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1 Introduction

The seat of our higher cognitive functions—the brain—originates from a simple sheet of cells
known as neural stem cells (NSCs). They give rise to neurons and other essential cell types that
constitute the brain during development. The process of generating neurons, or neurogenesis,
has captivated scientists for decades, if not centuries. Yet, we are still scratching the surface of
understanding how NSCs balance their plasticity with their commitment to differentiate into
neurons.

One focal point of research lies in the role of transcription factors (TFs). These potent
regulators of gene expression are pivotal in determining cell fate and have been extensively
studied in the context of NSCs. While numerous TFs critical to neurogenesis have been
identified, the search continues for a universal regulator—a pan-factor—that regulates neural
stem cell fate and neurogenesis. Furthermore, beyond transcriptional control, emerging
evidence suggests the importance of nhon-canonical mechanisms that remain largely
unexplored but may hold the key to uncovering novel regulatory pathways in nheurogenesis.

In this thesis, | will explore both canonical and non-canonical mechanisms that govern the
balance between self-maintenance and differentiation of NSCs during developmental
neurogenesis. Understanding these mechanisms is not only essential for decoding the
complexities of brain development but also carries significant implications for developing

therapies for neurodevelopmental disorders and brain injuries.

1.1 Mammalian Neurogenesis

Neurogenesis, the process to generate new neurons, is a dynamic and regulated process that
ensures the proper formation and maintenance of neuronal circuits in the brain for proper brain
functions. Neurogenesis occurs predominantly during embryonic development, laying the
foundation for the complex architecture and functionality of the brain. It starts with a limited
number of NSCs that proliferate and generate diverse neuronal subtypes, followed by the
production of glial cells as neurogenesis largely diminishes at the end of embryonic
development (Figure 1). However, neurogenesis continues in certain regions of the adult brain,
such as the sub-ventricular zone (SVZ), derived from lateral ganglionic eminence (LGE) in the
embryonic brain (Lledo et al., 2008), and the hippocampal dentate gyrus (DG), derived from
embryonic dentate neuroepithelium (Urban & Guillemot, 2014), although in both regions

neurogenesis is restricted to specific neuronal subtypes.

1.1.1 Principles of Mammalian Cortical Neurogenesis



Mammalian embryonic telencephalon is subdivided into the cerebral cortex and a transitory
structure called ganglionic eminence (GE), including lateral, medial, and caudal GEs. The
cerebral cortex in mammals represents the advancement of brain evolution, as it is the seat of
higher cognitive functions, supported by a large diversity of neuronal subtypes. A complex
network regulates the cortical neurogenesis to ensure everything happens at the right time and
place, which attracts exploration in understanding the underlying mechanisms.

At the onset of cortical neurogenesis, the mono-layered neuroepithelial stem cells that form
neural tube wall transition from self-amplification to NSCs (G6tz & Huttner, 2005) (Figure 1).
Embryonic NSCs, also known as radial glial cells, are multipotent cells with the unique ability to
self-renew and differentiate into neurons, and later astrocytes and oligodendrocytes. Both
neuroepithelial stem cells and NSCs span the cortical columns bipolarly, with their apical
plasma membrane contacting the ventricular surface, and their basal membrane anchored at
the pial surface (Gotz & Huttner, 2005). During early neurogenesis, NSCs largely divide
symmetrically to expand the NSC pool. As development proceeds, NSCs start to divide
asymmetrically, which maintains the NSC pool while giving rise to neurons. The daughter
neurons are generated either directly, or indirectly via intermediate progenitor cells (IPCs),

which divide symmetrically to give rise to two neurons, thereby amplifying neuronal output.
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Figure 1. Mammalian neurogenesis timeline and principles

Schematic illustration of cortical neurogenesis from embryonic day 10.5 (E10.5) to immediate
postnatal. A coronal section of embryonic murine brain is shown on top, composed of cortex,
LGE, and MGE. CGE is on the caudal section of the brain and is not shown here. GE-derived
interneurons are depicted with dashed lines. CTX: cortex; LGE: lateral ganglionic eminence; CP:
cortical plate; IZ: intermediate zone; SVZ: subventricular zone; VZ: ventricular zone; NEC:
neuroepithelial cell; NSC: neural stem cell; IPC: intermediate progenitor cell; IN: interneuron;
mig.: migrating neuron; OPC: oligodendrocyte progenitor cell; EC: ependymal cell.
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The balance between NSC maintenance and differentiation is critical for proper
neurogenesis, which depends on the balance between symmetric or asymmetric cell divisions,
and the balance between indirect and direct neurogenesis. A disbalance in these processes can
lead to various neurodevelopmental disorders and cortical malformations (T. Sun & Hevner,
2014). For instance, an excessive proliferation of NSCs with disrupted onset of neurogenesis
may lead to macrocephaly and/or autism spectrum disorder (ASD) (M. Wang et al., 2020),

whereas a premature differentiation of NSCs may cause microcephaly (Jayaraman et al., 2018).

1.1.2 Spatial Temporal Order of Mammalian Neurogenesis

The mammalian neocortex is formed in an "inside-out" manner sequentially. That is, early
NSCs generate deep layer neurons (E11.5-E13.5), while late NSCs give rise to upper layer
neurons (E13.5-E17.5) (Figure 1). Newly born neurons migrate radially along the scaffold of
NSCs to the cortical plate, with late-born upper layer neurons traversing past early-born deep
layer neurons and stacking on top of them. A similar trend is observed with interneuron
migration from GE. Between E12 and E15, interneuron production shifts from deep layers to
upper layers, whereas this is shifted from upper layers to deep layers again from E15to E17
(Sultan et al., 2018).

This common principle of temporal order is considered to be induced by a sequential and
hierarchical cascade of TFs through feedforward and feedback mechanisms in Drosophila
(Kohwi & Doe, 2013) (Figure 2a). Namely, NSCs progressively restrict their neurogenic
competence in a fixed order, determined by TFs acting as temporal-identity factors. A similar
mechanism is observed in mammalian retinal progenitors (Kohwi & Doe, 2013), but remains
largely elusive in the mammals. TF lkaros, for example, was identified as a temporal-identity
factor that specifies early-born neuron fate in the retina and cortex, but without extending the
neurogenic competence window (Alsio et al., 2013; Kohwi & Doe, 2013). Sustained expression
of Ikaros extends the generation of early-born deep layer neurons at the expense of later-born
upper layer neurons. In the hypothalamus, the cascade is hierarchical but NSCs do not become
fate restricted over time. TF retina and anterior neural fold homeobox (RAX)+ NSCs continuously
generate TF Achaete-scute Complex Homolog 1 (ASCL1)+ and TF Neurogenin2 (NGN2)+ IPCs in
parallel, which subsequently generate mutually exclusive neuronal subtypes (Y.-H. Zhang et al.,

2021) (Figure 2b).
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Figure 2. Temporal identify factors and models of generating neuronal diversity

a. A simplified model of TF as temporal identity factors cascade to generate neuronal diversity in
Drosophila embryo. Dashed lines indicate the two daughter neurons from ganglion mother cells
(GMCs) adopt distinct fates; however, the mechanism to distinguish their temporal identity is
unknown.

b. TF cascade model proposed in murine hypothalamus. Rax+ NSCs generate Ascl1+ and Ngn2+
IPCs, which respectively give rise to nascent neurons. Ascl1+ IPCs bifurcate to generate both
GABAergic (GABA+) and glutamatergic (GLUT+) nascent neurons, whereas Ngn2+ IPCs are fate-
restricted to generate glutamatergic neurons.

c. Schematic illustration of pre-mitotic and post-mitotic models.

d. Schematic showing early-stage progenitors generate more heterogenous neuronal progeny,
while late-stage progenitors are more fate-restricted to defined neuronal subtypes. Excerpt from
Magrinelli et al. (2022), used with permission from Springer Nature.

In fact, the molecular mechanisms of fate specification of mammalian neurogenesis have
been debated over a love time and can be grouped into two models: pre-mitotic and post-
mitotic models of producing neuronal diversity (Figure 2c). That is, whether different neuronal
subtypes are generated from correspondingly different stem/progenitor cells, or they arise from
a homogeneous population of stem/progenitor cells and only diverge later by integrating
environmental cues. The famous example supporting the pre-mitotic model is that CUX2+
progenitors are fated to become upper layer neurons regardless of birthdate and niche (Franco
etal., 2012; Zimmer et al., 2004). However, accumulating data support a post-mitotic model

(Mayer et al., 2018; Mi et al., 2018; Toma et al., 2014), especially with the flourishing single-cell



RNA-sequencing (scRNA-seq) data of developing brain tissue, which revealed that the lineage
divergence emerges post-mitotically.

The evidence suggests that neuronal fate specification follows a mixed model. While at the
large scale, early and late NSCs generate deep or upper layer neurons respectively, early NSCs
generate a more heterogenous population of deep layer neurons and later NSCs generate
homogeneously layer-restricted upper layer neurons, shown by isochronic transplantations
(i.e., E12 NSCs into E12 cortex, E15 NSCs into E15 cortex) with fate mapping (Magrinelli et al.,
2022) (Figure 2d). At the same time, birth-dating experiments coupled with scRNA-seq suggest
that early NSCs (E12) are more “introverted”, while late NSCs (E15) are more “extraverted”,
meaning NSCs become more susceptible over time to extrinsic cues in the environment and
shifting their transcriptional profile similar to their neuronal progeny (Telley et al., 2019).

The nuances of this mixed model is further complemented by heterochronic transplantations
(i.e., E15 NSCs into E12 cortex) with fate mapping experiments: late-stage (E15) NSCs have the
capacity to generate deep-layer neurons when transplanted in E12 cortex (Oberst et al., 2019).
This plasticity is driven by Wnt signaling in the niche, which is known to regulate neurogenic
competence of NSCs, as canonical Wnt signaling is higher in the early stages of neurogenesis
and diminishes over time (Oberst et al., 2019). Similar findings were obtained with interneuron
transplantation into the cortex. E12 interneurons are typically destined for deep layers, while
E15 interneurons migrate to upper layers (Sultan et al., 2018). When E15 medial ganglionic
eminence (MGE) cells were transplanted into E12 cortex, they shifted their fate and settled in
deep layers. Conversely, young-into-old (E12 into E15) transplantation of MGE cells into cortex
shifted their destination to middle layers instead of completely upper layers (Valcanis & Tan,
2003), suggesting they are less susceptible to environmental cues than E15 cells.

Altogether, these isochronic and heterochronic transplantations of cortical stem/progenitors
with fate mapping suggest that a variety of transcriptional trajectories are preserved pre-

mitotically at early stages of neurogenesis, and fade over time as differentiation progresses.

1.2 Neurogenic Priming

Fate specification during mammalian neurogenesis seems to involve a combination of
maintaining intrinsic molecular programs in stem/progenitors and their subsequent integration
of environmental cues. A unifying concept for such a mixed modelis lineage priming.

Lineage priming refers to a state in which stem cells already exhibit chromatin accessibility at
cis-regulatory elements (CREs) of lineage-specific progeny genes, even though the expression
of these genes remains low at the mRNA level (Meng & Nerlov, 2024). In C. elegans, for example,

the functional left and right asymmetry arises from a two-step activation of lsy-6 miRNA locus:
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the chromatin was decompacted at the precursor stage several divisions before neurons are
born, only on the left but not right. A bilaterally expressed TF at later stage then activates lsy-6
only in the primed left neuron (Cochella & Hobert, 2012), offering progenitors a unique
regulatory mechanism for fate commitment. At the same time, priming can be accompanied by
a decrease in chromatin accessibility of alternative lineages, as shown by endoderm
differentiation of human pluripotent stem cells (Madrigal et al., 2023).

Primed stem cells are therefore poised to differentiation and can upregulate lineage-specific
genes in a timely manner but retain a certain degree of plasticity. While priming is well studied in
hematopoietic progenitors (Meng & Nerlov, 2024), how the priming is regulated in NSCs is not
yet well understood. Several studies have observed that neurogenic TFs are already expressed
in NSCs. For example, human fetal NSCs express low levels of neurogenic TF mRNAs, including
Ngn2 and neurogenic differentiation 1 (Neurod1) (Nowakowski et al., 2017). Similarly, minimal
but detectable mMRNA expressions of Eomes and Neurod4 were observed in embryonic mouse
cortical NSCs (Li et al., 2020). A critical missing piece in understanding neurogenic priming is
how the expression of the neuronal progeny genes in NSCs remains low. While this was partially
explained at the translational level (Zahr et al., 2018), we uncovered a transcriptional

mechanism regulating the neurogenic priming in NSCs in Chapter 2.

1.3 Canonical Mechanisms Regulating Neurogenesis

For the complex neurogenesis to proceed correctly both temporally and spatially, intricate
transcriptional and epigenetic programs tightly control this process. A cascade of differentiation
programs unfolds and transitions, such as from stem cell self-renewal to cell cycle exit and
lineage commitment. TFs are key regulators that activate or repress genes. Particularly, pioneer
factors, usually master regulators of cell fate changes, can bind to compact and silent
chromatin, followed by recruitment of SWI/SNF chromatin remodeling complexes and
rearrangement of the chromatin configuration to an open state (Barral & Zaret, 2024). This
allows additional TFs and protein complex to access the open chromatin.

On the other hand, the negative regulators can induce chromatin closure or sterically block
the access of other TFs. They can also recruit histone deacetylases (HDACs), such as HDAC1
and HDAC2, which participate in multiple transcriptional corepressor complexes, including
corepressor for element-1-silencing transcription factor (CoREST), nucleosome-remodeling and
deacetylase (NuRD), and switch-independent 3 (SIN3) (Park et al., 2022). NuRD is among the
best characterized co-repressor complexes during neurogenesis. It balances the acetylation

and methylation state of histone H3 lysine 27 (H3K27) by removing H3K27ac active marks

10



(Reynolds et al., 2012). In general, transcriptional repressors can ensure that differentiation-

promoting pathways are held in check, maintaining the undifferentiated state of NSCs.
Understanding how these positive and negative regulatory machineries interact is crucial for

unraveling the mechanisms underlying both brain development and potential regenerative

therapies.

1.3.1 Transcription Factors Regulating NSC Maintenance

NSC maintenance relies on the expression of key TFs that promote self-renewal and
repress premature differentiation. Below are examples of the best-characterized TFs for
maintaining various aspects of NSCs.
SOX2

One of the most well-characterized TFs in NSC maintenance is sex determining region Y-box 2
(SOX2), a member of the SOX family TFs, which share a highly conserved DNA binding domain
known as high-mobility group box domain (Sarkar & Hochedlinger, 2013). While being widely
known as a pluripotency factor in embryonic stem cells (ESCs) with octamer-binding
transcription factor 4 (OCT4) and NANOG (Boyer et al., 2005), SOX2 is critical in maintaining
NSC identity by repressing differentiation-associated genes and promoting the expression of
self-renewal-related genes. In fact, SOX2 was proposed to have dual functions in human ESCs:
it interacts with OCT4, which is lost upon SOX2’s interaction with paired box protein 6 (PAX6)
during neural fate transition, leading to genome-wide relocalization of SOX2 (S. Zhang et al.,
2019).

SOX2 occupies genomic sites involved in cell cycle exit and expression of differentiation
genes in neural progenitor cells (NPCs) (Graham et al., 2003; Lodato et al., 2013). The activation
of neurogenic differentiation genes requires the replacement of SOX2 by beta-catenin
(Kuwabara et al., 2009). Furthermore, SOX2 was shown to bind and maintain the bivalent state
(high levels of H3K27me3 and H3K4me3) of poised pro-neural genes, such as Ngn2 and
Neurod1 in mouse NPCs, and limit the excessive activity of polycomb repressive complex 2
(PRC2) (Amador-Arjona et al., 2015). Together, SOX2 gives an example of a master regulator of
NSC maintenance by repressing neural differentiation and ensuring the proper poised
chromatin state for neurogenesis.

