SensiMix SYBR No-ROX 2x Master Mix (Bioline, #QT650)
as the number of cycles that corresponds to % of the maximum fluo-
rescence. The amplified libraries were purified, and the quality was
assessed with a High Sensitivity DNA Chip (Agilent, #5067-4626).
Size selection between 100 and 600 bp was performed with AMPure
beads (Beckmann Coulter, #A63881), and libraries were pooled and
sequenced on an Illumina HiSeq 4000 system with 100-bp paired-
end deep sequencing.

RNA-seq analysis

The quality of sequencing data was analyzed with FastQC v0.11.4
(59), and adapter trimming was performed with cutadapt v1.11 (60).
Reads were aligned with the mouse reference genome (mm39) using
STAR v2.6.0a (61). Afterward, reads were deduplicated, and gene
expression was quantified with featureCounts v1.6.4 (62). The sub-
sequent analysis was performed in R version 4.4.1 (63). Genes with
less than 10 counts across all samples were excluded. The expression
data were normalized and transformed using the vst function of
DESeq2 v1.44.0 (64) for plotting and outliers’ analysis. To identify
outliers, we performed a PCA. Samples with a distance of more than
2.5 SDs from the mean in the first principal component were ex-
cluded (no outliers were detected). Differential expression (DE)
analysis was performed using DESeq2 v1.44.0 (64). DE analysis for
each comparison was done separately. We tested for DE with DESeq2
using the Wald test and reported the genes with an FDR below 1%
in the NSC maintenance analysis and below 5% in the priming
analysis, respectively, as significant. In the priming analysis, PANTHER
v19.0 (https://pantherdb.org/about.jsp) was used for GO analysis with
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all genes up-regulated in neurons versus NSCs as background (5835
genes). Data were plotted using the ggplot2 v3.5.1 package in R and
the matplotlib v3.5.3 and seaborn v0.12.2 packages in Python.

For identification of TFs, we used the GO term GO:0140110.
For identification of chromatin remodelers, we used the following
GO terms: GO:0034724, GO:0031497, GO:0031498, GO:0034401,
GO0:0006338, GO:0016569, GO:0090202, GO:0070828, GO:0034728,
and GO:0006342.

ATAC-seq analysis

FastQC was used to assess initial data quality. Reads were trimmed
using trim-galore with parameter --nextera after contamination of
Nextera transposase sequence was found in the reads. After trimming,
reads were aligned to mm39 reference genome using bwa-mem. The
ATACseqQC R-package tutorial was followed to assess data quality
and to shift reads by 5 bp as recommended (65). For each individual
sample, peaks were called using MACS3 with parameters -f BAMPE
-g mm -q 0.01 (66). Differential openness of peaks between either
time points per tissue or tissues per time point was identified using
DiftBind with parameter peakFormat = “narrow” when loading the
samples. Homer was used to find motifs in the resulting differentially
open peaks. Homer was also used for labeling the differential or con-
sensus peaks by genes in proximity. Overlaps between peaks were
identified by the function subsetByOverlap. To investigate whether
the notion of a gene as primed and/or its binding status by TGIF2
changes chromatin accessibility, we used peaks that are closing in E18
and compared their openness level depending on whether the gene in
proximity is (i) neither primed nor bound by TGIF2, (ii) primed but
not bound by TGIF2, (iii) not primed but bound by TGIF2, or (iv)
primed and bound by TGIF2.

Plasmids

TGIF2 ¢DNA isoform plasmids were obtained from as a kind gift
from previously described (21). All plasmids for expression were
cloned into a Gateway (Invitrogen) form of pCAG-IRES-GFP (kind
gift of P. Malatesta) through pENTRI1a vector. TGIF2 ¢cDNA was
amplified by PCR with primers containing triple FLAG sequence for
inserting the FLAG tag at N terminus of TGIF2 and cloned into the
pCAG plasmid via Gibson assembly. Short hairpin RNA (shRNA)
plasmids were designed using Invitrogen BLOCK-iT RNA designer
and ordered as oligos from Eurofins and then ligated to pENTR1a
vector with a GFP reporter, which was finally cloned into a pCAG
destination vector via Gateway LR clonase.

Mice

The animals were housed in the Core Facility Animal Models, Bio-
medical Center Faculty of Medicine, LMU Munich. They were main-
tained under specific pathogen-free conditions and housed in groups
of two to three animals in individually ventilated cage systems with a
12-hour/12-hour light/dark cycle. C57BL/6] mice (Charles River Lab-
oratories, Sulzfeld, Germany) were used for this study, and all animals
undergoing TUE were females aged between 3 and 6 months. EQ was
designated as the day of vaginal plug detection. Mice had free access to
water and standard rodent chow (Altromin, 1310M). Experimental
procedures were performed in accordance with animal welfare poli-
cies and approved by the Government of Upper Bavaria (Germany),
under the license numbers ROB-55.2-2532.Vet_02-20-77 and ROB-
55.2-2532.Vet_02-25-32.
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Anesthesia

For surgical procedures, mice were anesthetized via intraperitoneal
injection of a solution containing fentanyl (0.05 mg/kg), midazolam
(5 mg/kg), and medetomidine (0.5 mg/kg). Anesthesia was terminated
with a subcutaneous injection of a solution comprising buprenorphine
(0.1 mg/kg), atipamezole (2.5 mg/kg), and flumazenil (0.5 mg/kg).

In utero electroporation

Pregnant dams at E13 were anesthetized and operated on according
to established procedures (40). Briefly, endotoxin-free plasmids at
0.5 to 0.7 pg/pl, controlled for molar ratio across conditions, were
diluted in 0.9% NaCl and mixed with Fast Green FCF dye. Subse-
quently, 1 pl of this mixture was injected into the lateral ventricle of
embryos at E13 within anesthetized C57BL/6] mice. Embryonic brains
were harvested at 3 days postelectroporation and fixed using 4%
paraformaldehyde (PFA) in 1x PBS for durations of 4 hours. Analy-
sis involved embryos obtained from at least two female mice, with
quantification carried out on two to three coronal sections from three
to five embryos.

Cell culture

Cerebral cortices from C57BL/6] E12 mouse embryos were dissected
in ice-cold HBSS buffered with 10 mM Hepes (both from Life Tech-
nologies). Cells were enzymatically dissociated with 0.05% Trypsin
and mechanically triturated with a Pasteur pipette to obtain a single-
cell suspension. These cells were then seeded in poly-Dp-lysine-coated
coverslips in 24-well plates at 350,000 to 500,000 cells per well in
DMEM-GlutaMAX supplemented with 10% FBS and 1% penicillin-
streptomycin (Pen/Strep) and incubated at 37°C with 5% CO,. After
24 hours, 2% B27-supplemented DMEM-GlutaMAX with 1% Pen/
Strep were added at 1:1 ratio. Three or 7 days posttransfection, cells
were fixed with 4% PFA for 10 min at room temperature.

For transfection experiments, cells were plated and allowed to
adhere for 2 to 3 hours before transfection with either 0.5 to 0.7 pg
of plasmids controlled for molar ratio or 25 nM siRNA Tgif2 mouse
(ON-TARGETplus SMARTpool) using Lipofectamine 2000 follow-
ing the manufacturer’s guidelines (Invitrogen). When shRNAs were
cotransfected with GFP or TGIF2a-OE plasmids, equal molarity ra-
tio was controlled.