PAX6

PAX6 is one of the most well-known TFs that regulates various aspects of neurogenesis,
including patterning, cell cycle and division regulation, and directing NSCs towards
neurogenesis by inhibiting gliogenesis (Asami et al., 2011; Heins et al., 2002; Manuel et al.,

2022; Osumi et al., 2008; Walcher et al., 2013). With a paired domain and a homeodomain,
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PAX6 binds to specific DNA sequences in the promoter and enhancer regions of its target genes
and shares many binding sites with SOX2 (Thakurela et al., 2016). PAX6 activates pro-neural
genes (i.e., Ngn2) (Scardigli et al., 2003) and represses glia-specific TFs for neural lineage (Jang
& Goldman, 2011). PAX6 interacts with chromatin-modifying complexes, including SWI/SNF and
HDACSs (Ninkovic et al., 2013), to either open or compact chromatin of neural or non-neural loci,
respectively. In addition to transcriptional regulations, PAX6 also integrates signals from
multiple signaling pathways (i.e., Notch and Wnt) to fine-tune the behavior and differentiation of
NSCs.
FOXG1

Forkhead Box G1 (FOXG1) is a TF sharing aspects of patterning function such as PAX6 and
promoting NSC proliferation such as SOX2. Different from SOX2 and PAX6, however, FOXG1
primarily acts as a repressor (Murphy et al., 1994). Highly expressed in the forebrain, FOXG1
controls the self-renewal of NSCs, the expansion of IPCs, and the timing of neurogenesis
(Fasano et al., 2009; Shen et al., 2006; Siegenthaler et al., 2008). Foxg1 deficiency in mice
reduces the size of the cerebral cortices due to premature differentiation, as reduced levels of
Foxg1 lead to premature depletion of the progenitor pool and hence reduction of late-born
neurons (Dou et al., 1999; Hanashima et al., 2004; Xuan et al., 1995). Over-expression of Foxg1
expanded the neural progenitor pool, delayed neurogenesis, and increased neuronal output

(Brancaccio et al., 2010).

1.3.2 Transcription Factors Driving Neuronal Differentiation

While there are TFs supporting the maintenance of NSCs, neural differentiation is induced
when specific TFs that promote the commitment of the neuronal lineage are activated. The
following are the most well-known TFs for inducing the commitment of neuronal fate in
progenitors. Some of them are also known as proneural genes, which encode basic-helix-loop-
helix (bHLH) TFs (Huang et al., 2014). They were first identified in Drosophila for their ability to
induce neural identity instead of epidermal in naive ectodermal cells (Ghysen & Dambly-
Chaudiéere, 1988).
ASCL1

The most famous proneural TF is ASCL1, known as a master regulator and a pioneer factor
of the neuronal lineage, particularly for the ventral telencephalon (Fode et al., 2000). As a
member of the bHLH family, it binds to E-box sequences and induces conformation changes of
permissive chromatin. Genomic profiling of ASCL1 targets in embryonic brain and NSC cultures

identified regulators to promote cell cycle progression and arrest, TFs important for
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neurogenesis such as DLX2 and NFIB, as well as genes related to later stages of neural
differentiation, including signal transduction and neurite morphogenesis (Castro et al., 2011).

During neuronal induction, there is a switch of expression mode of ASCL1 from oscillatory to
sustained. Oscillatory expression of ASCL1 in neural progenitors promotes proliferation by
increasing symmetric proliferative divisions, whereas elevated and sustained levels of ASCL1
biases the cells towards neuronal fate, by increasing asymmetric neurogenic cell divisions
(Imayoshi et al., 2013).

For its role as a proneural factor, ASCL1 can be used to reprogram astrocytes into GABAergic
neurons (Masserdotti et al., 2015), and also reprogram fibroblasts and ESCs into neurons in vitro
(Chanda et al., 2014). Surprisingly, the induced neurons from fibroblasts are excitatory,
suggesting ASCL1 is permissive but not deterministic for the inhibitory neuron lineage.

NGN2

Another pro-neural bHLH TF and pioneer factor is NGN2, which represses ASCL1 (Fode et al.,
2000). Similar to ASCL1, NGN2 (and also NGN1) dimerizes with bHLH proteins (i.e., E47) to bind
to E box consensus motifs to activate tissue-specific neuronal differentiation genes (Cau et al.,
1997). NGN2 is directly regulated by PAX6, which binds to the E1 enhancer element of Ngn2
(Scardigli et al., 2003). Conversely, NGN2 downregulates PAX6 expression and therefore forms a
negative feedback regulation (Bel-Vialar et al., 2007).

NGN2 promotes cell cycle exit by reducing the expression of cell cycle regulators including
Ccnd1, Ccne1/2, Ccna2 (Lacomme et al., 2012). In the telencephalon, specifically, NGN2 is
required for specifying neocortical, glutamatergic, early-born (deep layer) neurons, while
inhibiting GABAergic neuronal fate (Schuurmans et al., 2004). At the same time, NGN2 is
repressing the generation of astrocytes (S. Sun et al., 2019) and oligodendrocytes (Jiang et al.,
2020). Therefore, it is also widely used for the generation of induced neurons from astrocytes
and pluripotent stem cells in vitro (Hulme et al., 2021).

Nuclear Factor One (NFI) Factors

Besides the bHLH family factors (including NeuroD family not described in detail here),
another TF family, known as the NFI family factors (NFIA, NFIB, NFIX), promotes differentiation
of neural as well as glial lineage at the expense of stem cell self-renewal (Harris et al., 2015).
They are master regulators that homo- or heterodimerize to activate expression of neuronal and
glial genes. NFIA, B, X are expressed in the VZ starting from embryonic day 12 (E12) until the end
of neurogenesis (Campbell et al., 2008; Plachez et al., 2008). Knockout (KO) mice of Nfia and
Nfix have expanded pool of NSCs with a delayed production of IPCs and reduced expression of
astrocytic marker glial fibrillary acidic protein (GFAP) (Harris et al., 2016; Heng et al., 2014; Piper

etal., 2010). NFIB and NFIX were further revealed to drive the acquisition, maintenance, and
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maturation of ependymal cell fate, which occurs after the end of neurogenesis (Harkins et al.,
2022; Lahti et al., 2024). Nfix KO mice display hydrocephalus with abnormal morphology of
ependymal cells, which also aberrantly and largely retained the expression of PAX6 (Harkins et
al., 2022). Together, NFI factors are involved in promoting all sequential steps of neurogenesis

and were proposed to regulate the timing of neurogenesis (Lahti et al., 2024).

1.3.3 Feedback and Cross-Regulation of TFs

As we have seen above, there are groups of TFs either promoting NSC maintenance, or
promoting neuronal differentiation. The crosstalk and feedback mechanisms among these TFs
(and their associated signaling pathways) are thus important to balance maintenance and
differentiation of NSCs. For example, Notch signaling maintains NSCs by activating HES1/5,
which represses pro-neural genes, and its downregulation allows for the activation of
Neurogenins and neuronal differentiation.

As already mentioned in 1.1.2 and 1.3.2, during neuronal differentiation cascade, TFs cross-
regulate each other, such as the negative feedback regulation between PAX6 and NGN2.
Another classic example of TF cascade guiding neural progenitor progression, lineage
commitment, and differentiation is the regulation cascade among PAX6, TBR2, and TBR1 (Elsen
et al., 2018) (Figure 3a). PAX6 represses itself and activates TBR2, which represses PAX6 and
activates TBR1 (Sessa et al., 2017). In other words, these three TFs form a positive feedforward
cascade, with PAX6 negatively self-regulating itself and TBR2 negatively regulating PAX6 to form
a negative feedback loop. This TF cascade for neural differentiation is further complemented by
HES1 trajectory in parallel. Similar to PAX6, HES1 also represses itself (Takebayashi et al.,
1994). While PAX6 facilitates the neurogenic cascade progression, HES1 antagonizes some of
PAX6’s downstream activation targets, including Tbr2 and Ngn2, to expand the NSC pool
(Sansom et al., 2009). At the same time, NGN2 induces TBR2, which represses HES1 (Shimojo
etal., 2024). This cross-regulation among the above TFs and their expression during neural

differentiation are summarized in Figure 3a and 3b.
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Figure 3. TF cross-regulation and gene regulatory network

a. A summary schematic showing cross-regulation among PAX6, TBR2, TBR1, NGN2, and HES1.
b. Expression profile along developmental trajectory of TFs in (a). HES1 and NGN2 oscillations
represented by fluctuating gradient.

c. Schematic illustration of gene regulatory network. Positive regulation is represented by pink
arrows, with negative regulation represented by blue arrow with a dash.

1.3.4 Gene Regulatory Network (GRN)

As what is shown above, TFs during mammalian neuronal differentiation form networks that
cross-activate and repress each other. Tapping on one TF may lead to a change of dynamics in
the whole network. Such a GRN (Figure 3c) is getting well-characterized with the advancement
of single-cell multi-omics that correlate open chromatin with gene expression to identify gene
regulation relationships among TFs (Bravo Gonzalez-Blas et al., 2023; Fleck et al., 2023).
Comparing human and mouse cortical GRNs revealed that while TF combinations for specific
cell types are highly conserved, TF-binding site (TFBS) and enhancers show great turnover
(Bravo Gonzalez-Blas et al., 2023). This eludes to the concept that a cell type is defined by the
core TF regulatory complex (Arendt et al., 2016), composed of “terminal selectors” that are
mainly homeobox TF family (Hobert, 2021).

GRNs provide a significant groundwork for understanding central TFs maintaining a certain
cell state or a differentiation trajectory. After establishing a GRN, one can perturb a TF in silico
and predict downstream transcriptomic changes or differentiation trajectory changes (Bravo

Gonzalez-Blas et al., 2023; Fleck et al., 2023).

1.4 Non-canonical Mechanisms Regulating Neurogenesis

While TF-associated regulations and signaling pathways have been extensively investigated in
neurogenesis, emerging non-canonical mechanisms are revealing new layers of regulation
critical for neurogenesis. These include metabolic dynamics (lwata et al., 2023), the mechanical
and bioelectric membrane properties within cells or tissues (Petrik et al., 2018; Vitali et al.,
2018), and the niche environment (i.e. stiffness) created by extracellular matrix (ECM) (Kjell et
al., 2020).
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Figure 4. Mechanical coupling between cytoplasm and nucleus modulates cell fate
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a. lllustration of YAP translocation via force sensing in ECM and stretching of nuclear pores.
Excerpt from Elosegui-Artola et al. (2017), used with permission from Elsevier.
b. Schematic of LINC complex and actin levels regulating ependymal cell differentiation.

Among these, mechanotransduction through cytoskeletal proteins serves as a crucial link
between extracellular cues and nuclear responses though its role in neurogenesis remains
underexplored. Studies have shown that the mechanical coupling between the nucleus and the
cytoskeleton is essential for cellular adaptation to environmental forces. For example, ECM-
generated forces are transmitted to the nucleus through cytoskeletal tension, stretching the
nuclear pores and facilitating the nuclear translocation of transcriptional regulator yes-
associated protein (YAP), which is required for mesenchymal stem cell differentiation and
endothelial cell survival (Figure 4a) (Aragona et al., 2013; Driscoll et al., 2015; Dupont et al.,
2011; Elosegui-Artola et al., 2017). This cytoskeletal-nuclear coupling is important for cell fate
transitions and differentiation. When the linker of nucleoskeleton and cytoskeleton (LINC)
complex is disrupted or when actin is decreased globally, ependymal differentiation is impaired.
Conversely, mechanical compression or increased actin polymerization accelerated
ependymal differentiation (Figure 4b) (Basso et al., 2024).

Given these findings, cytoskeletal proteins are increasingly recognized not just for their
structural roles, but also as dynamic regulators that mediate cellular sensing and adaptation. In
fact, their roles can even extend beyond integrating extracellular signals with nuclear

responses.

1.4.1 Nuclear Functions of Cytoskeletal Proteins

Traditionally considered as restricted to the cytoplasm, cytoskeletal proteins were also
identified to be located inside the nucleus and involved in important functions inside the
nucleus, including transcription and chromosome organization (Hofmann et al., 2004; Xie,
Almuzzaini, et al., 2018).

The best characterized cytoskeletal protein with fundamental nuclear functions is actin, well-
known for its involvement in intracellular trafficking at the plasma membrane and cell
morphology related to cytokinesis and cell adhesion (Bettinger et al., 2004). When actin was
found to be inside nucleus in the beginning, it was hypothesized that nuclear actin simply plays
the role as a nucleoskeletal protein. However, nuclear actin is actively transported into the
nucleus via importin/exportin (Dopie et al., 2012; Stuven et al., 2003), and was found to be a
component of chromatin remodeling complexes, including the SWI/SNF family BAF complex
(Nishimoto et al., 2012; Olave et al., 2002), and influences chromatin accessibility (Sen et al.,

2024) and genome architecture (Mahmood et al., 2021). Loss of actin can induce genome-wide
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loss of BRG1 (a catalytic subunit of the SWI/SNF complex) binding and alterations in histone
modifications (Xie, Almuzzaini, et al., 2018), and also compromised neurogenesis in the context
of direct neuronal reprogramming (Xie, Jankauskas, et al., 2018). Nuclear actin is also directly
involved in the transcription: it interacts with RNA polymerase Il and is necessary for
transcription initiation (Hofmann et al., 2004), and was found to interact with proteins essential
for various steps of transcription and RNA processing (Viita et al., 2019).

Besides actin, many other cytoskeletal proteins were found to be shuttling between the
nucleus and cytoplasm, including tubulin (Akoumianaki et al., 2009; Schwarzerova et al., 2019),
profilin (Staven et al., 2003), and keratin (Kumeta et al., 2013). However, none of the above
cytoskeletal proteins were reported to have nuclear functions important for physiological
neurogenesis. In Chapter 3, we explored microtubule proteins during neurogenesis and
uncovered a microtubule-associated protein—microtubule-associated protein 1B (MAP1B)—
with an essential nuclear function. We discovered that the compartmental dynamics of Map1b

are critical for neurogenesis progression and the pathology of periventricular heterotopia (PH).

1.4.2 Moonlighting Proteins during Neurogenesis

The discovery of nuclear actin has challenged the functional exclusivity between nuclear and
cytoplasm. This paradigm shift has been reinforced by the identification of numerous proteins
that exhibit two or more functions depending on their subcellular localization. They are known
as a subgroup of moonlighting proteins.

Moonlighting proteins are a subclass of multifunctional proteins with two or more unrelated
physiological functions within one peptide chain (Jeffery, 2017) (Figure 5). Protein isoforms
resulting in alternative functions do not belong to moonlighting. Moonlighting proteins are found
in various species, from bacteria to humans. The majority of them are constitutively expressed
enzymes adopting unrelated functions, such as autophagy (Huberts & van der Klei, 2010). So is
the case with the first discovered moonlighting protein—crystallin—a structural protein in the
duck lens, and lactate dehydrogenase in the duck heart (Hendriks et al., 1988). Because of the
lack of methods to systematically search moonlighting proteins, so far the databases of
moonlighting proteins are based on publications discovering secondary functions of existing
proteins, accumulating to 300-500 proteins depending on the curation criteria in the database
(Mani et al., 2015; Ribeiro et al., 2019). One promising direction of high-throughput discovery of
moonlighting proteins is to look for proteins with multiple subcellular localizations, because

different localization indicates potential different functions (Figure 5).
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Figure 5. Principles of moonlighting.

Moonlighting function can arise from (a) change in localization; (b) change in the cell stage or
cell type of expression; (c) post-translational modification such as phosphorylation; and/or (d)
change in interacting partners. The moonlighting protein in oval with a pocket represents a
potential enzymatic site. Excerpt from Singh & Bhalla (2020), used with permission from Annual
Reviews.

In the context of neurogenesis, autism susceptibility candidate 2 (Auts2) was found to have
important functions both in the cytoplasm and nucleus (Figure 6a). As its name suggests, single
nucleotide polymorphisms (SNPs) of Auts2 are associated with ASD, but also with other
neurological and psychiatric diseases (Hori et al., 2021). AUTS2 protein was detected initially in
the nucleus of newborn neurons at E12.5, and the expression slowly equilibrates between
nucleus and cytoplasm around E14.5, which persists to adolescence (Hori et al., 2014). Nuclear
AUTS2 interacts with PRC1 and binds to genes associated with neuronal development, gene
expression, and RNA processing (Gao et al., 2014; Oksenberg et al., 2014). Interestingly,
different from PRC1’s canonical role, AUTS2-PRC1 complex activates transcription, mediated
by recruitment of casein kinase 2 (CK2), and histone acetyltransferase P300/CBP (Gao et al.,
2014). At the same time, AUTS interacts with RNA-binding proteins such as NONO and SFPQ to
regulate RNA metabolism (Castanza et al., 2021). On the other hand, cytoplasmic AUTS2

regulates cell morphogenesis, motility and migration by interacting with guanine nucleotide-
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exchange factors (GEFs), which activates Rac1 signaling pathway and further remodels actin
cytoskeleton, facilitating the monomer form G-actin polymerizing to F-actin (Hori et al., 2014).
Both nuclear and cytoplasmic AUTS2 act in synergy to promote neural differentiation and
migration.

Different from the case of AUTS2, there are multifunctional proteins with exclusively
distinctive roles between the nucleus and cytoplasm. Their nucleo-cytoplamic distribution and
respective enrichment, therefore, is important for their downstream regulations. One famous
example is beta-catenin, which regulates cell-cell adhesions by interacting with E-cadherins at
the plasma membrane and indirectly modulating actin cytoskeleton (Hulsken et al., 1994;
McCrea et al., 1991), and in the nucleus acts as a central effector of Wnt signaling (Miller &
Moon, 1996) and is important for various aspects of mammalian development including
neurogenesis (Rosenbloom et al., 2020) (Figure 6b). Under homeostatic conditions, beta-
catenin shuttles between the nucleus and the cytoplasm and distribute equally (Yokoya et al.,
1999). Upon activation of Wnt sighaling, beta-catenin is translocated and accumulated in the
nucleus. Interestingly, this shuttling is independent of nuclear localization signal (NLS) and
importin/Ran-dependent nuclear transport machineries (Fagotto et al., 1998). Studies have
suggested that the localization of beta-catenin is mediated by a piggyback mechanism via
interactions with its nuclear (i.e., TCF) or cytoplasmic partners (i.e., AXIN) (Cong & Varmus,
2004; Krieghoff et al., 2006). It was then revealed that the nucleo-cytoplasmic distribution of
beta-catenin is regulated by nuclear export and compartmental retention (Cong & Varmus,
2004; Henderson, 2000). c-Jun N-terminal kinase 2 (JNK2)-mediated phosphorylation facilitates
the nuclear localization and function of beta-catenin (X. Wu et al., 2008), while glycogen
synthase kinase 3 (GSK3)-mediated phosphorylation in the cytoplasm marks beta-catenin for
degradation (J. Liu et al., 2022). Thus, cytoplasmic retention of beta-catenin inhibits Wnt
signaling. In this case, cytoplasmic and nuclear localization of beta-catenin functions in a

seesaw effect—repressing or activating Wnt signaling.
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Figure 6. Moonlighting proteins and their compartmental functions

Schematics of AUTS2 (a) and beta-catenin (b) functions in the nucleus and cytoplasm.

Such a see-saw effect based on nuclear-cytoplasmic shuttling is also observed with MAP1B,
promoting either maintenance of NSCs or neuronal differentiation, which will be explained in

more details in Chapter 3.

1.5 Aims and Scope of This Thesis

This thesis investigates a canonical and a hon-canonical mechanism that regulates
developmental heurogenesis progression, highlighting the importance of maintaining
equilibrium in transcriptional regulation and compartmental dynamics in NSCs. In Chapter 2, |
focus on a transcription factor, TGIF2 (TGFbeta-induced factor 2). TGIF2 ensures the
preservation of stemness by repressing neurogenesis programs and preventing precocious
differentiation. This balance is crucial: overexpression of TGIF2 resulted in enhanced NSC
maintenance, while downregulation of TGIF2 led to aberrant differentiation. Through

transcriptomic, epigenetic, and functional analyses, this study elucidates TGIF2's role as a
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central regulator of NSC fate and underscores the importance of fine-tuned transcriptional
control during neurogenesis. By elucidating TGIF2’s function, we aim to shed light on broader
mechanisms that govern the balance of NSC fate decisions and neurogenesis during brain
development.

In Chapter 3, we investigated a microtubule protein and found itin the nucleus: MAP1B. It is
implicated in PH, in which a subset of neurons fails to migrate and remain stuck at the
ventricular zone. As a protein traditionally associated with microtubule organization, MAP1B
was revealed to be in the nucleus, and even regulates BRG1 binding to the genome. The level of
MAP1B in the nucleus versus cytoplasm seems to be crucial for the developmental trajectory.
Nuclear retention of MAP1B was found in human induced pluripotent stem cell (iPSC)-derived
brain organoids carrying PH mutations and therefore suggesting that PH may originate from a
NSC pathology instead of migration pathology that was previously believed.

Together, these two manuscripts underscore the critical role of balance in NSC biology.
TGIF2 regulates the equilibrium between NSC maintenance and differentiation by repressing
neurogenesis and neurogenic priming genes, and MAP1B as well, but by a different mechanism:
MAP1B enrichment in the nucleus promotes NSC fate, while cytosolic enrichment promotes
neuronal differentiation. By exploring these mechanisms, this thesis provides insights into how
NSC homeostasis is achieved and maintained, as well as the consequences of its disruption for

brain development and disease.
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Abstract

During brain development, neural stem cells (NSCs) must balance self-renewal with
differentiation and ensure lineage progression. To identify novel regulators of NSCs during
neurogenesis, we isolated NSCs by FACS from the mouse cerebral cortex and ganglionic
eminence at mid-neurogenesis, and at birth, when gliogenesis starts in both, but neurogenesis
only continues in the latter region. RNA-seq and ATAC-seq revealed major transcriptional and
chromatin changes between these stages and identified TGFB-Induced Homeobox Factor 2
(TGIF2) as a key candidate factor in neurogenic NSCs. In vitro and in vivo experiments
demonstrated a potent role of TGIF2 controlling NSC fate maintenance mediated by its
interaction with the SIN3A/HDAC repressor complex suppressing neuronal differentiation
genes. Multiomic comparison of NSC and neuron gene expression allowed the comprehensive
analysis of neurogenic priming in cortical NSCs, identifying TGIF2 as its major regulator by

restraining neuronal differentiation gene activation in NSCs.
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Introduction

Stem cells need to balance self-renewal versus generation of differentiated progeny during
organogenesis. In the context of brain development, this balance is crucial for regulating brain
size and ensuring proper neural function. During neurogenesis, neural stem cells (NSCs) are
endowed with the capacity to generate neurons, while they lose this property and disappear in
most brain regions, when gliogenesis starts'. However, in certain regions such as the murine
lateral ganglionic eminence (LGE), adult neural stem cells emerge that continue to generate a
subset of neurons—the olfactory bulb interneurons in mice—throughout life. This prompts two
main questions: first, which factors regulate the neurogenic fate of NSCs, and second, how do
NSCs generate neurons, while remaining undifferentiated themselves?

Lineage priming has been proposed in several stem cell types as a mechanism to ensure
generation of the right type of progeny. In hematopoietic stem cells (HSCs) for example, the
opening of regulatory elements for lymphoid genes, while keeping their expression levels low,
biases HSCs toward generating the lymphoid lineage rather than other types of progeny?.
Similarly, NSCs are primed for the generation of specific neuronal subtypes® but the
mechanisms retaining expression of these neuronal subtype genes at basal levels remain
poorly understood*. However, balancing NSC fate with differentiation is essential for the timing
of neurogenesis and the brain size. Thus, while significant progress has been made in

understanding the transcriptional regulators of neurogenesis and gliogenesis'*®,

our
knowledge remains limited regarding the key factors governing neurogenic priming and
equipping NSCs with neurogenic potential, while preventing their premature differentiation.
Moreover, our knowledge about pan-neurogenic regulators is still rather limited”. Most known
major potent regulators of neurogenesis, such as the proneural factors NEUROG1/2 and
ASCL1, or PAX6, DLXs, and ISLET®*"!, are expressed and function in a region-specific
manner, contributing to the generation of different neuronal subtypes. However, we still know
very little about non-patterned pan-neurogenic regulators.

To identify such factors, we choose to isolate NSCs labelled for CD133/Prominin1, and
neurons labelled for PSA-NCAM using fluorescence-activated cell sorting (FACS) as described
before'® '3 from the cerebral cortex and the LGE. NSCs and neurons were collected at the peak
of neurogenesis at embryonic day 14 (E14), and the transition to gliogenesis at E18. In the
cerebral cortex, neurogenesis largely ends at E18, whereas it continues in the LGE for at least
some neuronal subtypes, such as olfactory bulb interneurons, alongside the initiation of
gliogenesis. This comprehensive analysis not only provides a rich resource for the first time
directly comparing the two regions across developmental stages, but also led to the discovery
of TGIF2 as a pan-regional key regulator of NSC fate and neurogenic priming, preventing
premature neuronal differentiation and thereby maintaining the pool of NSCs during
neurogenesis.
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Results

Transcriptional and chromatin requlators of neurogenesis across forebrain regions and time

To uncover critical regulators of NSC fate and neurogenesis, we chose to perform bulk
RNA-seq and ATAC-seq for deeper sequencing and more sensitive analysis of the NSCs
populations isolated by FACS from E14 and E18 murine cerebral cortex and LGE (Figure 1A).
Region of origin and developmental stage explained more than 90% of the variance, as seen
with principal component analysis (PCA) for both the RNA-seq (Figure S1A) and the ATAC-
seq data (Figure S2A), while technical aspects of the experimental procedures did not affect
the distribution of the data (Figure S1B, S2B).

Towards a comprehensive understanding of molecular regulators of neurogenesis, we first
compared the transcriptome of cortical NSCs at E14 and E18 to identify transcripts with high
expression at the peak of neurogenesis (E14). We found 7,455 differentially expressed (DE)
genes in the cortex (at 1% false discovery rate, FDR; Table S1, Figure S1C), representing
33,55% of all detected genes (22,215 total). In the LGE, likewise 8,517 genes (38,33% of
detected genes) were differentially expressed between the peak of neurogenesis and the onset
of gliogenesis (1% FDR; Table S2, Figure S1D). Also the chromatin state was extensively
regulated between the two developmental stages with 7,654 differentially accessible regions
(DARs) in the cortex, albeit proportionally less than observed for RNA (16.2% of total) (Table
S3; Figure S2C). Notably, this chromatin remodeling was less pronounced in the LGE with
4,710 accessible regions (11% of total) regulated between E14 and E18 (Table S4, Figure
S2D), which may be related to neurogenesis not ending in this region. Intriguingly, a greater
number of chromatin-associated factors are down-regulated at the end of neurogenesis (1%
FDR: 308 for the cortex and 314 for the LGE, with 246 in common, Table S5) than up-regulated
for gliogenesis (1% FDR: 52 for the cortex and 68 for the LGE, with 33 in common, Table S6).
This may be consistent with larger plasticity of the neurogenic NSCs than the gliogenic NSCs.
For example, we found a switch in the ATPase of the SWI/SNF complex from Brg1 at E14 to
Brm at E18, consistent with other tissues, where this switch occurs in more differentiated
stages™°.

To further explore the genes involved in the developmental stage switch we performed gene
ontology (GO) term analysis and found genes with higher expression at E14 in both cortex and
LGE enriched in biological pathways associated with stem cell population maintenance and
differentiation, cell cycle, cell division and DNA replication (Figure S1E and S1F; Tables S7
and S8). Likewise, DARs at E14 in both cortex and LGE, compared to those at E18, were
enriched with GO terms associated with nervous system development, cell differentiation and
neurogenesis (Figure S2, Tables S9, and S10), further highlighting the higher degree of

neurogenesis and proliferation in both regions at E14. In addition, the DE genes that were
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higher at E14 were enriched for nuclear localization and molecular functions such as nucleic
acid and histone binding (Figure S1E and S1F; Table S3 and S4), pointing to an active role of
nuclear proteins and chromatin regulation in peak neurogenesis. Thus, we specifically
scrutinized transcription factors (TFs) and chromatin regulators (ChRs), as they are pivotal in
regulating developmental decisions at the molecular and cellular level'>"%"7

We reasoned that the factors which define long-term maintenance of neurogenic stemness,
thus representing essential regulators of neurogenesis, would exhibit higher expression in the
E14 neurogenic cortex compared to the E18 gliogenic cortex, but would also be differentially
upregulated in the E18 LGE that continues neurogenesis at larger scale compared to the cortex
at the same stage. However, LGE and cerebral cortex also differ profoundly in their regional
specification, as they express different patterning TFs. As we wanted to search for pan-
neurogenic NSC factors, we excluded the factors that are already differentially expressed
between the regions at E14 to avoid known region-specific regulators of neurogenesis.
Following this rationale, we found 225 transcripts that we consider neurogenic fate regulators
(Figure 1B, Table S11), 44 of which are TFs and/or ChRs (Figure 1C, Table S11). These were
enriched for terms associated with regulation of developmental processes, cell differentiation
and cell population proliferation (Figure 1D, Table S12), supporting our approach.

To further identify the most relevant of these TFs regulating neurogenesis, we explored
which of them would have significantly more open target sites in neurogenic NSCs at E14.
Following the same reasoning as for the transcriptome, we compared the differentially enriched
motifs of the E14 versus E18 cortex, the E18 LGE versus E18 cortex, and focused on the ones
in the commonly accessible regions between the cortex and LGE at E14. These comparisons
resulted in 98 differentially enriched motifs in the neurogenic NSCs (Figure 1E, Table S13).
Overlapping the 44 neurogenic fate determinants from the transcriptome analysis with the 98
neurogenic enriched motifs identified a single common key TF, whose expression and binding
motifs are significantly enriched in neurogenic NSCs, namely TGFB-induced Factor Homeobox
2 (TGIF2) (Figure 1F-H). Our interest in this candidate factor was further supported by our
finding that direct neuronal reprogramming of astrocytes by Neurogenin2 increases the
accessibility of TGIF1 and TGIF2 binding motifs'®, implying these factors may have a pan-
neurogenic role.

TGIF2 has so far mostly been studied in the context of cancer, where it is involved in
regulating migration and epithelial to mesenchymal transition'®%. In development, TGIF2 is a
key regulator of patterning and fate in the endoderm?':??, but its role in the developing nervous
system and neurogenesis remains unexplored. The other family member, TGIF1, is important
in very early brain development where TGF-* and Sonic Hedgehog signaling regulate
gastrulation and formation of the telencephalic hemispheres?*, respectively. When TGIF1 is

mutated or deleted, it can cause holoprosencephaly®, a phenotype where the telencephalic
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hemispheres are fused. Only in the adult brain, TGIF2 has been implicated in regulating
behavioral aspects of autism spectrum disorder (ASD) in neurons®, which were improved upon
TGIF2 overexpression. Thus, nothing is known about the role of TGIF2 in neurogenesis, which

we decided to focus on.

TGIF2 promotes NSC and later NPC fate in a cell-autonomous manner in vitro

TGIF2 is highly enriched in the ventricular zone (VZ), where neural stem and progenitor
cells reside (Figure S3A). It has two protein-coding isoforms in rodents®, with the longer
isoform (TGIF2IR), which contains a retained intron, being the canonical and more highly
expressed isoform?(Figure 2A). To explore first the function of endogenous TGIF2, we started
by performing knockdown experiments (TGIF2 KD) using an siRNA pool targeting all TGIF2
isoforms (Figure S3B and S3C). Cells dissociated from cerebral cortices at E12 (Figure 2B)
were co-transfected with the siRNA pool and a GFP control plasmid to label proliferating cells
and their progeny. At three days post-transfection (3dpt), the cells were fixed and stained for
GFP, PAX6 for NSCs, TBR2 for neural progenitor cells (NPCs), and TUBB3 (tubulin beta 3
class Ill) for young neurons (Figure 2C and 2D). Interestingly, TGIF2 KD showed significantly
reduced proportions of PAX6+ NSCs (Figure 2E) and increased proportions of TUBB3+
neurons at 3dpt (Figure 2F), suggesting a role of TGIF2 in inhibiting neuronal differentiation
and favoring NSC fate.