Immunohistochemistry and immunocytochemistry

Sections underwent triple washes with 1x PBS at room temperature
before being incubated overnight at 4°C with primary antibody in a
blocking solution, composed of 10% normal goat serum and 0.5%
Triton-X 100 in 1X PBS. Cells were first incubated in blocking solu-
tion for 1 hour at room temperature, followed by overnight incuba-
tion with primary antibody. After triple wash with 1x PBS at room
temperature, cells and sections were stained with secondary antibod-
ies diluted in blocking solution for 1 hour at room temperature. Nu-
clei were visualized using DAPI (0.5 pg/ml; Sigma-Aldrich). Last,
immunostained sections and cells were examined using a Zeiss con-
focal microscope. The list of antibodies used in the experiments is
provided for reference. For Fig. 2, a sequential staining was performed
to costain a mouse IgG1 PAX6 and a mouse IgG2b Tubulin3 antibod-
ies. More specifically, the same protocol as outlined above was per-
formed, but the secondary antibody washed a 4% PFA incubation
was performed for 5 min at room temperature, which was followed
by the same protocol as above including the blocking, but the Triton
was substituted with Tween.
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scRNA-seq library prepration

Thirty-six hours after IUE, cortices were dissected in ice-cold HBSS
buffered with 10 mM Hepes (both from Life Technologies) under
florescent microscope to enrich for electroporated region. The cells
were dissociated to arrive at single-cell suspension with Neural Tis-
sue Dissociation Kit(P) (Milteny, #130-092-628) and red blood cell
removal solution (Miltenyi Biotec, #130-094-183) following the
manufacturer’s protocol. The cells were passed through a 40-pm cell
strainer and placed on ice for FACS to further isolate electroporate
cells. FACS sorting was performed at a FACSAria III (BD Biosci-
ences) in FACSFlow sheath fluid (BD Biosciences), with a nozzle
diameter of 100 pm. Debris and aggregated cells were gated out by
forward and side scatter, respectively. Single cells were selected by
FSC-W/FSC-A. Gating for GFP fluorescence was done using non-
electroporated cortices.

FACS-sorted cells were multiplexed using Cell Multiplexing Oligo
Labeling and loaded onto 10x Chromium chip following Single Cell 3’
v3.1 (Dual Index) protocols with Feature Barcode technology for Cell
Multiplexing (CG000388). The library was sequenced with one Nova-
Seq 6000 S2 flowcell to reach 30,000 reads per cell for gene expression
library and 5000 reads per cell for multiplexing library, which was
then aligned and demultiplexed using cellranger multi pipeline.

scRNA-seq analysis

The analysis followed Scanpy’s (67) tutorial, starting with prepro-
cessing of raw sequencing data to filter out low-quality cells (counts
per cell = 1100 to 33,000, minimal genes per cell = 700) with high
mitochondrial content (5% cutoff), followed by log transformation
normalization. Dimensionality reduction using PCA and UMAP
was performed to visualize cell-to-cell relationships. Leiden cluster-
ing identified distinct cell populations based on gene expression
profiles, and marker genes were determined to characterize each
cluster’s cell types. Maturation score included genes Neurog2, Dcx,
Tubb3, Elavl4, Map2, Stmn2, Rbfox3, Syt1, Nefl, Synl, Syp, Camk2a,
and Bsn. DE between TGIF2a and GFP was analyzed using built-in
“rank genes” function in Scanpy with Wilcoxon rank sum test, and
associated GO term was analyzed using ShinyGO 0.80 (68). Cell-
Rank analysis based on RNA velocity was conducted following the
CellRanK’s tutorial (26, 27).

CUT&RUN and library preparation
Electroporated embryos underwent the same procedure as described
in scRNA-seq section until before FACS. CUT&RUN was performed
using CUT&RUN assay kit (Cell Signaling Technology, 86652) ac-
cording to the manufacturer’s instructions. Briefly, 250,000 cells per
reaction were collected and bound to Concanavalin A magnetic
beads. Cells were permeabilized and incubated with 1 pg of primary
antibody against FLAG [DYKDDDDK Tag (D6W5B), rabbit, Cell
Signaling Technology] per sample overnight at 4°C. The rabbit (DA1E)
mAb IgG XP Isotype Control antibody was used as IgG control.
Subsequently, cells were incubated with pAG-MNase for 1 hour at
4°C. pAG-MNase was activated by adding calcium chloride and incu-
bation at 4°C for 30 min. Stop buffer (Cell Signaling Technology) was
added to each sample to stop the reaction. DNA was purified using
phenol/chloroform extraction and ethanol precipitation as described
in the manufacturer’s protocol.

DNA sequencing libraries were generated using the SimpleChIP
ChIP-seq DNA Library Prep Kit for Illumina (Cell Signaling Technol-
ogy, 56795) and SimpleChIP ChIP-seq Multiplex Oligos for Illumina
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(Dual Index Primers, Cell Signaling Technology, 46538) following the
manufacturer’s instructions specifically for CUT&RUN Assay kit pro-
tocol. Briefly, 5 ng of DNA was used for all CUT&RUN and IgG con-
trol samples. DNA ends were ligated with adaptors and amplified
using PCR and Dual Index primers for Illumina (Cell Signaling Tech-
nology, 47538). All cleanup steps were performed with 1.1X volume of
SPRIselect beads to increase the capture of smaller DNA fragments.
Generated libraries were pooled and sequenced using 2 X 75 bp
paired-end sequencing strategy on an Illumina NextSeq 550 sequencer.

CUT&RUN analysis

Sequenced reads were aligned to the mm39 genome using Bowtie2
(69). Peak calling was performed using the MACS3 pipeline (66) with
corresponding IgG control bam files, using g value of 0.01, and mini-
mal fragment length: 100. An enrichment heatmap of the peaks was
produced using deepTools’s computeMatrix function (70) on Galaxy
platform (71). FIMO motif scanning was conducted on MEME Suite
website using bed file of identified peaks (72). In addition, monaLisa
was used for motif enrichment analysis on the identified peaks (73).
The peaks were analyzed for genomic distribution with ChIPpeak-
Anno (74) and annotated using GREAT for single nearest gene with-
in 250 kb (75). GO term enrichment analysis with ShinyGO 0.80 was
conducted on the annotated genes (68).

Gene regulatory dynamic analysis

RegVelo is an end-to-end deep generative model designed to infer cel-
lular dynamics through coupled splicing dynamics and gene regula-
tion (28). It requires users to define the prior GRN and allows the
model to refine this network by improving the reconstruction of ob-
served gene expression. Using a bulk ATAC-seq dataset, we followed
CellOracle’s tutorial (76). First, we identified transcription start sites
(TSS) using the get_tss_info function, which annotates each peak with
its corresponding gene. Next, we scanned TF binding motifs in these
peak regions using the tfi.scan function with an FDR of 0.02. Subse-
quently, we filtered motifs using the filter_motifs_by_score function
with a threshold of 10. Last, we replaced the bulk ATAC-seq-derived
TGIF2 targets with CUT&RUN-inferred target genes and incorpo-
rated this prior GRN for downstream RegVelo analysis.

We trained the RegVelo model with default parameters. To mim-
ic OE effects, we manually perturbed the inferred gene regulation by
multiplying TGIF2 downstream regulation weights by a specific fac-
tor to amplify the regulatory effects of TGIF2. We used four different
values (0, 50, 100, and 150) and used RegVelo to predict the deple-
tion scores (28) for defined terminal states, including NSCs, UL neu-
rons, and DL neurons. RegVelo-inferred GRN targets were used for
downstream gene functional analysis. We curated all negatively reg-
ulated genes inferred by RegVelo and applied the clusterProfiler
package to perform GO enrichment analysis.