To explore these findings further and to understand the role of the different TGIF2 isoforms,
we cloned each isoform into a bicistronic expression vector driven by the CAG promoter. The
vector also included GFP connected by an internal ribosome entry site (IRES) to ensure the
co-expression of TGIF2 and GFP within the same cells. A monocistronic vector expressing
only GFP served as the control. The constructs were transfected into dissociated cells and
analyzed at 3dpt as described above (Figure 2C and 2D). Notably, we found the opposite
phenotype as in the KD conditions, namely a significant increase of PAX6+ NSCs at 3dpt of
both TGIF2 isoforms, with TGIF2IR showing a stronger effect (Figure 2E). Correspondingly,
TUBB3+ neurons significantly decreased with the TGIF2d isoform (Figure 2F). At a later stage
(7dpt), PAX6+ NSC numbers were no longer increased; however, TBR2+ NPCs significantly
increased upon overexpression of TGIF2IR, with a similar but less pronounced trend for
TGIF2d (Figure 2G). However, no significant difference was observed anymore for TUBB3+
neurons at 7dpt (Figure 2H), suggesting that TGIF2 overexpression promotes NSCs and
delays neuronal differentiation, but does not block it. This is also consistent with TGIF2

promoting NSC maintenance initially (3dpt), followed by an enhancement of NPC fate at 7dpt.

TGIF2 overexpression in vivo increased neural stem and progenitor cells
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To probe the function of TGIF2 and their different isoforms in vivo, the same overexpression
(OE) constructs were in utero electroporated (IUE) into the mouse cortex at E13 (Figure 3A).
Three days post-IUE, we examined NSCs by immunostaining, using PAX6 for labelling NSCs
and TBR2 for labelling NPCs (Figure 3B-D). Importantly, both TGIF2 constructs resulted in a
significant enrichment of PAX6+ NSCs, with no differences observed for TBR2+ cells (Figure
3E), mirroring the effect observed at 3dpt in vitro (Figure 2E). As in the control condition, most
PAX6+ cells after TGIF2 OE were located in the ventricular zone, corresponding to bin1 when
the cortical column is divided into 5 bins and no ectopic PAX6+ or TBR2+ cells were detected
in the OE conditions. Immunostaining for the mitotic protein phospho-histone 3 (pH3) revealed
a more than two-fold increase in pH3+/GFP+ cells under TGIF2 OE compared to the control,
with the TGIF2d isoform showing the stronger, significant effect (Figure S3D, E). These data
suggest that both TGIF2 isoforms promote and prolong the NSC state.

To check if the electroporated cells are stuck as NSCs or can still differentiate and migrate,
the percent of GFP+ cells in each bin was determined (Figure 3F-l). We noted a trend of
increased cell proportions in bins 1 and 2 upon TGIF2IR OE (Figure 3l), consistent with the
significant increase in NSCs described above. The shorter isoform, TGIF2d, exhibited similar
but generally milder phenotype (Figure 3l). Furthermore, overexpression of TGIF2IR resulted
in a significant increase of GFP+ cells in bin 3, which contained mostly NEUROD2+ young
neurons (Figure S3F-I). We also observed a concomitant reduction of GFP+ cells (by 24.7%)
in the outer most bin 5, where differentiated neurons form the cortical plate (Figure 3H, I).
Interestingly, the 2 isoforms differed in the size of the effect, with TGIF2d affecting proliferation
stronger and TGIF2IR affecting neuronal differentiation and positioning more. However, both
isoforms prolonged the NSC state leading to an increase of immature neurons in bin3 and a
decrease of mature neurons in the cortical plate (bin5), highly reminiscent of the in vitro

phenotype with reduced neuronal numbers.

TGIF2 overexpression reduces cells expressing more mature neuronal differentiation genes

shown by scRNA-seq

To investigate transcriptomic changes underlying TGIF2’s effect in retaining NSC state, we
performed scRNA-seq on GFP+ cells isolated 36 hours post-lUE using FACS (Figure 4A). A
total of 51,392 cells were obtained after quality control filtering. Dimensionality reduction via
UMAP showed consistent overlap among conditions and replicates (Figure S4A). Cell clusters
were identified via the Leiden algorithm (Figure S4B) and annotated based on marker gene
expression (Figure 4B, Figure S4D, E). For instance, we identified NSCs, marked by Pax6,
Sox2, and the radial glia marker Fabp7 (Fatty acid binding protein 7), and NPCs, marked by
expression of Eomes (also known as TBR2), Neurog2, and Elavi2 (Figure S5E). Cell cycle
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phases were inferred through cell cycle marker genes to identify cycling cell populations
(Figure S4C).

Comparing TGIF2 expression levels between GFP control (representing endogenous
TGIF2 levels) and TGIF2IR conditions revealed that TGIF2IR overexpression was prominent
in all stem and progenitor clusters, migrating neurons and in upper layer neurons (UL neurons)
(Figure S4F). Using a maturation score (Figure 4C), calculated by average expression of genes
related to neuronal maturation (see Methods), we could observe that cells were in a less
mature state in TGIF2 conditions, with TGIF2IR being even less mature than TGIF2d. We then
conducted DE analysis across cell types, which revealed that more genes were downregulated
in TGIF2IR over-expression condition compared to the control (Figure 4D), highlighting a
potential repressive role of TGIF2. GO analysis on DE genes within UL_neuron (upper layer
neuron) cluster showed general terms for neurogenesis, such as “neuron projection
development” and “regulation of cell communication” for both GFP control and TGIF2IR
conditions (Figure 4E, F), but TGIF2IR did not acquire terms for a more mature state, such as
“axon” and “postsynaptic density” (Figure 4E). Altogether, these data suggest that TGIF2-
overexpressing conditions result in transcriptomic downregulation across all cell types, which
are in a less mature state of differentiation.

This maturation difference prompted us to conduct pseudotime trajectory analysis. RNA
velocity pseudotime analysis, based on spliced and unspliced RNA ratio?’, uncovered that
TGIF2IR-expressing cells remained predominantly in early differentiation stages, while GFP
control cells having progressed to later stages of differentiation (Figure 4G, Figures S5A-C).
This delayed differentiation across pseudotime is particularly evidentin NPC 2 and post-mitotic
neurons (Figure S5D-F). This is concomitant with higher expression of Fabp7 in NSCs and
lower expression of neuronal genes (Tubb3, Bcl11b, Stmn2) in neuronal clusters in the
TGIF2IR condition (Figure 4H-J). Additionally, CellRank analysis®®*%® based on RNA velocity
assigned 13 macrostates for fate prediction (Figures S5G-R). Interestingly, TGIF2IR
overexpression delayed the assignment of upper layer neuron fates and maintained cells more
in NPC states (Figures 4K and 4L). The overexpression of the shorter isoform TGIF2d also
delayed differentiation, maintaining some cells in NPC states, although the effect was slightly
less pronounced than with TGIF2IR (Figure 4M). Surprisingly, there was no upper layer
neuronal fate being predicted in TGIF2d condition, but only deep layer neuronal (DL neuron)
fate (Figure 4M, Figure S50-R). Collectively, these analyses unbiasedly confirmed that TGIF2
overexpression downregulates expression of neuronal differentiation genes, and upregulates
genes in NSCs, thereby maintaining cells in progenitor states, similar to our findings based on

immunostainings (Figures 2J, 3D-F).

TGIF2 binds and neqatively requlates neuronal differentiation genes
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To better understand the molecular mechanisms by which TGIF2 TFs promote NSC fate
and limit neuronal differentiation, we first aimed to identify direct binding targets, focusing on
TGIF2IR, as it is the major isoform expressed and generally had stronger effects in vivo.
Cut&Run analysis was performed after dissecting IUE regions based on GFP at 36 hours post-
electroporation, the same timepoint as the scRNA-seq (Figure 5A). This analysis uncovered
10,688 peaks (Figure 5B), with TGIF2IR predominantly binding to intronic (44.57%) and
intergenic regions (33.5%), indicating a preference for proximal regulatory elements over
promoters (10.23%) (Figure 5C). Motif enrichment analysis identified many important TFs for
neurogenesis and neuronal differentiation, such as ASCL1, NEUROD2, NEUROG2, MEIS1,2,
and MYC (Figure 5D). Although TGIF2 itself was not among the top enriched motifs, motif
scanning analysis using the known TGIF2 motif identified 3,176 occurrences (p-value <0.001)
among the peaks (Table S14). It is worth noting that the known TGIF2 motif was derived from
ChlP-seq data in mouse embryonic stem cells, which may differ from the motif in neural stem
and progenitor cells.

Annotation of the nearest genes to the identified peaks revealed 5,783 target genes (Table

S15). GO analysis of these targets showed significant enrichment in terms such as

“neurogenesis,” "postsynapse,” “dendrite,” and "cell projection morphogenesis," all of which
are crucial processes in neurogenesis, supporting cell migration and synaptic maturation
(Figure 5E). In addition, we also found TGIF2 targeting many RNA-binding and splicing factors
(e.g. Stau1/2, Pum1/2, Ptbp2, Snrnps) and signaling mediators, such as Tle4, Tcf7I1 and
Smad4. Further examination of peak distribution using GREAT® identified genes highly
regulated by TGIF2IR (Figure 5F, Table S16). For instance, Auts2 and Nfia were associated
with around 20 peaks across their gene bodies, indicating extensive regulation by TGIF2IR
(Figure 5G). These highly regulated genes are associated with “H4 histone acetyltransferase
complex” (Kansl1, Epc1, MIIt3), “growth cone” (Dcc, Auts2, Myh10), and “chromatin” (Brd4,
Smarcc1, Arid1b) (Table S17), highlighting TGIF2 as an upstream regulator of chromatin
factors and neuronal differentiation genes.

In order to determine the importance of these direct targets, we performed two analyses:
(1) overlaying them with genes regulated by TGIF2 in scRNA-seq and (2) using RegVelo®' to
explore the transcriptional networks influenced by TGIF2. For the first analysis, we overlapped
annotated genes from TGIF2 Cut&Run peaks with the DEGs between TGIF2 and GFP
conditions from scRNA-seq across all cell types (Figure 5H). In general, there were more
overlaps in the downregulated genes by TGIF2, constituting more than half of the DEGs in
most cell types, suggesting TGIF2’s function as a transcriptional repressor. Focusing on the
NSCs, the downregulated genes were enriched in GO terms such as “neuron differentiation”

and “neurogenesis” (Figure 5l), the central regulated terms of TGIF2 (Figure 5E).
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To understand this regulation by TGIF2 further, we used RegVelo, which relied our bulk
ATAC-seq data from E14 cortical NSCs and TGIF2IR Cut&Run data for building a priori Gene
Regulatory Network (GRN) to perform dynamic inference on scRNA-seq GFP control dataset
(Figure 5J). This GRN revealed a network of targets negatively regulated by TGIF2 and
highlighted “neuron fate commitment” and “neuron differentiation” as key regulated terms.
Among these RegVelo-refined and negatively regulated targets, Fezf2 and Bcl11b are two
critical TFs for DL neuron fate, suggesting TGIF2 may have a repressive role on DL neurons
production. Indeed, when we applied weighted simulations in RegVelo to mimic TGIF2 OE,
TGIF2 weights promoted NSC and UL neuron fates, simultaneously depleting DL neuron
progeny (Figure 5K). Also, the more added weights we simulated, the bigger the enrichment

in NSC fate, resonating with the phenotype in vitro and in vivo (Figure 2 and Figure 3).

TGIF2 interacts with HDAC1/2 and SIN3 co-repressor complex

Seeing that TGIF2 downregulates neuronal differentiation genes and directly binds to

neurogenesis associated genes, we examined if it acts as a transcriptional repressor during
neurogenesis. To determine its interaction with possible repressors, we performed mass
spectrometry after co-immunoprecipitation (co-IP-MS) of FLAG-tagged TGIF2IR transfected in
P19 cells in two independent replicates (Figure 6A). The results (LFQ intensity ratio more than
3-fold in TGIF2IR compared to GFP; Table S18) revealed that TGIF2IR robustly interacts with
components of the SIN3A co-repressor complex, including HDAC1/2%2 and RBBP4/7, as well
as lamina-associated proteins such as BANF1 and TMPO (as known as LAP2), which are
known to mediate gene repression through chromatin localization®. Additionally, we identified
interactors involved in cell cycle regulation (RPA1/2/3) and metabolism (PARP1, SSBP1)
(Figure 6B). These findings confirm that TGIF2 associates with repressor proteins, specifically
within the SIN3A co-repressor complex, consistent with previous data®® thereby further

supporting its role as a transcriptional repressor.

TGIF2 function is dependent on its repressor domain and phosphorylation

TGIF2 has been reported to exhibit repressor activity in various cell types, particularly in

2026 put has also been reported to act as a co-activator**. To functionally

cancer cells
manipulate repressor and activator functions of TGIF2, we first aimed to identify the repressor
domain within TGIF2, utilizing sequence alignment with its paralog, TGIF1, which is better
characterized®. This alignment revealed that the SIN3A-interacting domain (SID), interacting
with the SIN3A co-repressor complex in TGIF1 and suggested to maintain pluripotency®>%, is
conserved in TGIF2, in line with our findings in co-IP-MS.

To explore the function of the SID, we replaced it either by a more potent repressor domain,

KRAB, or by an activator domain, VP64 (Figure 6D). Overexpression of TGIF2IR-KRAB in E12

31



dissociated cortical cell cultures resulted in an even stronger phenotype than TGIF2IR,
showing a significantly higher proportion of PAX6+ NSCs (32.8%), compared to TGIF2IR
(17.2%) and control (8.7%) (Figure 6E-F). This was accompanied by a substantial reduction in
the neuronal population in the TGIF2IR-KRAB condition (Figure 6G). Conversely, the
overexpression of TGIF2IR-VP64 led to a drastic decrease in progenitors (Figure 6E-F), with
over 90% of cells differentiating into neurons (Figure 6G), thus indicating that activating TGIF2-
repressed targets strongly promotes neuronal differentiation. These data suggest that TGIF2
represses neuronal differentiation genes and thereby promotes NSC fate.

Protein structure predicton of TGIF2IR using AlphaFold®” suggested MAPK
phosphorylation sites potentially linking the DNA-binding homeodomain to the SID repressor
domain (Figure 6C). Phosphorylation has been shown to regulate TGIF2 function in other
contexts, particularly cancer cells®. To examine the role of phosphorylation of TGIF2IR in
neurogenesis, we generated a phosphorylation-deficient TGIF2IR mutant by substituting the
two MAPK threonine residues with glycine (TGIF2IR_pp) (Figure 6D). Overexpression of this
phospho-resistant TGIF2 in E12 cortical cultures did not affect NSC maintenance or neuronal
differentiation (Figure 6E-G), suggesting that TGIF2’s function in promoting NSCs is mediated
by the phosphorylated form.

Collectively, these findings demonstrate that phosphorylated TGIF2 represses
neurogenesis-related genes and retains NSCs and later NPCs by interacting with SIN3A co-

repressor complex (Figure 6H).

A mutation in SID overturns the effect of TGIF2 and unravels interactors essential for TGIF2

function

Given the critical role of the SID in TGIF2 function, we introduced a point mutation within
SID (A210V), referred to as TGIF2IRmut (Figure S6A). Overexpression of this TGIF2IRmut in
E12 cortical cell cultures lead to an increase of TUBB3+ neurons promoting differentiation
(Figure S6B-D). This suggested that the mutation in the SID domain abrogates the normal
repressor function of TGIF2. Indeed, the effects obtained with the TGIF2IRmut were very
similar to the TGIF2 KD (Figure 2F). To explore if this is also the case in vivo, we employed the
same IUE paradigm as described above (Figure 3A). Overexpression of TGIF2IRmut resulted
in a phenotype opposite to TGIF2IRwt (Figures S6E and S6F), as more cells were found in
bin5, corresponding to the cortical plate, where most mature neurons are located (Figure S6G).
Indeed, morphology and immunostaining confirmed that these are neurons, especially UL
neurons (Figure S6H) supporting that TGIF2IRmut OE causes faster neuronal differentiation
also in vivo.

To get a comprehensive idea of how gene expression is changed by the TGIF2IRmut, we

performed scRNA-seq and Cut&Run experiments as described above. Using Cut&Run, we
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observed a surprisingly large number of targets bound by TGIF2IRwt no longer detected in
TGIF2IRmut (Figures S6l-J). This included Arid4b (Figure S6K), a component of the SIN3A
complex that interacts with the SID domain of canonical TGIF2IRwt (Figure 6B). To understand
how this loss of binding affects gene regulation, we overlaid genes aberrantly upregulated in
TGIF2IRmut (Table S19) with the peaks bound by TGIF2IRwt, but not the TGIF2IRmut (Figure
S6L). This showed an interesting signature revealing Gatad2 as differentially bound and
regulated (Table S20). This factor is part of the NURD complex that regulates neuronal activity
genes®. In addition, mutations of Gatad2 cause delayed neuronal differentiation in patients,
highlighting Gatad2 as a possible key down-stream effector®®. We further found stem cell
factors, such as Vcam1 and Fabp7 affected in their expression (Table S20), alongside with
many genes involved in translation and proliferation. Thus, lack of DNA-binding and target
gene regulation leads to the loss of TGIF2 function upon the mutation in the SID domain.

Next, we aimed to explore, if also the interactome of this TGIF2IRmut would differ from the
TGIF2IRwt in P19 cells (Figure S6M). Interestingly, interactome changes were less abundant
than those seen in Cut&Run, revealing the loss of only 7 protein interactions for the
TGIF2IRmut compared to TGIF2IRwt (Figure S6N). Amongst them we observed again
ARID4B. Thus, Arid4b is not only a direct target of TGIF2IRwt, that is no longer bound by
TGIF2IRmut, but also an interactor of TGIF2IRwt.

As both the Cut&Run and interactome pointed to a key role of ARID4B involved in TGIF2
function, we examined if ARID4B is essential for the function of TGIF2IRwt. Using the same
E12 assay as described above, we transfected either an shRNA targeting the open reading
frame of Arid4b (Figure S80), following a GFP reporter (pCAG-GFP-shArid4b), or a non-
targeting control shRNA (pCAG-GFP-shCtrl), either with the GFP control (p)CAG-GFP) or with
TGIF2IRwt (pCAG-TGIF2IRWt-IRES-GFP) vectors. KD of Arid4b abolished the effect of
TGIF2IRwt overexpression in retaining PAX6+ NSCs (Figure 61), confirming our hypothesis
that ARID4B interaction is necessary for TGIF2IR’s repressor function. We have thus identified
a crucial interactor and down-stream target of TGIF2 involved in its key functions in

neurogenesis.

TGIF2 as major requlator of primed neuronal lineage genes in NSCs

Given the function of TGIF2 in repressing neuronal differentiation genes in NSCs, we
considered that TGIF2 could be involved in lineage priming by restraining the expression of
neuronal genes that may be accessible already in NSCs. In other stem cell systems, lineage
priming involves the opening of regulatory elements for progeny-specific genes, while
restraining their expression levels?. However, the mechanisms underlying neurogenic priming
in NSCs are still poorly understood®*°. To address this, we stained for PSA-NCAM to isolate

neurons by FACS from the E14 cerebral cortex (Figure 7A) and performed RNA-seq to identify
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differential gene expression between neurons and NSCs. Among 5835 DEGs higher in
neurons than NSCs (at FDR 1%), 4984 (85.4%) displayed open chromatin accessibility in our
ATAC-seq of cortical NSCs already at E14, thus fitting the definition of priming with being
accessible but lower expressed than later in the lineage. Focusing on the genes whose
regulatory sites experienced significantly reduced accessibility in NSCs at the end of
neurogenesis (E18), we identified 433 genes, which we named as neurogenic priming
genes (Figure 7B, Table S21). Notably, 225 of these genes (51.9%) were direct targets of
TGIF2, as determined by our Cut&Run data (Figure 7B, Table S22). Both the neurogenic
priming genes and the TGIF2-regulated subset were enriched for GO terms such as
“axonogenesis” and “neuron differentiation” (Figure 7C and 7D). Our data revealed that
TGIF2 binds directly to these accessible chromatin regions of priming genes in NSCs, as
exemplified in Figure 7E. To assess if the enrichment of TGIF2 targets in neurogenic priming
genes is significant, we generated 100,000 permutations of equal-sized, randomly selected
gene sets that are not TGIF2 targets. Remarkably, no other gene set exhibited more than
77 overlapping genes with the neurogenic priming gene set (Figure 7F), underscoring the
specificity and importance of TGIF2's regulatory role on neurogenic priming. Together,
these findings identify TGIF2 as not only a novel and non-patterned regulator of
neurogenesis, but also a major regulator of neurogenic priming in NSCs.

Discussion

Here we provide a comprehensive resource profiling RNA- and ATAC-seq data in NSCs
across distinct brain regions, and timepoints—at the peak of neurogenesis and onset of
gliogenesis, with one region continuing neurogenesis. This dataset not only enables the
identification of novel pan-neurogenic regulators, exemplified by the hundreds of candidates
listed in Table S11. Among these, we focused on TGIF2, showcasing its critical role in
regulating NSC fate and neurogenic priming. Beyond TGIF2, our dataset also provides insights
into chromatin and epigenetic regulatory dynamics during this fundamental switch in lineage
transition from neurogenesis to gliogenesis. Notably, the differential chromatin regulators
between these two stages provide a valuable entry point towards a better understanding of
this transition across regions. To facilitate further exploration of this dataset, a Shiny App will
be made publicly available.

Our focus on TGIF2 stemmed from its expression pattern correlating with neurogenesis
across regions and its enriched motif within neurogenesis-restricted open chromatin regions
identified by ATAC-seq. We showed TGIF2 as a key regulator of NSC maintenance and
neuronal differentiation by knock-down and overexpression experiments. TGIF2 functions as
a molecular “brake” on neurogenesis programs, actively gatekeeping NSC and later NPC
states, thereby interfering with premature differentiation and fine-tuning the timing of cortical

development. By integrating single-cell transcriptomics, Cut&Run, proteomics, and functional
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assays of fusion and mutant proteins, we demonstrated that TGIF2 maintains NSC fate not
through its canonical role in antagonizing TGF signaling'®, but rather by repressing neuronal
differentiation genes targeted by key neurogenic regulators. This function allowed us to
discover that TGIF2 is a major regulator of neurogenic priming.

Lineage priming can occur via transcriptional priming, where genes defining the later
lineage are already expressed in stem or progenitor cells at low mRNA levels without protein
translation®, or via epigenetic priming, where regulatory sites of these genes are open and
sometimes epigenetically “poised” or “primed” by specific marks?. Here we considered priming
genes in NSCs as those expressed significantly higher in neurons, but already with open
chromatin in NSCs at E14. Remarkably, TGIF2 bound more than half of them. As it is a pan-
neurogenic factor expressed not only in LGE and cortex NSCs, but throughout CNS regions*’,
we would propose TGIF2 functions as a central regulator of neurogenic priming in a wider
context. Supporting the wider 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)*2. Thus, TGIF2 represents a novel regulator of neurogenesis and
neurogenic priming, complementing the translational repression previously described*. 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. By
maintaining basal expression levels of neuronal differentiation genes, TGIF2 ensures NSCs
are primed for lineage commitment without undergoing premature differentiation.

In this regard, it is also important to mention that TGIF2 itself is regulated by signaling
pathways, namely MAPK/ERK signaling induced phosphorylation, as shown before in cancer
cells?®*3, Mutating the two MAP kinase phosphorylation sites in TGIF2 completely abolished
its ability to promote NSC fate. Interestingly, proteomic analysis of human iPSC-derived NSCs
and neurons* revealed that TGIF2 is phosphorylated only in NSCs, but not in neurons, while
its total protein levels remain unchanged (data not shown). Indeed, the activation of
MAPK/ERK is required for NSC proliferation, and has to decline for neuronal differentiation*>4¢.
ERK activity is also suggested to be a gating mechanism for neural differentiation, as inhibition
of ERK induced more accessible chromatin and precocious transcription of neural genes in
spinal cord precursors®. These findings suggest that TGIF2’s activity is developmentally
regulated by endogenous signaling pathways, such as MAPK/ERK signaling?*43
TGIF2'’s interaction with the SIN3A complex.

Notably, TGIF2 binding sites determined by Cut&Run are enriched with motifs for proneural
TFs, such as ASCL1 and NEUROG?2, as well as NEUROD2, MEIS1 and 2, which are known

to promote neurogenesis and neuronal differentiation in both developmental as well as adult

, modulating

contexts*"**%2 This suggests that TGIF2 occupies neuronal differentiation gene loci to repress

targets of and/or sterically block the access of proneural TFs, thereby inhibiting premature
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neural differentiation. This interplay between TGIF2 and neurogenic TFs may serve as a
checkpoint to ensure the proper timing of neural differentiation during cortical
development. Additionally, among the genes repressed by TGIF2, we observed significant
regulation of the nuclear factor | (NFI) family of TFs, including Nfia, Nfib, and Nfix, which are
known to function synergistically®®. Double knockout of Nfia and Nfib has been shown to cause
ventricular enlargement from progenitor proliferation and reduced neural differentiation®, a
phenotype resembling TGIF2 overexpression—increased neural stem/progenitor cells and
delayed differentiation. This finding places TGIF2 upstream of NFI family members in the
regulatory hierarchy, functioning as a negative regulator of neuronal differentiation promoted
by these TFs.

TGIF2 also regulates various chromatin factors and histone modifiers, including Arid1b,
Arid4b, and the histone methyltransferases/demethylases Setbp1, Kdm1a, and Kdm7a.
Histone modifications, such as H3K36 methylation and H3K4 methylation in the context of
bivalent marks, have been implicated in establishing epigenetically primed and “poised”
transcriptional states®. Thus, TGIF2’s regulatory influence may extend beyond direct
transcriptional repression, potentially contributing to neurogenic priming through additional
epigenetic mechanisms.

Interactome analysis further determined factors that cooperate with TGIF2 to mediate
repression, such as SIN3A and NURD repressor complexes. Functional assays using the
TGIF2-KRAB and TGIF2-VP64 fusion proteins further reinforced its role as a transcriptional
repressor, as shown before?®*2. SIN3A, in particular, regulates diverse cellular processes such

t56,57

as cell cycle, differentiation, and developmen , and has been implicated in neurological

disorders such as intellectual disability , as well as cancer progression®®%, some of the
previously described roles of TGIF2'92°. 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. Additionally, we identified ARID4B, a
component of the SIN3A complex, as a critical TGIF2 interactor as Arid4b KD abolished TGIF2
function. In mouse embryonic stem cells, Arid4b KD led to downregulation of differentiation
programs of mesoderm and endoderm fate®'. This is interesting in light of Arid4b also being a
target of TGIF2 and hence reduced in expression by TGIF2. Arid4b KD in E12 cortex cells
shows a trend of slight increase in Pax6+ NSCs compared to the control, although mild, but in
the same direction of TGIF2 overexpression. Altogether, this indicates a negative feedback
loop—TGIF2 interacts with ARID4B, and this complex represses the Arid4b transcript-as a
molecular pathway regulating neural differentiation programs. Also, Arid4b KD was shown to
increase globally H3K27me3 repressive histone marks®. The repressive histone mark
H3K27me3 is particularly enriched at genes involved in neuronal maturation, serving as an

epigenetic barrier during cortical development to ensure a protracted neurogenesis in human®?.

36



This resonates with TGIF2 overexpression phenotype that cells remain longer in progenitor
state and a delayed neural differentiation.

It is worth noting that TGIF2’s function in the developing nervous system differs significantly
from its role in other tissues. Unlike its reported interactions with SMAD proteins to regulate
TGFp target genes in other contexts, TGIF2 was not found to interact with SMAD proteins in
this study. Additionally, while in many cancer cells TGIF2 promotes epithelial-mesenchymal
transition (EMT), e.g. in lung adenocarcinoma (LUAD) cells®, it maintains the epithelial-like
NSCs in the developing cortex as shown here. Therefore, TGIF2’s role in the nervous system
exhibits significant mechanistic differences compared to cancer cells and endoderm-derived
tissues, where it has been more extensively examined?*%. Most importantly, it was never
characterized in priming and no major factors regulating neurogenic priming were previously
known.

In summary, our findings establish TGIF2 as a master regulator of neurogenic priming and
NSC fate across regions, using transcriptional repression to ensure the precise timing of

cortical development.
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Methods

RNA-seq and ATAC-seq libraries preparation

Wild type C57BL/6J embryos at E14 and E18 were used for the RNA sequencing
experiments, with tissue of one litter/mother being pooled and considered one biological
replicate. Brains were dissected in 1x HBSS (Gibco, cat. no. 14025) with 10 mM HEPES

(Gibco, cat. no. 15630). Lateral cortex from the mediolateral to the cortex-LGE border, and

LGE without overlying ventrolateral cortex, were dissected and centrifuged at 1000 rpm, 4 °C
for five minutes. Dissection buffer was aspirated, and tissue was enzymatically dissociated
with 1 ml of 0.05 % Trypsin/EDTA (Gibco, cat. no. 25300) for 15 minutes at 37 °C. Digestion
was inhibited by adding 2 ml DMEM (Gibco, cat. no. 61965) with 10 % FBS (PAN Biotech, cat.
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 1000 rpm, 4 °C for 5 minutes, the supernatant aspirated and
the cells resuspended in 1x Staining Solution (1x HBSS, 1% Glucose, 1M HEPES, 1% FBS,
0.1% w/v NaN3, 1mM EDTA and DMEM-F12). The cell suspension was stained with the pre-
absorbed antibody mCD133-PE at 1:500 dilution (Anti-Mouse-CD133-PE [13A4],
eBioscience/Invitrogen, cat. no. 12-1331-82). A corresponding isotype control antibody (Mouse
IgM-APC, Miltenyi Biotec, cat. 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 minutes, then DAPI (1:1000
dilution of 1 mg/ml stock; Sigma-Aldrich, cat. no. D9542) was added followed by another 5
minutes of incubation. To wash the cells, the suspension was filled up to 10 ml with PBS
(Gibco, cat. no. 14190) and centrifuged at 1000 rpm, 4 °C for 5 minutes. Cells were
resuspended in PBS and filtered through a cell strainer (pluriStrainer Mini 40 uym, PluriSelect,
cat. no. 43-10040-60) into suitable sample tubes (Falcon™ Round Bottom Polypropylene Test
Tubes with Cap, Falcon, cat. no. 352063).

Cells were sorted on a FACSAria™ Ill Cell Sorter (BD Biosciences) with FACSDiva software
(version 6.1.3, BD Biosciences). To separate 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 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 max. 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 1000 rpm, 4 °C for 10
minutes. 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, cat. no. KIT0204) according to the manufacturer’s protocol
with on-column DNase digestion (On-Column DNase | digestion set, Sigma-Aldrich, cat. no.
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DNASE?70). RNA concentration and quality were evaluated on the Bioanalyzer (Model 2100,
Agilent) using the RNA 6000 Pico Kit (Agilent, cat. 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 RNA per sample with the
SmartSeq v4 Ultra Low Input RNA Kit for Sequencing (TaKaRa/Clontech, cat. no. 634897)
according to the manufacturer’s instructions. Number of amplification cycles for each sample
was deter- mined with a side gRT-PCR reaction performed after the first 4 amplification cycles
to avoid over-amplification bias. With this, the number of required total amplification cycles for
each sample corresponded to the cycle number at V4 of the maximum fluorescence signal (Rn).