Coimmunoprecipitation

For interactome analysis, P19 cells were seeded in 10-cm dishes for
transfection when the cells reached 50% confluency. After 48 hours,
cells were scraped on ice and lysed in nondenaturing lysis buffer
[20 mM tris-HCI (pH 8.0), 137 mM NaCl, 1% NP-40, and 2 mM
EDTA] containing cOmplete proteinase inhibitor. Lysates were in-
cubated with DYKDDDDK Tag (D6W5B) FLAG rabbit antibody
(Cell Signaling Technology) for 1 hour, followed by addition of Pro-
tein G Dynabeads for an additional 2 hours at 4°C with rotation. Fol-
lowing three washes with wash buffer [10 mM tris, (pH 7.4), 1 mM
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EDTA, 150 mM NaCl, and 1% NP-40], the immunoprecipitated ly-
sates were boiled in 1X Laemmli buffer and subsequently stored at
—80°C until MS analysis.

For co-IP-Western analysis, N2A cells (mouse neuroblastoma
cells) were used. The cells were seeded in 10-cm dishes and trans-
fected when they reached 65% confluency with 15 pg of DNA per
dish. After 48 hours, cells were scraped and snap-frozen dry in dry ice
and kept at —-80°C. For the co-IP, cells were lysed in nondenaturing
lysis buffer [20 mM tris-HCI (pH 8.0), 137 mM NaCl, 1% NP-40,
and 2 mM EDTA] containing cOmplete proteinase inhibitor. Protein
G Dynabeads were blocked in PBS with BSA (1 mg/ml) for 2 hours at
4°C on a rotator, while the lysates were incubated with DYKDDDDK
Tag (D6W5B) FLAG rabbit antibody (Cell Signaling Technology) or
a rabbit IgG isotype control antibody (Cell Signaling Technology,
66362S) for 2 hours at 4°C on a rotator. Following that, the cell
lysates—antibody lysate was added on Protein G Dynabeads for an
additional 2 hours at 4°C with rotation. Following three washes
with wash buffer A [10 mM tris (pH 7.4), 1 mM EDTA, 150 mM
NaCl, and 1% NP-40] and two washes with wash buffer B [10 mM
tris (pH 7.4), 1 mM EDTA, and 150 mM NaCl], the immunopre-
cipitated lysates were boiled for 5 min at 95°C in 1X Laemmli buffer
including p-mercaptoethanol and subsequently stored at —80°C until
Western blot analysis. For Western blot analysis, co-IP pulldowns
and input samples were supplemented with 2X loading buffer, boiled
at 95°C for 5 min, and spun down at full speed for 5 min at 4°C. Protein
lysates were run on an 8% gel and blotted on nitrocellulose membranes.
The antibodies used for blotting were anti-HDACI (1:1000; Cell Sig-
naling Technology, #2062S), anti-HDAC2 (1:1000; Cell Signaling
Technology, #2540S), anti-SIN3A (1:1000; Life Technologies,
#PA590691), anti-FLAG (1:10,000; Sigma-Aldrich, F1804), anti-rabbit
horseradish peroxidase (HRP; Life Technologies, 31458), and anti-
mouse HRP (Life Technologies, 31432).

Mass spectrometry

The interactome samples were digested using a modified FASP proce-
dure as described (77, 78). Digested peptides were measured on a Q
Exactive HF-X mass spectrometer (Thermo Fisher Scientific) online
coupled to an UltiMate 300 RSLCnano (Thermo Fisher Scientific) as
described (79). Generated raw files were quantitatively analyzed in
the MaxQuant software (80) (MPI Martinsried, version 2.4.9.0), ap-
plying default settings and a minimum LFQ ratio count of 1, quanti-
fication on unique peptides with matching between runs for LFQ
quantification (81). Searches for peptide identifications were per-
formed in the integrated search engine Andromeda (82) with default
settings, using the canonical SwissProt Mouse protein database in-
cluding the described TGIF2 sequences. Results were filtered for con-
taminant hits, reverse hits, and “only identified by site” hits. LFQ
intensity values in the filtered proteingroups list were used for enrich-
ment ratio calculations.

Time-lapse live imaging

E12 cortical cells were dissociated and transfected as described
above. One day posttransfection, cultures were transferred to a Leica
DMi8 microscope equipped with a live-cell incubation chamber main-
tained at 37°C and 5% CO,. Imaging was performed using a 20X air
long-working-distance objective for a total duration of 80 hours, with
images acquired every 15 min. Cells undergoing at least two succes-
sive divisions were tracked and quantified to determine cell cycle
length and division mode.
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Cell cycle analysis

Cortices were dissected 1 day after IUE and dissociated into a single-
cell suspension using a Pasteur pipette. Cells were stained with anti-
mCD133-PE antibody as described above, followed by incubation
with Hoechst 33342 Ready Flow Reagent (Invitrogen) at one drop
per 10° cells for 25 min at 37°C in the dark. Samples were analyzed
on a FACSAria IIT Cell Sorter (BD Biosciences) using the FACSDiva
software (version 6.1.3) as described above.

CRISPR-KO

For the CRISPR-KO experiments of TGIF2a, the pSpCas9(BB)-2A-
GFP (PX458, Addgene, #48138) plasmid was used to express the
catalytically active form of Streptococcus pyogenes Cas9 (SpCas9) to-
gether with GFP under the control of the CAG promoter. gRNAs tar-
geting TGIF2a were designed using Benchling (Benchling.com) and
selected on the basis of high predicted on-target activity and minimal
off-target risk using the Vienna BioCenter scoring system.

Two gRNAs targeting exon 2 of the TGIF2a isoform were selected
(5’-CAGAGGCCTTACCCCCACGA-3" and 5'-GTATTGAAGAGT-
CCACCCGT-3’) and cloned downstream of the human U6 promoter
in a custom plasmid coexpressing the fluorescent protein mScarlet
under the CAG promoter. A nontargeting gRNA (5'-GCTGCATG-
GGGCGCGAATCA-3'), predicted to have no genomic targets, served
as the negative control and was cloned into the same plasmid back-
bone. For IUE, E13 mouse embryos were injected with a total of 1 pl
of plasmid mix, containing PX458-Cas9-GFP (0.8 pg/pl) and 0.5 pg/pl
of the mScarlet-U6-gRNA plasmid (either targeting or nontargeting).

Western blot

For Western analysis, N2A cells (mouse neuroblastoma cells) were
used. The cells were seeded in 10-cm dishes and transfected when
they reached 65% confluency with 15 pg of DNA per dish (6 pg of
overexpressing plasmids with either 25 nM siRNA pools or with 5 pg of
mScarlet-U6-gRNA and 4 pg of PX458-Cas9-GFP). After 48 hours,
cells were scraped and snap-frozen dry in dry ice and kept at -80°C.
For protein isolation, cells were lysed in 1x radioimmunoprecipi-
tation assay buffer containing cOmplete proteinase inhibitor. For
Western blot analysis, 30 pg of protein was supplemented with 2x
loading buffer, boiled at 95°C for 5 min, and spun down at full speed
for 5 min at 4°C. Protein lysates were run on an 8% gel and blotted
on nitrocellulose membranes. The antibodies used for blotting were
anti-TGIF2 (1:500; Abcam, #ab222131), anti-vinculin (1:5000; Santa
Cruz, #sc-73614), anti-rabbit HRP (1:5000; Life Technologies, 31458),
and anti-mouse HRP (1:5000; Life Technologies, 31432).

Sorting and bulk RNA-seq
To validate the centrality of TGIF2 in regulating CNPs, we se-
quenced NSCs after knocking out Tgif2 with CRISPR in vivo. For
IUE, E13 mouse embryos were injected with a total of 1 pl of plas-
mid mix, containing PX458-Cas9-GFP (0.8 pg/pl) and 0.5 pg/pl of
the mScarlet-U6-gRNA plasmid (either targeting or nontargeting),
and GFP+mScarlet+Promininl+4 NSCs were isolated by FACS sort-
ing 48 hours after.

Brains were dissected in 1x HBSS (Gibco, catalog no. 14025) with
10 mM Hepes (Gibco, catalog no. 15630). The electroporated areas
was visualized under an epifluorescent microscope and were dissected
and centrifuged at 300g at 4°C for 5 min. Dissection buffer was
aspirated, and tissue was enzymatically dissociated with 1 ml of
0.05% Trypsin/EDTA (Gibco, catalog no. 25300) for 15 min at 37°C.
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Digestion was inhibited by adding 2 ml of DMEM (Gibco, catalog
no. 61965) with 10% FBS (PAN-Biotech, catalog no. P30-3302), and
tissue was further mechanically dissociated with a fire-polished glass
Pasteur pipette coated with DMEM + 10% FBS to obtain a single-
cell suspension. The suspension was centrifuged at 300g at 4°C for
5 min, the supernatant was aspirated, and the cells were resuspended
in 1x Staining Solution [1X HBSS, 1% glucose, 1 M Hepes, 1% FBS,
0.1% (w/v) NaN3, 1 mM EDTA, and DMEM-F12]. The cell suspension
was stained with the preabsorbed antibody mCD133-allophycocyanin
(APC) at 1:500 dilution (Anti-Mouse-CD133-APC, eBioscience/
Invitrogen, catalog no. 12-1331-81). A corresponding isotype con-
trol antibody (Mouse IgM-APC, Miltenyi Biotec, catalog no. 130-
093-176) was added to an isotype control sample in the same dilution.
Cells were incubated at 4°C in the dark for 25 min, and then DAPI
[1:1000 dilution of stock (1 mg/ml); Sigma- Aldrich, catalog no. D9542]
was added, followed by another 5 min of incubation. To wash the
cells, the suspension was filled up to 5 ml with PBS (Gibco, catalog
no. 14190) and centrifuged at 300g at 4°C for 5 min. Cells were re-
suspended in PBS and filtered through a cell strainer (pluriStrainer
Mini 40 pm, pluriSelect, catalog no. 43-10040-60) into suitable sam-
ple tubes (Falcon Round Bottom Polypropylene Test Tubes with Cap,
Falcon, catalog no. 352063).

Cells were sorted on a FACSAria III Cell Sorter (BD Biosciences)
with the FACSDiva software (version 6.1.3, BD Biosciences). To sep-
arate the populations, the first gate was set to separate small debris
(low FSC) and dead or damaged cells, which were DAPI+ (high 450/40
signal). The second gate was set to remove doublets or cell aggre-
gates by FSC-area/FSC-width. The third gate separated DAPI+ from
DAPI- alive cells and the fourth gate the stained populations by the
laser lines 660/20 for APC, with the gate set so that maximum of
0.2% of the parent population in the isotype control was detected as
positive. Sorted cells were collected in RNA extraction buffer.

For the RNA-seq libraries, total RNA extraction was performed
with the PicoPure RNA Isolation Kit (Applied Biosystems, catalog
no. KIT0204) according to the manufacturer’s protocol. Genomic
DNA was removed with the Zymo RNA Clean and Concentrator kit
(R1013). RNA concentration and quality were evaluated on the Bioana-
lyzer (Model 2100, Agilent) using the RNA 6000 Pico Kit (Agilent,
catalog no. 5067-1513) according to the manufacturer’s protocol.
Samples with an RIN < 6.0 were excluded from library preparation.
First-strand cDNA was prepared from 100 pg of RNA per sample
with SMARTSseq2 protocol, using SuperScript II Reverse Transcrip-
tase (Invitrogen, #18064014) according to the manufacturer’s instruc-
tions. cDNA was amplified using a KAPA HiFi HotStart (Roche,
07958927001) and IS PCR primers with 18 amplification cycles.

The amplified cDNA was purified using AMPure XP magnetic
beads (Beckmann Coulter, catalog no. QT650) and quality and quan-
tity analyzed by Bioanalyzer (High Sensitivity DNA Kit, Agilent,
catalog no. 5067-4626) and Qubit Assay (Qubit dsDNA HS Assay
Kit and tubes, Invitrogen, catalog nos. Q32854/Q32856). Purified
c¢DNA was fragmented by ultrasonic shearing on the Covaris AFA
§220 system using corresponding tubes (microtube AFA Fiber Pre-
Slit Snap-Cap 6x16mm, Covaris, catalog no. 520045), resulting in
~200- to 500-bp-long fragments that were purified by ethanol pre-
cipitation. Samples were evaluated again on the Bioanalyzer (HS DNA
assay) before proceeding to the library preparation with the Micro-
Plex Library Preparation Kit v2 (Diagenode, catalog no. C05010014)
according to the manufacturer’s instructions using 10 ng of cDNA
per sample. Following the library amplification, cDNA concentration
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was verified by Qubit assay, and the libraries were purified over
AMPure XP magnetic beads. Quality and quantity of these final li-
braries were evaluated by Bioanalyzer HS DNA assay, and samples
were multiplexed at 5 nM each. Next-generation sequencing was per-
formed on an Illumina HiSeq 1000 system with 60-bp paired-end
deep sequencing.

The quality of sequencing data was analyzed with FastQC v0.12.1
(59). Reads were aligned to the mouse reference genome (mm39) using
STAR v2.7.11b (61). Afterward, reads were deduplicated using picard
MarkDuplicates, and gene expression was quantified with htseq-count
v2.0.5 with parameters -m intersection-nonempty -f bam -r pos -s no
--nonunique all -t transcript -i gene_id --additional-attr = gene_name.
The subsequent analysis was performed in R version 4.4.1 (63). Genes
with less than 10 counts across all samples were excluded. The ex-
pression data were normalized and transformed using the vst func-
tion of DESeq2 v1.44.0 (64) for plotting and outliers’ analysis. Samples
from replicate 1 were removed from further analysis, as they clus-
tered alone not with the rest of the samples (fig. S9K). DE analysis
was performed using DESeq2 v1.44.0 (64). We tested for DE with
DESeq2 using the Wald test and reported the genes with an FDR
below 5% as significant. clusterProfiler was used for gene set enrich-
ment analysis with all transcripts in the dataset as background. Data
were plotted using the ggplot2 v3.5.1 package in R and the matplot-
lib v3.5.3 and seaborn v0.12.2 packages in Python.

Statistical analysis

The statistical tests were performed using GraphPad Prism 9. If the
data passed the Shapiro-Wilk normality test and F test (two condi-
tions) or Barlett’s test (three or more conditions) for equal variance,
then they were subject to either unpaired ¢ tests when there were two
conditions, or ordinary analysis of variance (ANOVA) with Tukey’s
multiple-comparison test when there were three or more conditions.
If the data passed the normality test but not equal variance, then
they were subject to Welch ¢ test when there are two conditions, or
Brown-Forsythe and Welch ANOVA tests with Dunnett’s T3 multiple-
comparison test when there were three or more conditions. If the
data did not pass the normality test, then they were subject to Mann-
Whitney test when there were two conditions, or Kruskal-Wallis
ANOVA with Dunn’s multiple-comparison test when there were
three or more conditions.

Supplementary Materials
The PDF file includes:

Figs.S1to S9

Legends for tables S1to S10

Other Supplementary Material for this manuscript includes the following:
Tables S1to S10

REFERENCES

1. S.K. Zahr, G.Yang, H. Kazan, M. J. Borrett, S. A. Yuzwa, A. Voronova, D. R. Kaplan,

F. D. Miller, A translational repression complex in developing mammalian neural stem
cells that regulates neuronal specification. Neuron 97, 520-537.e6 (2018).