The amplified cDNA was purified using AMPure XP magnetic beads (Beckmann Coulter,
cat. no. QT650) and quality and quantity analyzed by Bioanalyzer (High Sensitivity DNA Kit,
Agilent, cat. no. 5067-4626) and Qubit Assay (Qubit™ dsDNA HS Assay Kit and tubes,
Invitrogen, cat. nos. Q32854/Q32856). Purified cDNA was fragmented by ultrasonic shearing
on the Covaris AFA S220 system using corresponding tubes (microtube AFA Fiber Pre-Slit
Snap-Cap 6x16mm, Covaris, cat. no. 520045), resulting in approximately 200 bp — 500 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, cat. no. C05010014) according to the manufacturer’s
instructions, using 10 ng of cDNA per sample. Following the library amplification, cDNA
concentration was verified by Qubit assay and the libraries were purified over AMPure XP
magnetic beads. Quality and quantity of these final libraries was evaluated by Bioanalyzer HS
DNA assay and samples were multiplexed at 5nM each. Next generation sequencing was
performed on an lllumina HiSeq 4000system 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 Tris-HCI 1M, NaCl 5M, MgCI2 1M, 10% NP40, 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 minutes at 37°C. After the
incubation the samples were immediately put on ice and DNA was purified with the MinElute
Reaction Cleanup kit (Qiagen, #28204). The transposed DNA was PCR amplified with the
NEBNext High-Fidelity 2x PCR Master Mix (NEB, #M0541S). The number of cycles was
determined with a gqRT-PCR using the SensiMix SYBR No-ROX 2x Master Mix (Bioline,
#QT650) as the number of cycles that corresponds to %4 of the maximum fluorescence. The
amplified libraries were purified and the quality was assessed with a High Sensitivity DNA Chip
(Agilent, #5067-4626). Size selection between 100bp and 600bp was performed with AMPure
beads (BeckmannCoulter, #A63881) and libraries were pooled and sequenced on an lllumina

HiSeq 4000system with 100-bp paired-end deep sequencing.
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RNA-seq analysis

The quality of sequencing data was analyzed with FastQC v0.11.4% and adapter trimming
was performed with cutadapt v1.11%. Reads were aligned with the mouse reference genome
(mm39) using STAR v2.6.0a%°. Afterwards, reads were deduplicated and gene expression was
quantified with featureCounts v1.6.4%. The subsequent analysis was performed in R version
4.4.1%. Genes with less than 10 counts across all samples were excluded. The expression
data was normalized and transformed using the vst function of DESeq2 v1.44.0% for plotting
and outliers’ analysis. To identify outliers, we performed a principal component analysis (PCA).
Samples with a distance of more than 2.5 standard deviations from the mean in the first
principal component were excluded (no outliers were detected). Differential expression (DE)
analysis was performed using DESeq2 v1.44.0%. DE analysis for each comparison was done
separately. We tested for DE with DESeq2 using the Wald test and reported the genes with a
false discovery rate (FDR) below 1% as significant. Overrepresentation analysis for GO-
Biological processes, Molecular pathways and Cellular compartment was done using
ClusterProfiler v4.12.6. As background we used all genes on our dataset (22,125 genes). For
all analyses, we used an FDR cutoff of 1% as significant threshold. Grouped semantic
representation analysis was used to plot the significantly enriched GO terms. For this we used
hierarchical clustering with the “Ward.D2” clustering method and Jaccard similarities. All data
were plotted using the ggplot2 v3.5.1 package.

For identification of transcription factors, we used the GO term GO0:0140110. For
identification of chromatin remodelers, we used the GO terms: GO:0034724, GO:0031497,
G0:0031498, GO0:0034401, GO:0006338, GO:0016569, GO0:0090202, GO:0070828,
G0:0034728, 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 5bp
as recommended®. For each individual sample, peaks were called using MACS3 with
parameters -f BAMPE -g mm -q 0.017°. Differential openness of peaks between either time
points per tissue or tissues per time point was identified using DiffBindwith 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
consensus peaks by genes in proximity. MonaLisa was used for motif enrichment analysis on
differential or consensus peaks’'. ShinyGO 0.80"° was used to assess pathway enrichment of

the genes in proximity to peaks. Overlaps between peaks were identified by the
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functionsubsetByOverlap. From the 44 neurogenic fate determinants of Figure 1C, five had
known binding motifs: Atf3, Etv6, Mafk, Mycn and Tgif2.

Plasmids

TGIF2 cDNA isoforms plasmids were obtained from as a kind gift from previously
described®. All plasmids for expression were cloned into a Gateway (Invitrogen) form of
pCAG-IRES-GFP (kind gift of Paolo Malatesta) through pENTR1a vector. TGIF2 cDNA were
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. shRNA plasmids
were designed using Invitrogen Block-iT RNA designer and ordered as oligos from Eurofins,
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 (CAM), Biomedical Center
(BMC), Faculty of Medicine, LMU Munich. They were maintained under specified pathogen-
free conditions and housed in groups of 2-3 animals in individually ventilated cage systems
with a 12 h/12 h light/dark cycle. C57BL/6J mice (Charles River Laboratories; Sulzfeld,
Germany) were utilized for this study, and all animals undergoing in utero electroporation were
females aged between 3 and 6 months. Embryonic day 0 (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 policies

and approved by the Government of Upper Bavaria (Germany).

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*. Briefly, endotoxin-free plasmids at 0.5 to 0.7 ug/ul, controlled for molar ratio
across conditions, were diluted in 0.9% NaCl and mixed with FastGreen FCF dye.
Subsequently, 1 ul of this mixture was injected into the lateral ventricle of embryos at E13
within anesthetized C57BL/6J mice. Embryonic brains were harvested at 3 days post-

electroporation and fixed using 4% paraformaldehyde (PFA) in 1x PBS for durations of 4 hours.
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Analysis 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/6J E12 mouse embryos were dissected in ice-cold Hanks’
balanced salt solution buffered with 10mM HEPES (both from Life Technologies). 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-d-lysine-
coated coverslips in 24-well plates at 350,000 — 500,000 cells per well in DMEM-GlutaMAX
supplemented with 10% FBS and 1% 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 days or 7 days post transfection, cells were fixed with 4% PFA for 10 min at room
temperature.

For transfection experiments, cells were plated and allowed to adhere for 2-3 hours before
transfection with either 0.5 to 0.7 pg of plasmids controlled for molar ratio, or 25nM siRNA Tgif2
mouse (ON-TARGETplus SMARTpool) using Lipofectamine™ 2000 following the
manufacturer’s guidelines (Invitrogen™). When shRNAs were co-transfected with GFP or

TGIF2IR overexpression plasmids, equal molarity ratio 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-X100 in 1x PBS. Cells were first incubated in blocking solution for 1
hour at room temperature, followed by overnight incubation with primary antibody. After triple
wash with 1x PBS at room temperature, cells and sections were stained with secondary
antibodies diluted in blocking solution for 1 hour at room temperature. Nuclei were visualized
using 0.5ug/ml 4,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich). Finally, immunostained
sections and cells were examined using a Zeiss confocal microscope. The list of antibodies

utilized in the experiments is provided for reference.

scRNA-seq library prepration

36 hours after IUE, cortices were dissected in ice-cold Hanks’ balanced salt solution
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 Tissue Dissociation Kit(P) (Milteny, #130-092-628) and red blood cell removal
solution (Miltenyi, #130-094-183) following manufacture’s protocol. The cells were passed

through a 40um cell strainer and placed on ice for FACS to further isolate electroporate cells.
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FACS sorting was performed at a FACSAria Il (BD Biosciences) in FACSFlow sheath fluid
(BD Biosciences), with a nozzle diameter of 100 um. 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.

FAC-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 Novaseq
6000 S2 flowcell to reach 30,000 reads per cell for gene expression library and 5,000 reads
per cell for multiplexing library, which was then aligned and demultiplexed using cellranger

multi pipeline.

scRNA-seq analysis

The analysis followed Scanpy’s” tutorial, starting with preprocessing of raw sequencing
data to filter out low-quality cells (counts per cell = 1100-33000, minimal genes per cell = 700)
with high mitochondrial content (5% cutoff), followed by log transformation normalization.
Dimensionality reduction using principal component analysis (PCA) and Uniform Manifold
Approximation and Projection (UMAP) was performed to visualize cell-to-cell relationships.
Leiden clustering 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, Elavi4, Map2, Stmn2, Rbfox3, Syt1, Nefl, Syn1, Syp,
Camk2a, Bsn. DE between TGIF2IRwt and GFP was analyzed using built-in “rank genes”
function in Scanpy with Wilcoxon rank-sum test, and associated GO term was analyzed using
Shiny GO 0.80"%. DE between TGIF2IRmut and GFP was analyzed using pseudobulk and
DESeq2 v1.44.0%® to be comparable to the bulk Cut&Run. CellRank analysis based on RNA

velocity was conducted followed CellRank’s tutorial®®2°.

Cleavage under targets and release using nuclease (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
Technologies, 86652) according 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
(D6WS5B), rabbit, Cell Signalling) 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 1h at 4°C. pAG-MNase was activated by adding calcium chloride and

incubation at 4°C for 30 minutes. Stop buffer (Cell Signaling Technologies) was added to each
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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® ChlP-seq DNA Library
Prep Kit for lllumina (Cell Signaling Technologies, 56795) and SimpleChIP® ChIP-seq
Multiplex Oligos for lllumina® (Dual Index Primers, Cell Signaling Technologies, 46538)
following the manufacturer's instructions specifically for CUT&RUN Assay kit protocol. Briefly,
5ng of DNA was used for all CUT&RUN and IgG control samples. DNA ends were ligated with
adaptors and amplified using PCR and Dual Index primers for lllumina® (Cell Signaling
Technologies, 47538). All clean-up 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 75bp paired-end sequencing strategy on an lllumina® NextSeq550

sequencer.

Cut&Run analysis

Sequenced reads were aligned to the mm39 genome using Bowtie2™*. Peak calling was
performed using the MACS3 pipeline with corresponding IgG control bam files, using q value
0.01, and minimal fragment length 100. An enrichment heatmap of the peaks was produced
using deepTools’s computeMatrix function” on Galaxy platform’. FIMO motif scanning was
conducted on MEME Suite website using bed file of identified peaks’’. The peaks were
analyzed for genomic distribution with ChIPpeakAnno’® and annotated using GREAT for single
nearest gene within 250kb*. GO term enrichment analysis with ShinyGO 0.80 was conducted

on the annotated genes’?.

Gene requlatory dynamic analysis

RegVelo is an end-to-end deep generative model designed to infer cellular dynamics
through coupled splicing dynamics and gene regulation®'. It requires users to define the prior
gene regulatory network and allows the model to refine this network by improving the
reconstruction of observed gene expression. Using a bulk ATAC-seq dataset, we followed
CellOracle’s tutorial™. First, we identified transcription start sites (TSS) using the get_tss_info
function, which annotates each peak with its corresponding gene. Next, we scanned
transcription factor (TF) binding motifs in these peak regions using the tfi.scan function with an
FPR of 0.02. Subsequently, we filtered motifs using the filter_motifs_by score function with a
threshold of 10. Finally, we replaced the bulk ATAC-seq-derived TGIF2 targets with
CUT&RUN:-inferred target genes and incorporated this prior GRN for downstream RegVelo
analysis.

We trained the RegVelo model with default parameters. To mimic overexpression effects,

we manually perturbed the inferred gene regulation by multiplying TGIF2 downstream
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regulation weights by a specific factor to amplify the regulatory effects of TGIF2. We used four
different values [0, 50, 100, 150] and employed RegVelo to predict the depletion scores®' for
defined terminal states, including NSCs, UL neurons, and DL neurons. RegVelo-inferred GRN
targets were used for downstream gene functional analysis. We curated all negatively
regulated genes inferred by RegVelo and applied the clusterProfiler package to perform GO

enrichment analysis.

Coimmunoprecipitation

For interactome analysis, P19 cells were seeded in 10cm dishes for transfection when the
cells reached 50% confluency. After 48 hours, cells were scraped on ice and lysed in non-
denaturing lysis buffer (20mM Tris-HCI, pH 8.0, 137mM NaCl, 1% Nonidet P-40, 2mM EDTA)
containing cOmplete proteinase inhibitor. Lysates were incubated with DYKDDDDK Tag
(D6W5B) FLAG rabbit antibody (Cell Signaling) for 1 hour, followed by addition of Protein G
Dynabeads for an additional 2 hours at 4°C with rotation. Following three washes with wash
buffer (10mM Tris, pH 7.4, 1mM EDTA, 150mM NaCl, 1% Nonidet P-40), the
immunoprecipitated lysates were boiled in 1x Laemmli buffer and subsequently stored at —

80°C until mass spectrometry analysis.

Mass spectrometry

The interactome samples were digested using a modified FASP procedure as
described®®'. Digested peptides were measured on a QExactive HF X mass spectrometer
(Thermo Scientific) online coupled to an Ultimate 300 nano-RSLC (Thermo Scientific) as
described®.Generated raw files were quantitatively analyzed in the MaxQuant software®® (MPI
Martinsried, version 2.4.9.0), applying default settings and a minimum LFQ ratio count of 1,
quantification on unique peptides with matching between runs for LFQ quantification®.
Searches for peptide identifications were performed in the integrated search engine
Andromeda® with default settings, using the canonical SwissProt Mouse protein database
including the described TGIF2 sequences. Results were filtered for contaminant hits, reverse
hits and “only identified by site” hits. LFQ intensity values in the filtered proteingroups list were

used for enrichment ratio calculations.

Western Blot

P19 cells transfected with various shRNA constructs were lysed with RIPA buffer and the
proteins were extracted by centrifugation at 13,000 x g for 15 minutes at 4°C. 30 ug protein
per sample was diluted to the desired concentration in 1x Laemmli Buffer and boiled at 95°C
for 5 min. Gel electrophoresis was conducted using 12.5% polyacrylamide SDS gels, followed

by transfer to nitrocellulose membranes. For immunodetection, membranes were initially
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blocked with 5% nonfat dry milk in TBS-T (Tris-buffered saline/0.1% Tween20, pH 7.4) for
either 1 hour at room temperature or overnight at 4°C, and then incubated overnight with
primary antibodies (ARID4B, Bethyl Laboratories, 1:2000) diluted in 1% nonfat dry milk in
TBS/T. The following day, the membranes were incubated with HRP-coupled secondary
antibodies diluted in 1% nonfat dry milk in TBS-T. Finally, the signal was visualized using the

ECL method with the ChemiDoc™ instrument from Biorad.

Statistical analysis

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

test when there were three or more conditions.
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Figure legends

Figure 1. Bulk RNA- and ATAC-seq of embryonic cortex and LGE at E14 and E18

(A) Experimental scheme of RNA-seq and ATAC-seq. E: Embryonic; PROM1+: PROMININ1
(B) UpSet plot of differentially expressed genes as indicated below the plot. DE: differentially
expressed; Ctx: Cortex; LGE: Lateral Ganglionic Eminence

(C) Venn diagram of neurogenic fate determinants, transcription factors and chromatin
remodelers.

(D) GO terms associated with biological processes, showing top 2 terms each from 10 clusters
of semantic space, taken from genes enriched in the neurogenic fate determinants that are
transcription factors and/or chromatin remodelers.

(E) UpSet plot of differentially enriched motifs at E14 versus E18 cortex, at E18 LGE versus
cortex and not enriched at E14 between the regions.

(F) Venn diagram of neurogenic fate determinants identified from the transcriptome analysis
and the differentially enriched motifs identified in panel E. Five of the 44 neurogenic fate
determinants have known binding motifs. These are Atf3, Etv6, Mafk, Mycn and Tgif2.

(G) TGIF2 motif enrichment in the E14 cortex, E18 LGE and the consensus open regions
shared between cortex and LGE at E14. Color represents enrichment against genomic
background.

(H) Tgif2 expression at E14 and E18, cortex and LGE. Significance was tested with two-way
ANOVA with Benjamini, Krieger and Yekutieli correction.

Figure 2. TGIF2 overexpression promotes NSC state while TGIF2 knockdown promotes
differentiation

(A) Schematic drawing of TGIF2 isoforms. IR: intron retention; d: deleted; SID: SIN3a-
interacting domain; MAPK: mitogen-activated protein kinase sites.

(B) Schematic drawing showing the procedure of E12 cortex cells transfection assay.

(C-D) Representative images showing transfected E12 cortex cell culture at 3 days or 7 days
post transfection (dpt), respectively. Magenta arrowheads for PAX6+TBR2-/GFP+ cells, blue
arrowheads for TBR2+PAX6-/GFP+ cells, yellow arrowheads for PAX6+TBR2+/GFP+ double
positive cells. Scale bar: 50 um.

(E-F) Quantifications of PAX6+/GFP+, TUBB3+/GFP+ at 3dpt, mean+SD. N = 6-10 pools of
embryos. Brown-Forsythe and Welch ANOVA tests with Dunnett’'s T3 multiple comparisons
test in (D), ordinary one-way ANOVA with Tukey’s multiple comparisons test in (E). * p<0.05,
** p< 0.01, *** p<0.001, ****p<0.0001.