2. Z.Li,W.A.Tyler, E. Zeldich, G. S. Bar6, M. Okamoto, T. Gao, M. Li, N. Sestan, T. F. Haydar,
Transcriptional priming as a conserved mechanism of lineage diversification in the
developing mouse and human neocortex. Sci. Adv. 6, eabd2068 (2020).

3. Y.Meng, C. Nerlov, Epigenetic regulation of hematopoietic stem cell fate. Trends Cell Biol.
35,217-229 (2025).

4. D.Saha, S. Animireddy, B. Bartholomew, The SWI/SNF ATP-dependent chromatin
remodeling complex in cell lineage priming and early development. Biochem. Soc. Trans.
52,603-616 (2024).

17 of 19

9202 ‘62 8UNC U0 YBY101|q1q [eAUsZ - UBUoU |\ WNIUSZ Z1joyw pH Te B10°80us 105 Mmm//:sdny WoJ) papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

5.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Li (414 R) et al.,, Sci. Adv. 12, eaea9974 (2026)

A.J. Ordway, R. N. Helt, R. J. Johnston Jr., Transcriptional priming and chromatin
regulation during stochastic cell fate specification. Philos. Trans. R. Soc. B Biol. Sci. 379,
20230046 (2024).

. H.Wang, K. Helin, Roles of H3K4 methylation in biology and disease. Trends Cell Biol. 35,

115-128 (2025).

. F.Ferrari, L. Arrigoni, H. Franz, A. 1zzo, L. Butenko, E. Trompouki, T. Vogel, T. Manke,

DOT1L-mediated murine neuronal differentiation associates with H3K79me2
accumulation and preserves SOX2-enhancer accessibility. Nat. Commun. 11, 5200 (2020).

. C.Ferrai, E. Torlai Triglia, J. R. Risner-Janiczek, T. Rito, O. J. Rackham, |. de Santiago,

A. Kukalev, M. Nicodemi, A. Akalin, M. Li, M. A. Ungless, A. Pombo, RNA polymerase Il
primes Polycomb-repressed developmental genes throughout terminal neuronal
differentiation. Mol. Syst. Biol. 13, 946 (2017).

. N.S. Christophersen, K. Helin, Epigenetic control of embryonic stem cell fate. J. Exp. Med.

207, 2287-2295 (2010).

. N.Ballas, C. Grunseich, D. D. Lu, J. C. Speh, G. Mandel, REST and its corepressors mediate

plasticity of neuronal gene chromatin throughout neurogenesis. Cell 121, 645-657
(2005).

. J.Falo-Sanjuan, N. C. Lammers, H. G. Garcia, S. J. Bray, Enhancer priming enables fast and

sustained transcriptional responses to Notch signaling. Dev. Cell 50, 411-425.e8 (2019).

. L.N.Tran, A. Shinde, K. H. Schuster, A. Sabaawy, E. Dale, M. J. Welch, T.J. Isner, S. A. Nunez,

F. Garcia-Moreno, C. G. Sagerstrom, B. H. Appel, S. J. Franco, Epigenetic priming of neural
progenitors by Notch enhances Sonic hedgehog signaling and establishes gliogenic
competence. Genes Dev. 39, 886-906 (2025).

. D.M. Cordelli, V. Di Pisa, A. Fetta, L. Garavelli, L. Maltoni, L. Soliani, E. Ricci, Neurological

phenotype of Mowat-Wilson syndrome. Genes 12, 982 (2021).

. P.Moretti, H.Y. Zoghbi, MeCP2 dysfunction in Rett syndrome and related disorders. Curr.

Opin. Genet. Dev. 16, 276-281 (2006).

. K.Weiss, K. Lachlan, “CHD4 neurodevelopmental disorder,” in GeneReviews®, M. P. Adam,

J. Feldman, G. M. Mirzaa, R. A. Pagon, S. E. Wallace, A. Amemiya, Eds. (University of
Washington, 1993); www.ncbi.nlm.nih.gov/books/NBK561516/.

. L. Pinto, M. T. Mader, M. Irmler, M. Gentilini, F. Santoni, D. Drechsel, R. Blum, R. Stahl,

A. Bulfone, P. Malatesta, J. Beckers, M. Gotz, Prospective isolation of functionally distinct
radial glial subtypes—Lineage and transcriptome analysis. Mol. Cell. Neurosci. 38, 15-42
(2008).

. R.Du, C.Wang, J. Liu, K. Wang, L. Dai, W. Shen, Phosphorylation of TGIF2 represents a

therapeutic target that drives EMT and metastasis of lung adenocarcinoma. BVIC Cancer
23,52 (2023).

. T. A. Melhuish, C. M. Gallo, D. Wotton, TGIF2 interacts with histone deacetylase 1 and

represses transcription. J. Biol. Chem. 276, 32109-32114 (2001).

. J. Lei, Y. Deng, S. Ma, Downregulation of TGIF2 is possibly correlated with neuronal

apoptosis and autism-like symptoms in mice. Brain Behav. 12, €2610 (2022).

K. Taniguchi, A. E. Anderson, A. E. Sutherland, D. Wotton, Loss of Tgif function causes
holoprosencephaly by disrupting the SHH signaling pathway. PLOS Genet. 8, €1002524
(2012).

T. A. Melhuish, D. Wotton, The Tgif2 gene contains a retained intron within the coding
sequence. BMC Mol. Biol. 7, 2 (2006).

X.He, Y. Nie, H. Zhou, R. Hu, Y. Li, T. He, J. Zhu, Y. Yang, M. Liu, Structural insight into the
binding of TGIF1 to SIN3A PAH2 domain through a C-terminal amphipathic helix. Int. J.
Mol. Sci. 22,12631 (2021).

A. Saunders, X. Huang, M. Fidalgo, M. H. J. Reimer, F. Faiola, J. Ding, C. Sénchez-Priego,
D. Guallar, C. Séenz, D. Li, J. Wang, The SIN3A/HDAC corepressor complex functionally
cooperates with NANOG to promote pluripotency. Cell Rep. 18, 1713-1726 (2017).

T. Lucas, T. L. Hafer, H. G. Zhang, N. Molotkova, M. Kohwi, Discrete cis-acting element
regulates developmentally timed gene-lamina relocation and neural progenitor
competence in vivo. Dev. Cell 56, 2649-2663.e6 (2021).

V. Bergen, M. Lange, S. Peidli, F. A. Wolf, F. J. Theis, Generalizing RNA velocity to transient
cell states through dynamical modeling. Nat. Biotechnol. 38, 1408-1414 (2020).

M. Lange, V. Bergen, M. Klein, M. Setty, B. Reuter, M. Bakhti, H. Lickert, M. Ansari,

J. Schniering, H. B. Schiller, D. Pe'er, F. J. Theis, CellRank for directed single-cell fate
mapping. Nat. Methods 19, 159-170 (2022).

P. Weiler, M. Lange, M. Klein, D. Pe'er, F. Theis, CellRank 2: Unified fate mapping in
multiview single-cell data. Nat. Methods 21, 1196-1205 (2024).

W.Wang, Z. Hu, P. Weiler, S. Mayes, M. Lange, D. M. Fountain, J. O. Haug, J. Wang, Z. Xue,
T. Sauka-Spengler, F. J. Theis, RegVelo: Gene-regulatory-informed dynamics of single
cells. Cell, doi: 10.1016/j.cell.2026.04.022 (2026).

X. Zhang, G. Xiao, C. Johnson, Y. Cai, Z. K. Horowitz, C. Mennicke, R. Coffey, M. Haider,
D.Threadgill, R. Eliscu, M. C. Oldham, A. Greenbaum, H. T. Ghashghaei, Bulk and mosaic

deletions of Egfr reveal regionally defined gliogenesis in the developing mouse forebrain.

iScience 26, 106242 (2023).

X.Lan, Q Chen, Y.Wang, B. Jia, L. Sun, J. Zheng, H. Peng, TNF-« affects human cortical
neural progenitor cell differentiation through the autocrine secretion of leukemia
inhibitory factor. PLOS ONE 7, 50783 (2012).

26 June 2026

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

A. Bonni, Y. Sun, M. Nadal-Vicens, A. Bhatt, D. A. Frank, |. Rozovsky, N. Stahl,

G. D.Yancopoulos, M. E. Greenberg, Regulation of gliogenesis in the central nervous
system by the JAK-STAT signaling pathway. Science 278, 477-483 (1997).

J. Zhou, I. Vitali, S. Roig-Puiggros, A. Javed, |. Cantando, M. Puglisi, P. Bezzi, D. Jabaudon,
C. Mayer, R. Bocchi, Dual lineage origins contribute to neocortical astrocyte diversity. Nat.
Commun. 16, 6992 (2025).

T. A. Melhuish, K. Taniguchi, D. Wotton, Tgif1 and Tgif2 regulate axial patterning in mouse.
PLOS ONE 11, 0155837 (2016).

S. Marques, D. van Bruggen, D. P. Vanichkina, E. M. Floriddia, H. Munguba, L. Varemo,

S. Giacomello, A. M. Falcao, M. Meijer, A. K. Bjérklund, J. Hjerling-Leffler, R. J. Taft,

G. Castelo-Branco, Transcriptional convergence of oligodendrocyte lineage progenitors
during development. Dev. Cell 46, 504-517.e7 (2018).

A. Pereira, J. Diwakar, G. Masserdotti, S. Beskardes, T. Simon, Y. So, L. Martin-Loarte,
F.Bergemann, L. Vasan, T. Schauer, A. Danese, R. Bocchi, M. Colomé-Tatché,

C. Schuurmans, A. Philpott, T. Straub, B. Bonev, M. Gétz, Direct neuronal reprogramming
of mouse astrocytes is associated with multiscale epigenome remodeling and requires
Yy1. Nat. Neurosci. 27, 1260-1273 (2024).

0. S.Vinchure, V. Sharma, S. Tabasum, S. Ghosh, R. P. Singh, C. Sarkar, R. Kulshreshtha,
Polycomb complex mediated epigenetic reprogramming alters TGF-f signaling via a
novel EZH2/miR-490/TGIF2 axis thereby inducing migration and EMT potential in
glioblastomas. Int. J. Cancer 145, 1254-1269 (2019).

Allen Institute for Brain Science (2011). Allen Reference Atlas — Mouse Brain [brain atlas].
Available from atlas.brain-map.org.

T. J. Nowakowski, A. Bhaduri, A. A. Pollen, B. Alvarado, M. A. Mostajo-Radji, E. Di Lullo,

M. Haeussler, C. Sandoval-Espinosa, S. J. Liu, D. Velmesheyv, J. R. Ounadjela, J. Shuga,
X.Wang, D. A. Lim, J. A.West, A. A. Leyrat, W. J. Kent, A. R. Kriegstein, Spatiotemporal gene
expression trajectories reveal developmental hierarchies of the human cortex. Science
358,1318-1323(2017).

R.Du, W. Shen, Y. Liu, W. Gao, W. Zhou, J. Li, S. Zhao, C. Chen, Y. Chen, Y. Liu, P. Sun,

R. Xiang, Y. Shi, Y. Luo, TGIF2 promotes the progression of lung adenocarcinoma by bridging
EGFR/RAS/ERK signaling to cancer cell stemness. Signal Transduct. Target. Ther. 4, 60 (2019).
A. C. O'Neill, F. Uzbas, G. Antognolli, F. Merino, K. Draganova, A. Jéck, S. Zhang, G. Pedini,
J. P.Schessner, K. Cramer, A. Schepers, F. Metzger, M. Esgleas, P. Smialowski, R. Guerrini,
S.Falk, R. Feederle, S. Freytag, Z. Wang, M. Bahlo, R. Jungmann, C. Bagni, G. H. H. Borner,
S.P.Robertson, S. M. Hauck, M. G6tz, Spatial centrosome proteome of human neural cells
uncovers disease-relevant heterogeneity. Science 376, eabf9088 (2022).

B.Wang, Y. Gao, Z. Xiao, B. Chen, J. Han, J. Zhang, X. Wang, J. Dai, Erk1/2 promotes proliferation
and inhibits neuronal differentiation of neural stem cells. Neurosci. Lett. 461, 252-257 (2009).
D. K. Ma, K. Ponnusamy, M.-R. Song, G. Ming, H. Song, Molecular genetic analysis of
FGFR1 signalling reveals distinct roles of MAPK and PLCy1 activation for self-renewal of
adult neural stem cells. Mol. Brain 2, 16 (2009).

C.I. Semprich, L. Davidson, A. A. Torres, H. Patel, J. Briscoe, V. Metzis, K. G. Storey, ERK1/2
signalling dynamics promote neural differentiation by regulating chromatin accessibility
and the polycomb repressive complex. PLOS Biol. 20, 3000221 (2022).

J.M. Olson, A. Asakura, L. Snider, R. Hawkes, A. Strand, J. Stoeck, A. Hallahan, J. Pritchard,
S.J. Tapscott, NeuroD2 is necessary for development and survival of central nervous
system neurons. Dev. Biol. 234, 174-187 (2001).

S.Tutukova, V. Tarabykin, L. R. Hernandez-Miranda, The role of neurod genes in brain
development, function, and disease. Front. Mol. Neurosci. 14, 662774 (2021).

E. Dvoretskova, M. C. Ho, V. Kittke, F. Neuhaus, I. Vitali, D. D. Lam, |. Delgado, C. Feng,

M. Torres, J. Winkelmann, C. Mayer, Spatial enhancer activation influences inhibitory neuron
identity during mouse embryonic development. Nat. Neurosci. 27, 862-872 (2024).

D. Schulte, D. Geerts, MEIS transcription factors in development and disease.
Development 146, dev174706 (2019).

J.Kolb, M. Anders-Maurer, T. Miiller, A.-C. Hau, B. M. Grebbin, W. Kallenborn-Gerhardt,
C.Behrends, D. Schulte, Arginine methylation regulates MEIS2 nuclear localization to promote
neuronal differentiation of adult SVZ progenitors. Stem Cell Rep. 10, 1184-1192 (2018).

J. Fraser, A. Essebier, A. S. Brown, R. A. Davila, D. Harkins, O. Zalucki, L. P. Shapiro, P. Penzes,
B. J. Wainwright, M. P. Scott, R. M. Gronostajski, M. Bodén, M. Piper, T. J. Harvey, Common
regulatory targets of NFIA, NFIX and NFIB during postnatal cerebellar development.
Cerebellum 19, 89-101 (2020).

J. Bunt, J. M. Osinski, J. W. Lim, D. Vidovic, Y. Ye, O. Zalucki, T. R. O'Connor, L. Harris,

R. M. Gronostajski, L. J. Richards, M. Piper, Combined allelic dosage of Nfia and Nfib
regulates cortical development. Brain Neurosci. Adv. 1,2398212817739433 (2017).

M. Namihira, J. Kohyama, K. Semi, T. Sanosaka, B. Deneen, T. Taga, K. Nakashima,
Committed neuronal precursors confer astrocytic potential on residual neural precursor
cells. Dev. Cell 16, 245-255 (2009).

S. Mason, M. Piper, R. M. Gronostajski, L. J. Richards, Nuclear factor one transcription
factors in CNS development. Mol. Neurobiol. 39, 10-23 (2009).