(G-H) Quantifications of TBR2+/GFP+, PAX6+TBR2-/GFP+, and TUBB3+/GFP+ cells at
7dpt, meantSD. N = 5-12 pools of embryos. Ordinary two-way ANOVA with Tukey’s multiple
comparisons test in (G) and ordinary one-way ANOVA with Tukey’s multiple comparisons test
in (H). ** p< 0.01, *** p<0.001.

Figure 3. TGIF2 overexpression in vivo retains less differentiated cells

(A) Experimental scheme of IUE, including used plasmids. F: flag

(B-D) Sections of electroporated cortices stained with PAX6 and TBR2, of which insets are
to show large magnifications with orthogonal views in (B’-D’). Scale bar: 100um.

(E) Quantification of PAX6+/GFP+ and PAX6-TBR2+/GFP+ cells in bin1, meantSD. N = 4-
5 embryos from at least two different mothers. Different symbols indicate different mothers.
Ordinary two-way ANOVA with Tukey’s multiple comparisons test. ** p<0.01, **** p<0.001.
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(F-H) Representative images of cortex 3 days after electroporation with each condition in
GFP. Scale bar: 100pm. Dashed lines indicate the 5 equal bins.

(I) Quantification of GFP+ cell distribution at 3 days post electroporation, meantSD. N = 4-
5 embryos from at least two different mothers. Different symbols indicate different mothers.
Multiple unpaired t-tests with 5% FDR. *q<0.05

Figure 4. TGIF2 overexpression slows differentiation shown by scRNA-seq

(A) Schematic drawing of experimental procedures.

(B) UMAP projection with each cluster annotated with corresponding cell type.

(C) Violin plot of maturation score per condition. Kruskal-Wallis test with Dunn’s multiple
comparisons test.

(D) Barplot of DE genes between TGIF2IR and GFP identified in each cell cluster.

(E-F) Top 15 terms of GO term enrichment analysis of DE genes in upper layer neurons
between GFP and TGIF2IR.

(G) Cell density plot along velocity pseudotime.

(H-J) Gene expression of selected markers by velocity pseudotime and differentiation
lineage.

(K-M) Fate probability maps from CellRank?®° analysis. RGC: radial glial cells, TAP: transit-
amplifying progenitors, DL neurons: deep layer neurons, UL neurons: upper layer neurons.

Figure 5. TGIF2 binds at neural differentiation genes and regulates chromatin factors

(A) Schematic drawing of experimental procedures of Cut&Run.

(B) Enrichment heatmap of TGIF2IR peaks and its corresponding IgG control, centered at
the middle of the peaks.

(C) Pie chart of genomic distribution of TGIF2IR peaks.

(D) MonaLisa motif enrichment analysis of TGIF2IR peaks.

(E) Top 20 terms from GO term enrichment analysis of annotated genes.

(F) Top 20 genes with extensive regulation by GREAT.

(G) Peak examples with bigwig profiles exported from IGV®.

(H) UpSet plot overlapping Cut&Run targets and DEGs in scRNA-seq between TGIF2IR
and GFP per cell type.

(I) Top 15 enriched GO terms in biological processes of overlaps (351 genes) between
TGIF2IR Cut&Run targets and downregulated genes in NSCs of TGIF2IR compared to GFP
control from scRNA-seq.

(J) GRN built by CellOracle’, representing negatively regulated TFs by TGIF2 and
associated GO terms.

(K) Weighted simulations by RegVelo®' for TGIF2 overexpression effect on cell fate bias.

Figure 6. TGIF2 interacts with the SIN3a complex and acts as a repressor

(A) Schematic drawing of IP-MS experiment in P19 cells.

(B) STRING analysis of interactors of TGIF2IR with LFQ intensity more than 3-fold
compared to GFP control.

(C) AlphaFold prediction of TGIF2 structure, with DNA-binding domain and repressor
domain circled, and 2 MAPK sites indicated.

(D) Schematic structures of different TGIF2 constructs. pp: phospho-mutant, TGIF2IRmut:
TGIF2IR mutant form.

(E, H) Representative pictures of E12 primary cortex cells cultures transfected with different
conditions at 3dpt, co-stained with PAX6, TBR2, and TUBB3. Magenta arrowheads for
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PAX6+TBR2-/GFP+ cells, yellow arrowheads for TBR2+PAX6-/GFP+ cells, white arrowheads
for TUBB3+/GFP+ cells. Scale bar: 50 ym.

(F-G) Quantification of PAX6+/GFP+ and TUBB3+/GFP+ in transfected E12 culture at 3dpt
with TGIF2IR_pp, TGIF2IR_KRAB and TGIF2IR_VP64 constructs, mean+SD. N = 3-9 pools
of embryos. Ordinary one-way ANOVA with Tukey’s multiple comparisons test. ns: not
significant.

(I) Quantification of PAX6+TBR2-/GFP+ and PAX6-TBR2+/GFP+ in transfected E12 culture
at 3dpt with shArid4b constructs, mean+SD. N = 3 pools of embryos. *p = 0.0341. Ordinary
two-way ANOVA with Sidak's multiple comparisons test.

(J) Scheme of molecular mechanisms of TGIF2: when TGIF2 is phosphorylated, it is able to
interact with SIN3A complex including ARID4B and HDAC1/2, which altogether repress
neurogenesis programs, including Arid4b itself, to maintain NSC fate. TGIF2 KD,
TGIF2IR_VP64 and TGIF2IRmut act in the opposite direction from wild type TGIF2s and
TGIF2IR_KRAB.

Figure 7. TGIF2 is a master regulator of neurogenic priming

(A) Scheme for the experimental setup: E14 cortices were dissected for FACSorting of PSA-
NCAM+ young neurons and performed RNA-seq, to compare with E14 cortical NSCs RNA-
seq data mentioned in Figure 1.

(B) Venn diagram showing data mining logic of neurogenic priming genes. DEG:
differentially expressed genes. DAR: differential accessible regions. AR: accessible regions.
CNR: Cut&Run. Neu: Neurons. Ctx: Cortex. NSC: Neural Stem Cells. E: embryonic.

(C) GO term analysis of neurogenic priming genes.

(D) Examples of neurogenic priming genes regulated by TGIF2, showing ATAC-seq and
TGIF2 Cut&Run (CNR) profiles, together with each gene’s RNA expression by violin plot in
E14 cortical NSCs and neurons.

(E) Permutation test with 100,000 trials to identify the possibility of various number of
random gene sets to overlap with the neurogenic priming genes.
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Figure 6
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Figure S1. RNA-seq analysis of Radial Glial cells isolated from cerebral cortex and LGE
at E14 and E18.

(A) Principal component analysis of the RNA-seq data with region marked with different
shapes and stage marked with different colours. Ctx: Cortex; LGE: Lateral Ganglionic
Eminence; E: Embryonic

(B) Heatmap of samples clustered according to different parameters of the dataset.

(C) Heatmap of the top 25 differentially up- or down- regulated genes in the cortex at E14
versus E18. FC: fold change; AveExpr: average expression

(D) Heatmap of the top 25 differentially up- or down- regulated genes in the LGE at E14
versus E18. FC: fold change; AveExpr: average expression

(F) GO terms associated with biological processes, showing top 2 terms each from 10
clusters of semantic space analysis, taken from genes upregulated at E14 versus E18 cortex.

(G) GO terms associated with biological processes, showing top 2 terms each from 10
clusters of semantic space analysis, taken from genes upregulated at E14 versus E18 LGE.

Figure S2. ATAC-seq analysis of Radial Glial cells isolated from cerebral cortex and LGE
at E14 and E18.

(A) Principal component analysis of the ATAC-seq data with region marked with different
shapes and stage marked with different colours. Ctx: Cortex; LGE: Lateral Ganglionic
Eminence; E: Embryonic

(B) Heatmap of the ATAC-seq samples clustered based on chromatin openness and
annotated based on different parameters of the dataset.

(C) Volcano plot of significantly differentially open peaks in E14 versus E18 in Cortex (FDR
< 0.05). Top 10 differential peaks are labeled by the nearest gene in their proximity. Ctx:
Cortex; LGE: Lateral Ganglionic Eminence; E: Embryonic

(D) Volcano plot of significantly differentially open peaks in E14 versusE18 in LGE (FDR <
0.05). Top 10 differential peaks are labeled by nearest gene in their proximity. Ctx: Cortex;
LGE: Lateral Ganglionic Eminence; E: Embryonic

(E) Venn diagram depicting overlap of differentially open peaks in E14 versus E18 Cortex,
differentially open peaks in LGE versus Cortex E18, and the non-differential (consensus)
peaks between Cortex and LGE in E14. Left: overlap of the peaks, middle: overlap of the genes
in proximity to peaks, right: overlap of the motifs associated to open peaks.

(F) Venn diagram depicting overlap of genes in proximity to differentially open peaks in E14
versus E18 Cortex, differentially open peaks in LGE versus Cortex E18, and the non-
differential (consensus) peaks between Cortex and LGE in E14.

(G) Venn diagram depicting overlap of motifs enriched in differentially open peaks in E14
versus E18 Cortex, differentially open peaks in LGE versus Cortex E18, and the non-
differential (consensus) peaks between Cortex and LGE in E14.

(H) Barplot showing gene ontology terms enriched in genes in proximity to differentially open
peaks between E14 and E18 in Cortex.

(I) Barplot showing gene ontology terms enriched in genes in proximity to differentially open
peaks between LGE and Cortex in E18.

(J) Barplot showing gene ontology terms enriched in genes in proximity to non-differentially
open (consensus) peaks between Cortex and LGE in E14. Terms that are shared between all
3 comparisons are highlighted in blue.

Figure S3. TGIF2 expression during development and immunostaining analysis after
overexpression in vivo.
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(A) ISH data of mouse TGIF2 across different developmental timepoints, excerpts from Allen
Brain Atlas*’.

(B-C) Violin plots showing quantification of knockdown efficiency titration with siRNA pool in
final concentrations, together with TGIF2IR overexpression, measured by mean intensity in
the channel of TGIF2 Abcam antibody (B) and the channel of FLAG antibody (C). N=8-21 cells
measured with DAPI mask. Kruskal-Wallis ANOVA with Dunn’s multiple comparisons test.

(D) Representative images and their insets of in utero electroporated cortices from different
conditions (GFP+) immunostained with pH3 and PAX6. Arrowheads indicate pH3+/GFP+ cells.

(E) Quantification of pH3+/GFP+ cells in bin 1, meantSD. N=4 embryos from at least 2
mothers. Ordinary one-way ANOVA with Dunnett’s multiple comparison’s test.

(F-H) Representative images showing cortices 3 days post electroporation with different
conditions in GFP, co-stained with NEUROD2. Dashed lines indicate the 5 equal bins. Scale
bar: 100um

(I) Quantification of NEUROD2+/GFP+ cells in bin 3, mean+SD. N=3-4 embryos from at
least 2 mothers. Ordinary one-way ANOVA with Dunnett’s multiple comparison’s test. Only
significant result is shown.

Figure S4. Leiden clustering and marker gene expression in the scRNA-seq data
(A) UMAP projection of cells grouped by pool, mouse, and condition.
(B) Leiden clustering with UMAP projection.
(C) Scatter plot of cell cycle phase from cell cycle marker gene expression.
(D-E) UMAP scatterplot and dot plot of marker gene expression across cell clusters.
(E) Tqif2 expression levels across different cell types and conditions.

Figure S5. Velocity pseudotime and CellRank procedures

(A-C) UMAP of velocity pseudotime across 3 conditions.

(D-F) Violin plots of velocity pseudotime across cell types in different conditions.

(G, K, O) UMAP representation of RNA velocity®’.

(H, L, P) Macrostates predicted by CellRank. RGC: radial glial cells, or NSCS; TAP: transit
amplifying progenitors, or NPCs.

(I, M, Q) Terminal states predicted by CellRan

(J, N, R) Violin plots of initial score (Fabp7, Pax6, Sox2 expression) of macrostates predicted
by CellRank?%%,

k28,29

Figure S6. Mutation in SID of TGIF2 abrogates its function, some interactions and
binding to target sites

(A) Schematic drawing of TGIF2IRmut construct.

(B) Representative images showing E12 primary cortex cells cultures transfected with GFP,
same as in Figure 6E, and TGIF2IRmut, co-stained with PAX6, TBR2, and TUBB3. Scale bar:
50um.

(C-D) Quantification of PAX6+/GFP+ and TUBB3+/GFP+ in transfected E12 cortex cell
culture at 3dpt with different conditions as indicated in the legends, mean+SD. N= 7-11 pools
of embryos. Mann-Whitney test.

(E-F) Representative images showing cortices 3 days post IUE with GFP (E) and
TGIF2IRmut (F). Dashed lines indicate the 5 equal bins. Scale bar: 100um.

(G) Quantification of GFP+ distribution in each bin, mean+SD. N=4 embryos from at least 2
mothers. Ordinary two-way ANOVA with Sidak’s multiple comparisons test, with a single
pooled variance.

66



(H) Quantification of SATB2+/GFP+ in each bin from embryos in utero electroporated with
GFP or TGIF2IRmut. Ordinary two-way ANOVA with Sidak’s multiple comparisons test, with a
single pooled variance.

(I) Enrichment heatmap of TGIF2IRwt and TGIF2IRmut, centered on the middle of the
peaks.

(J) Venn diagram showing the overlapped peaks between TGIF2IRwt and TGIF2IRmut from
Cut&Run analysis.

(K) Peak examples with bigwig profile of TGIF2IRwt and TGIF2IRmut, with their
corresponding IgG control at the gene locus of Arid4b. Dashed lines circle the peaks.

(L) Venn diagram showing the overlapped genes between TGIF2IRwt and TGIF2IRmut from
Cut&Run analysis, as well as genes upregulated in TGIF2IRmut compared to GFP control from
its sScCRNA-seq DE analysis (log2fc>0, pval <0.05).

(M) STRING analysis of interactors of TGIF2IRmut with LFQ intensity more than 3-fold
compared to GFP control.

(N) Venn diagram comparing the interactors of TGIF2IRwt and TGIF2IRmut with LFQ
intensity more than 3-fold compared to GFP control. The interactors lost in TGIF2IRmut are
listed. ARID4B, which belongs to SIN3A complex, is marked in red.

(O) Western blot of P19 cells transfected with candidate shRNAs for Arid4b KD, including
a mock transfection control. Blotted bands show canonical ARID4B protein. shRNA#2 (against
open reading frame of Arid4b) with the most efficient KD was used for further experiments.
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Figure S1
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Nuclear function of the microtubule-associated protein MAP1B in neural
stem cells drives periventricular heterotopia
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Abstract

Periventricular heterotopia (PH) is a cortical malformation characterized by misplaced cells
at the ventricle considered a migration disorder, supported by mutations in neuron-
enriched cytoskeletal genes such as MAP1B. However, recent research has also implicated
neural stem cells (NSCs). As the role of MAP1B in PH as well as in NSCs is unknown, we
explored its role using knock-down (KD) conditions. These indeed recapitulate a PH
phenotype with ectopic cells in the periventricular regions that is dependent on a role in
NSCs. We found that MAP1B localizes and functions in the nucleus in NSCs, where it
interacts with the SWI/SNF chromatin remodeling complex, maintaining NSC fate.
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Strikingly, patient iPSC-derived cerebral organoids show enrichment of the mutant MAP1B
protein in the nucleus along with a PH phenotype. This work not only reveals the essential
contribution of MAP1B function in NSCs to PH, but also uncovers its role in the nucleus
regulating neurogenesis.

Introduction

Neuronal heterotopias comprise about 30% of malformations of cortical development
(MDC)*2. These disorders are characterized by ectopic positioning of grey matter in the
brain typically associated with epilepsy and have classically been considered as neuronal
migration disorders3, supported by the identification of mutations in neuronal-enriched
cytoskeletal genes*. However, functional studies of candidate genes associated with this
MDC group does not support a unifying biological process or pathway affected>-1°, In this
context, recent evidence has also identified defects in neural stem cells10.11, For example,
centrosome-associated proteins in NSCs, but not neurons, were found to significantly
overlap with genes associated with periventricular heterotopia, a disorder that belongs to
this MDC group8. These included unexpected new candidates, such as the splicing factor
pre-mRNA processing factor 6 (PRPF6), whose mutation recapitulated a PH-like phenotype
in the developing mouse cortexs.