L. A.Pile, P.T. Spellman, R. J. Katzenberger, D. A. Wassarman, The SIN3 deacetylase
complex represses genes encoding mitochondrial proteins: Implications for the
regulation of energy metabolism. J. Biol. Chem. 278, 37840-37848 (2003).

18 of 19

920Z ‘62 BUNC UO eU01[qIq[21IUSZ - UBUOU A WNJIUSZ Z}oyw BH T BI080us 105  Mm/:SARY WO} papeojumoq


http://www.ncbi.nlm.nih.gov/books/NBK561516/

SCIENCE ADVANCES | RESEARCH ARTICLE

54. G.E.Adams, A. Chandru, S. M. Cowley, Corepressor, co-activator and general transcription
factor: The many faces of the Sin3 histone deacetylase (HDAC) complex. Biochem. J. 475,
3921-3932(2018).

55. M. Balasubramanian, A.J. M. Dingemans, S. Albaba, R. Richardson, T. M. Yates, H. Cox,

S. Douzgou, R. Armstrong, F. H. Sansbury, K. B. Burke, A. E. Fry, N. Ragge, S. Sharif,

A. Foster, A. De Sandre-Giovannoli, S. Elouej, P. Vasudevan, S. Mansour, K. Wilson,

H. Stewart, S. Heide, C. Nava, B. Keren, S. Demirdas, A. S. Brooks, M. Vincent, B. Isidor,
S. Kiry, M. Schouten, E. Leenders, W. K. Chung, A. van Haeringen, T. Scheffner,

F-G. Debray, S. M. White, M. . V. Palafoll, R. Pfundt, R. Newbury-Ecob, T. Kleefstra,
Comprehensive study of 28 individuals with SIN3A-related disorder underscoring the
associated mild cognitive and distinctive facial phenotype. Eur. J. Hum. Genet. 29,
625-636 (2021).

56. E.F. Farias, K. Petrie, B. Leibovitch, J. Murtagh, M. B. Chornet, T. Schenk, A. Zelent,

S. Waxman, Interference with Sin3 function induces epigenetic reprogramming and
differentiation in breast cancer cells. Proc. Natl. Acad. Sci. U.S.A. 107,11811-11816 (2010).

57. M.J.Lewis, J. Liu, E. F. Libby, M. Lee, N. P. S. Crawford, D. R. Hurst, SIN3A and SIN3B
differentially regulate breast cancer metastasis. Oncotarget 7, 78713-78725 (2016).

58. F.M. Spagnoli, A. H. Brivanlou, The Gata5 target, TGIF2, defines the pancreatic region by
modulating BMP signals within the endoderm. Development 135, 451-461 (2008).

59. S.Andrews, FASTQC. A quality control tool for high throughput sequence data (BibSonomy,
2010); www.bibsonomy.org/bibtex/1f230a919c34360709aa298734d63dca3.

60. M. Martin, Cutadapt removes adapter sequences from high-throughput sequencing
reads. EMBnet J. 17,10-12 (2011).

61. A.Dobin, C. A. Davis, F. Schlesinger, J. Drenkow, C. Zaleski, S. Jha, P. Batut, M. Chaisson,
T.R. Gingeras, STAR: Ultrafast universal RNA-seq aligner. Bioinformatics 29, 15-21 (2013).

62. Y.Liao, G. K. Smyth, W. Shi, featureCounts: An efficient general purpose program for
assigning sequence reads to genomic features. Bioinformatics 30, 923-930 (2014).

63. R CoreTeam, R: A language and environment for statistical computing (2017);
www.R-project.org/.

64. M.I. Love, W. Huber, S. Anders, Moderated estimation of fold change and dispersion for
RNA-seq data with DESeq2. Genome Biol. 15, 550 (2014).

65. F.Yan, D.R.Powell, D. J. Curtis, N. C. Wong, From reads to insight: A hitchhiker’s guide to
ATAC-seq data analysis. Genome Biol. 21, 22 (2020).

66. Y.Zhang,T. Liu, C. A. Meyer, J. Eeckhoute, D. S. Johnson, B. E. Bernstein, C. Nusbaum,

R. M. Myers, M. Brown, W. Li, X. S. Liu, Model-based Analysis of ChIP-Seq (MACS). Genome
Biol. 9,R137 (2008).

67. F.A.Wolf, P. Angerer, F. J. Theis, SCANPY: Large-scale single-cell gene expression data
analysis. Genome Biol. 19, 15 (2018).

68. S.X.Ge, D.Jung, R.Yao, ShinyGO: A graphical gene-set enrichment tool for animals and
plants. Bioinformation 36, 2628-2629 (2020).

69. B.Langmead, S. L. Salzberg, Fast gapped-read alignment with Bowtie 2. Nat. Methods 9,
357-359 (2012).

70. F.Ramirez, D.P. Ryan, B. Griining, V. Bhardwaj, F. Kilpert, A. S. Richter, S. Heyne, F. Diindar,
T. Manke, deepTools2: A next generation web server for deep-sequencing data analysis.
Nucleic Acids Res. 44, W160-W165 (2016).

71. Galaxy Community, The Galaxy platform for accessible, reproducible, and collaborative
data analyses: 2024 update. Nucleic Acids Res. 52, W83-W94 (2024).

72. C.E.Grant,T. L. Bailey, W. S. Noble, FIMO: Scanning for occurrences of a given motif.
Bioinformatics 27,1017-1018 (2011).

73. D.Machlab, L. Burger, C. Soneson, F. M. Rijli, D. Schiibeler, M. B. Stadler, monaLisa: An R/
Bioconductor package for identifying regulatory motifs. Bioinformatics 38, 2624-2625 (2022).

74. L.J.Zhu, C. Gazin, N.D. Lawson, H. Pageés, S. M. Lin, D. S. Lapointe, M. R. Green,
ChlIPpeakAnno: A Bioconductor package to annotate ChlIP-seq and ChIP-chip data. BMC
Bioinformatics 11,237 (2010).

75. C.Y.McLean, D. Bristor, M. Hiller, S. L. Clarke, B. T. Schaar, C. B. Lowe, A. M. Wenger,

G. Bejerano, GREAT improves functional interpretation of cis-regulatory regions. Nat.
Biotechnol. 28, 495-501 (2010).

76. K.Kamimoto, B. Stringa, C. M. Hoffmann, K. Jindal, L. Solnica-Krezel, S. A. Morris,
Dissecting cell identity via network inference and in silico gene perturbation. Nature 614,
742-751 (2023).

Li (ZE1A R) etal, Sci. Adv. 12, eaea9974 (2026) 26 June 2026

77. A.Grosche, A. Hauser, M. F. Lepper, R. Mayo, C. von Toerne, J. Merl-Pham, S. M. Hauck, The
proteome of native adult Miiller glial cells from murine retina. Mol. Cell. Proteomics 15,
462-480 (2016).

78. J.R.Wisniewski, A. Zougman, N. Nagaraj, M. Mann, Universal sample preparation method
for proteome analysis. Nat. Methods 6, 359-362 (2009).

79. L. Molitor, M. Klostermann, S. Bacher, J. Merl-Pham, N. Spranger, S. Burczyk, C. Ketteler,
E.Rusha, D. Tews, A. Pertek, M. Proske, A. Busch, S. Reschke, R. Feederle, S. M. Hauck,

H. Blum, M. Drukker, P. Fischer-Posovszky, J. Konig, K. Zarnack, D. Niessing, Depletion of
the RNA-binding protein PURA triggers changes in posttranscriptional gene regulation
and loss of P-bodies. Nucleic Acids Res. 51, 1297-1316 (2023).

80. J.Cox, M. Mann, MaxQuant enables high peptide identification rates, individualized
p.p.b.-range mass accuracies and proteome-wide protein quantification. Nat. Biotechnol.
26, 1367-1372(2008).

81. J.Cox, M.Y. Hein, C. A. Luber, I. Paron, N. Nagaraj, M. Mann, Accurate proteome-wide
label-free quantification by delayed normalization and maximal peptide ratio extraction,
termed MaxLFQ. Mol. Cell. Proteomics 13, 2513-2526 (2014).

82. J.Cox, N. Neuhauser, A. Michalski, R. A. Scheltema, J. V. Olsen, M. Mann, Andromeda: A
peptide search engine integrated into the MaxQuant environment. J. Proteome Res. 10,
1794-1805 (2011).

83. J.T.Robinson, H. Thorvaldsdéttir, W. Winckler, M. Guttman, E. S. Lander, G. Getz,

J. P. Mesirov, Integrative Genomics Viewer. Nat. Biotechnol. 29, 24-26 (2011).

Acknowledgments: We are particularly grateful to H.-S. Kang, A. Geerlof, and M. Sattler for
excellent input on the structure of TGIF2 including the mutations. Special thanks to T. Simon-Ebert,
M. Buerkle, and P. Chlebik for excellent technical support. We acknowledge the Core Facility
Bioinformatics at the Biomedical Center, LMU Munich, especially T. Straub for consultation on
CUT&RUN analysis and High-Performance Computing server usage, and then the Core Facility
Flow Cytometry (B. Tast and R. Noori) at the Biomedical Center, LMU Munich, for FACS of cells
for the scRNA-seq experiments. Sequencing of the bulk libraries was performed at the NGS
facility, Institute of Human Genetics, Helmholtz Center Munich. Sequencing of the rest of the
experiments was performed at the Next Generation Sequencing (NGS) Core Facility at the
Institute of Human Genetics in Bonn. We also acknowledge the Core Facility Bioimaging at the
Biomedical Center, LMU Munich, especially A. Thomae and M. Gonzalez Pisfil for assistance on
time-lapse live imaging. We are also very grateful to G. Masserdotti and S. Stricker for
comments on the manuscript. Funding: This study was supported by the Advanced ERC Grant
Neurocentro (885382 to M.G.) and the European Union’s Horizon 2020 research and innovation
program under grant agreement no. 874758 (NSC Reconstruct to M.G.), as well as the German
Research Foundation TRR274 (no. 408885537 to M.G.), FOR2879/2 (no. 405358801 to M.G.), and
SyNergy (EXC2145/Project-ID 390857198 to M.G.). Parts of this work were supported by a New
Frontiers in Research Fund Transformation grant to M.G., funded through three Canadian
federal funding agencies (CIHR, NSERC, and SSHRC). Author contributions:
Conceptualization: M.G. and Y.L. Methodology: Y.L, A.CK, FV., M.LR., M.G., W.W., J.M.-P, and
S.M.H. Investigation: Y.L, A.CK., M.L.R,, and J.M.-P. Data curation: Y.L. and M.L.R. Formal analysis:
Y.L, A.CK, and M.LR. Validation: Y.L. and A.CK. Visualization: Y.L, M.L.R,, A.CK., and W.W.
Software: Y.L, M.L.R,, and W.W. Resources: S.M.H. Supervision: M.G., S.M.H., and F.J.T. Writing—
original draft: M.G. and Y.L. Writing—review and editing: M.G., Y.L, A.CK., and M.L.R. Project
administration: M.G., Y.L, and FJ.T. Funding acquisition: M.G. and F.J.T. Competing interests: The
authors declare that they have no competing interests. Data, code, and materials
availability: All source data can be accessed on BioStudies with accession number S-BSST1650
(www.ebi.ac.uk/biostudies/studies/S-BSST1650) or on Zenodo: https://doi.org/10.5281/
zeno0do.20117190. All source code is available at https://github.com/PhysiologicalGenomicBMC/
TGIF2_role_neurogenesis/tree/main or on Zenodo DOI: 10.5281/zenodo0.20133171. All data
and code needed to evaluate and reproduce the results in the paper are present in the paper
and/or the Supplementary Materials. Fusion protein plasmids generated during this study are
available from the corresponding author upon reasonable request.

Submitted 1 August 2025
Accepted 13 May 2026
Published 26 June 2026
10.1126/sciadv.aea9974

190f 19

920Z ‘62 BUNC UO eU01[qIq[21IUSZ - UBUOU A WNJIUSZ Z}oyw BH T BI080us 105  Mm/:SARY WO} papeojumoq


http://www.bibsonomy.org/bibtex/1f230a919c34360709aa298734d63dca3
http://www.R-project.org/
http://www.ebi.ac.uk/biostudies/studies/S-BSST1650
https://doi.org/10.5281/zenodo.20117190
https://doi.org/10.5281/zenodo.20117190
https://github.com/PhysiologicalGenomicBMC/TGIF2_role_neurogenesis/tree/main
https://github.com/PhysiologicalGenomicBMC/TGIF2_role_neurogenesis/tree/main
http://dx.doi.org/10.5281/zenodo.20133171

Science Advances

Transcriptional repression by TGIF2 coordinates neurogenic priming and neural
stem cell maintenance

Yiling Li (###), Anthi C. Krontira, Franziska Vierl, Maria L. Richter, Weixu Wang (###), Juliane Merl-Pham, Fabian J. Theis,
Stefanie M. Hauck, and Magdalena Gotz

Sci. Adv. 12 (26), eaea9974. DOI: 10.1126/sciadv.aea9974

View the article online

https://www.science.org/doi/10.1126/sciadv.aea9974
Permissions

https://lwww.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service

Science Advances (ISSN 2375-2548) is published by the American Association for the Advancement of Science. 1200 New York Avenue
NW, Washington, DC 20005. The title Science Advances is a registered trademark of AAAS.

Copyright © 2026 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC BY).

9202 ‘62 8UNC U0 YBY101|q1q [eAUsZ - UBUoU |\ WNIUSZ Z1joyw pH Te B10°80us 105 Mmm//:sdny WoJ) papeojumod


https://www.science.org/content/page/terms-service

	Transcriptional repression by TGIF2 coordinates neurogenic priming and neural stem cell maintenance
	INTRODUCTION
	RESULTS
	Identification of neurogenic primed genes across forebrain regions
	Identification of TFs in regulating neurogenic NSC fate
	TGIF2 promotes NSC maintenance in vitro
	TGIF2 function is dependent on its repressor domain and phosphorylation
	TGIF2 interacts with HDAC1/2 and SIN3 corepressor complex
	TGIF2 OE in vivo expands the NSC pool and delays neuronal positioning
	TGIF2 target genes include neuronal differentiation and neurogenic primed genes
	TGIF2 OE slows down neuronal differentiation shown by single-cell RNA-seq
	CRISPR-mediated knockout of TGIF2 promotes neuronal differentiation

	DISCUSSION
	MATERIALS AND METHODS
	RNA-seq and ATAC-seq library preparation
	RNA-seq analysis
	ATAC-seq analysis
	Plasmids
	Mice
	Anesthesia
	In utero electroporation
	Cell culture
	Immunohistochemistry and immunocytochemistry
	scRNA-seq library prepration
	scRNA-seq analysis
	CUT&RUN and library preparation
	CUT&RUN analysis
	Gene regulatory dynamic analysis
	Coimmunoprecipitation
	Mass spectrometry
	Time-lapse live imaging
	Cell cycle analysis
	CRISPR-KO
	Western blot
	Sorting and bulk RNA-seq
	Statistical analysis

	Supplementary Materials
	The PDF file includes:
	Other Supplementary Material for this manuscript includes the following:

	REFERENCES
	Acknowledgments