These considerations prompted us to explore the function of MAP1B, as it is the earliest
expressed microtubule (MT) associated protein (MAP) already present in NSCs15-17,
Moreover, nothing is yet known about the role of any MAP in stem or progenitor cells, which
prompted us to explore its role by a knock-down approach. Moreover, it is one of the
proteins with most frequent mutations implicated in PH risk2. In this regard, it is also of
particular interest that MAP1B interacts with both MTs and actin filaments13, suggesting a
potential role as a connector between these cytoskeletal components. This is of particular
interest given the mutations in actin cytoskeleton associated proteins in PH14. This may
also play a role in neuronal migration, as MAP1B appears in NSCs, but then further
increases in young neuronsl>-17. While previous studies have explored its role in
axonogenesis and synaptogenesis18-21 the role of Mapl1b in neural stem cells and PH
etiology remains elusive.

Results

Map1b-KD models heterotopia in the murine cortex in vivo

To explore MAP1B function, we used short hairpin RNAs (shRNAs) against MAP1B, resulting
in 50% protein reduction (Figure S1C-l). We generated two shRNAs (named shMap1b,
targeting the 3’ untranslated region of the gene, and shMapl1b#2, targeting its open
reading frame) cloned into plasmids that co-express a green fluorescent protein (GFP)
under a constitutive promoter (pCAG) (Figure S1C). A scrambled shRNA, predicted not to
bind to any transcript in the transcriptome, served as a control.

Notably, the MAP1B missense variants that have been associated with cases of

Periventricular heterotopia22-25 (Figure S1A) all introduce a premature stop and are

predicted loss-of-function (Figure S1B). Therefore, our KD approach may also model the

heterozygous loss-of-function mutations. To explore the function of MAP1B in cortex
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development in vivo and probe for possible ectopias seen in PH, we used in utero
electroporation (IUE) of both Map1b shRNAs at embryonic day (E) 13, followed by brain
collection five days later for GFP immunostaining (Figure 1A). Upon Map1b-KD, we found a
significant increase in cells in the periventricular region of the cortex (Bin 1, consisting of
the ventricular zone and part of the subventricular zone) and corresponding decrease in
the lower part of the cortical plate (Bin 3 and 4 for shMap1b and shMap1b#2, respectively)
(Figure 1B-C). Analysis at postnatal day 10 (P10) showed that this is a persistent
phenotype, as still more cells were retained in the lower part of the cortex (Figure 1D-F).
Thus, Map1b-KD resulted in a persistent accumulation of cells in the periventricular region
of the cortex, consistent with previous models of periventricular heterotopia®:1°.

Map1b-KD reveals migration to be particularly affected in a subpopulation

One possible cause of ectopic cell location is defects in migration, which have been
observed in PH models26 and upon Mapl1lb manipulation27.28, To measure the speed and
complexity of the movement (tortuosity), organotypic slices were collected 2 days after IUE
and GFP+ cells were imaged for approximately 24 hours every 15 minutes between the
intermediate zone and the cortical plate (Figure 1G), as done before2. This analysis
revealed that Maplb-KD migrating neurons display a lower speed and an increased
tortuosity index (migrated path/straight path) compared to controls (Figure 1H-J, Figure
S2A).

In PH, not all neurons are affected equally, but rather only a small subpopulation of cells is
retained in the periventricular region of the cortex. To probe the presence of a particularly
affected subpopulation in Map1b-KD conditions, we performed a clustering analysis of the
migrating cells using Gaussian Mixture Models. Tuning the number of components to
minimize the Bayesian Information Criterion (BIC) criteria yielded an optimal three cluster
solution (Figure 1K, Figure S2B). Treatment distribution analysis across these clusters
showed a cluster (Cluster 3) as significantly enriched and almost exclusively formed by
Map1b-KD cells (Figure 1L, Figure S2C), while treatment proportions were comparable for
the other clusters. Cluster 3 cells migrate with particularly low speed and high tortuosity
(Figure 1K). Importantly, these effects cannot be attributed to shRNA transfection levels as
measured by GFP intensity (Figure S2D). Excluding cluster 3 cells from the dataset
highlights the decrease in tortuosity upon Map1b-KD is specifically driven by the presence
of this cluster (Figure S2E-F). Thus, Maplb-KD leads to the generation of a distinct
population of neurons with particularly affected migration.

scRNAseq reveals the presence of a small aberrant neuronal subpopulation upon
Map1b-KD

To probe if a particularly affected neuronal population may be detectable by altered gene
expression possibly linked to differentiation effects, or is solely due to cytoskeletal
alterations, we explored the transcriptional profile of Maplb-KD cells. For this, we
conducted scRNAseq of the IUE cells (Figure 2A) using three litters as independent
biological replicates (Figure 2B). After quality control and filtering (see Methods), a total
number of 16411 cells was obtained (Figure S3A). For each litter, we validated the
downregulation of Maplb (Figure 2B; Litter 1: logFoldChange (logFC) = -1.03, p-value_adj
= 2.86e148; Litter 2: logFC = -0.87, p-value_adj = 1.82e99; Litter 3: logFC = -0.76, p-
value_adj = 1.36e°3). Importantly, overall expression of other MAPs was not affected by
the treatment (Figure S3B). Leiden clustering analysis identified all cell types expected in
the cortex at this developmental stage39 (Figure 2C, Figure S3C-E). Yet, one cluster of
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neurons could not be mapped to any known neuronal subtype (cluster ‘Neurons_unknown’)
(Figure 2D-G, S3F). Intriguingly, this cluster predominantly consisted of cells from Map1b-
KD treatment (Figure 2D) and may represent the abnormally migrating cells observed in
our imaging analysis.

To explore which genes are most affected in expression in the ‘Neurons_unknown’ cluster,
we performed differential gene expression (DGE) analysis of this cluster against the rest of
the cortical neurons coming from Map1b-KD (Figure 2E, Table S1). This identified 657
down- and 260 up-regulated genes in ‘Neurons_unknown’. Consistent with a possible
phenotype in migration, we found genes involved in cell-cell adhesion and neuronal
migration (Figure 2F-G, Table S1). Of particular interest was the downregulation of Dab1,
the intracellular mediator of Reelin signaling which controls neuronal positioning, as well
as Nrp1, SEMA3A'’s receptor that regulates the radial orientation of migrating neurons31.32,
Interestingly, other downregulated genes included EmI1 and Fat4, two genes previously
linked to neuronal heterotopias®33. Importantly, Maplb was not among the differentially
expressed genes (DEG), indicating that the presence of this population cannot be attributed
to particularly high KD efficiency. Additionally, genes involved in key processes for neuronal
development such as axonogenesis, cation channel activity, neuron projection extension
and synapse organization were differentially regulated in this cluster (Figure 2F, Table S1),
suggesting possibly broader deficits in differentiation beyond migration. This prompted us
to explore whether changes could already be detected at the NSC/progenitor level.

Map1b-KD affects NSC differentiation

To investigate whether Map1b-KD affects NSCs, we performed DGE analysis on the three
clusters of stem/progenitor cells identified in both treatments. We found that the most
affected cluster was RGC2; composed of NSCs that already expressed neuronal and
intermediate progenitor markers and therefore represent differentiating NSCs. In this
cluster, we found 67 down- and 52 up-regulated genes after Map1b-KD (Figure 2H, Table
S1). Downregulated genes included important inducers of neuronal differentiation (such
as Mytll and Nfix), while upregulated genes were associated with stemness and
proliferation (such as Sox2 and Hmgb2). Overall, the GO terms for biological processes for
these genes comprised mitosis progression and neurogenesis, among others (Figure 21,
Table S1). Together, these data suggest that Map1b-KD impairs NSC differentiation, which
may result in the generation of the aberrant “Neurons_unknown” population.

To further explore this notion, we used RNA velocity34 and CellRank35, which can predict
the differentiation trajectory based on detected spliced and unspliced RNA rates.
Consistent with the DGE analysis, the differentiation pseudo-time inferred from RNA
velocity indicated a slower differentiation process in the Map1b-KD condition (Figure 2J-K),
with RGC1 identified as a terminal state only upon Map1b-KD (Figure 2L-M), further
supporting a role of Mapl1b in delayed or blocked NSC differentiation. These trajectory
analyses also allowed us to explore how these stem and progenitor clusters may relate to
the origin of the altered neuronal population. We hypothesized that these cells could
originate either from neurons that undergo transcriptional state changes due to migratory
defects or could derive from the affected stem/progenitor cells. RNA velocity3* and
CellRank3® analyses revealed that ‘Neurons_unknown’ likely originated directly from
stem/progenitor cells (Figure 2N, Figure S3G), and act as a terminal state in the altered
differentiation trajectory (Figure 2M).
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To examine if these transcriptional changes affect NSC numbers, we performed
immunostaining for PAX6 to label NSCs and TBR2 to label intermediate progenitors after
IUE of either of the Maplb shRNAs. Quantification revealed that Maplb KD leads to a
significantly higher proportion of PAX6+ NSCs compared to the control (Figure 3A-C). Both,
self-renewing (PAX6+/TBR2-) and differentiating (PAX6+/TBR2+) NSCs were increased,
while intermediate progenitor proportions (PAX6-/TBR2+) were not affected (Figure 3C).
These findings, together with our gene expression analysis, suggest a surprising role of
Map1b in regulating NSCs differentiation in vivo.

Map1b-KD sparing NSCs shows no PH and aberrant neuron phenotype

To determine if the above described phenotypes result from Mapl1b function in NSCs or
neurons, we performed Mapl1b-KD using shRNAs under the Dcx promoter (pDcx) by IUE
(Figure 3D), thereby reducing expression levels only in committed progenitors and neurons,
bypassing the effects of Mapl1b in NSCs. Notably, the distribution of GFP+ cells was not
different between pDcx-driven Map1b-KD and its control (Figure 3E).

To examine possible transcriptional changes, we performed scRNAseq of the pDcx-driven
in utero electroporated cells using two litters as independent biological replicates (Figure
3F). After processing and filtering the data, we obtained a total of 19030 cells for this
second dataset (Figure S4A). For each litter, we validated Map1b KD (Figure 3F; Litter 1:
logFC = -0.48, p-value_adj = 7.04e122; Litter 2: logFC = -0.40, p-value_adj = 2.33¢e86).
Leiden clustering (resolution 0.9) identified 22 clusters (Figure S4A), with no clusters
enriched or depleted of Maplb-KD cells (Figure S4B), resulting in overlapping UMAP
projections across treatments (Figure 3G). Consistent with the use of the Dcx promoter, the
dataset was largely restricted to migrating and differentiated neurons with few neural stem
and progenitor cells (Figure 3H, Figure S4C-D). To determine whether we could identify any
cells with the ‘Neurons_unknown’ molecular profile we observed previously, we used a Z-
score based on the gene expression signature of these cells. However, no group of cells
with a high ‘Neurons_unknown’ signature score was detected after pDcx-specific Map1b-
KD (Figure 3I, Figure S4E-F). Moreover, and to make sure that the pCAG and pDcx datasets
were comparable, correspondence between their independently annotated cell types was
obtained using FR-Match36. This software statistically tests whether the expression profile
of each cluster across datasets comes from the same multivariate distribution, as defined
by a set of minimal markers that can optimally discriminate cell types. All corresponding
cell types were found to correctly match across datasets. However, Neurons_unknown
cluster was left unmatched (Figure 3J). In summary, our results show that the newly
identified neuronal subpopulation is only detectable when Maplb is downregulated in
NSCs, suggesting that these cells are a product of altered differentiation.

Cell-autonomous role of MAP1B in neural stem cells

The changes observed in NSCs in vivo may be niche- or migration-dependent. To exclude
any of these factors, we cultured dissociated E12 mouse cortices, which consist mostly of
NSCs30. To explore cell-autonomous functions, we used a low efficiency transfection
protocol on the first day in culture with either shControl or shMap1b. After three days, cells
were stained for SOX2, labeling NSCs, and TBR2 for progenitors (Figure 4A). Quantification
of the proportion of GFP+ SOX2+ or TBR2+ cells in the cultures revealed that Map1b-KD
leads to a significantly higher proportion of Sox2+ NSCs in vitro (Figure 4B), reproducing
the effects observed in vivo (Figure 3A-C). To determine if this outcome is due to selective
cell death rather than cell fate changes, we performed live imaging of the E12 cortical cell
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cultures every 15-30 minutes between 2 and 3 days in vitro (DIV) (Figure S5A). Notably,
cell survival was not different between the conditions (Figure S5B), suggesting that KD of
Mapl1b indeed promotes NSC fate independent of cell migration and the niche structure
present in vivo.

Nuclear localization and function of MAP1B in neural stem cells

To better understand the function of MAP1B, we examined its protein localization in NSCs.
Besides the expected colocalization with alpha-tubulin in the cytoplasm (but not at the
spindle in dividing cells (Figure S5C)), we also detected MAP1B immunostaining inside the
nuclei of NSCs (Figure 4C). This nuclear localization of MAP1B was confirmed by nuclear
and cytoplasmic fractionation of mouse E12 cortex lysates (Figure 4D). To determine the
specificity of this signal, we used the Maplb-KD constructs (Figure 4E) and found a
significant reduction of the MAP1B-immunostaining signal in both the cytosol and the
nucleus (Figure 4F), further corroborating the specificity of the staining. Interestingly,
however, we noted a more efficient decrease in the cytoplasm than the nucleus (Figure
4@G). This may be due to differential turnover dynamics of the protein in these respective
compartments and/or different transport dynamics upon Map1b-KD.

Given the surprising localization of MAP1B in NSC nuclei, we aimed to explore which of the
two compartments is most crucial in mediating the MAP1B’s function in NSCs. For this
purpose, we generated tools to drive MAP1B into the nucleus using nuclear localization
signals (NLS) or enrich it in the cytoplasm using a nuclear export signal (NES) (Figure 4H,
Figure S5D). Plasmids encoding these constructs were co-transfected with Maplb shRNA
targeting its untranslated region (and therefore only downregulating the endogenous RNA)
in E12 primary cortical cell cultures. Notably, combining shMaplb with NES-Maplb
completely reversed the increase in NSCs caused by Map1b-KD, while the combination
with NLS-Maplb exacerbated Maplb-KD effects (Figure 4l-J). These data thus
demonstrate a differential effect of MAP1B in the cytoplasm versus the nucleus with the
former reducing NSCs and the later increasing NSC numbers. Taken together with the
increased nuclear/cytosol ratio in the Map1b-KD condition (Figure 4G), the balance of
MAP1B distribution between cytoplasm and nucleus seems to play a key role in mediating
NSC maintenance versus differentiation.

Before further exploring the mechanisms of MAP1B cytoplasmic versus nuclear function,
we aimed to verify the novel role of MAP1B in the nucleus in vivo. To do so, shControl
(containing GFP) + RFP or shMap1b (containing GFP) + NLS-Map1b (containing RFP) were
in utero electroporated at E13 and brains collected 3 days later forimmunostaining (Figure
4K). Distribution analysis of double shMap1b-GFP+/NLS-Mapl1b-RFP+ cells revealed an
accumulation in the periventricular region (Bins 1 and 2), with a decreased proportion of
cells reaching the upper part of the cortex (Figure 4M). NLS-Maplb combined with
shMaplb also resulted in increased proportions of NSCs in vivo (Figure 4N) and further
aggravated the phenotype with even more NSCs (compare Figure 3C to 4N); thereby
replicating the in vitro findings in vivo. Staining for the young neuron marker NEUROD2
(Figure 4K-L) revealed the accumulation of neurons below the cortical plate, with a
reduction in the proportion of neurons reaching the cortical plate in the NLS-Maplb
condition (Figure 40). Thus, nuclear enrichment of MAP1B increased NSCs in vivo and
resulted in the generation of ectopic neurons.
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Nuclear MAP1B interactors in NSCs include importins and the SWI/SNF chromatin
remodeling complex

To understand how MAP1B may exert its function in the nucleus, we aimed to identify its
interactors in the nuclei of NSCs by immunoprecipitation (IP) of endogenous MAP1B
followed by mass spectrometry after subcellular fractionation in three independent
replicates (Figure 5A). To obtain pure NSCs in high quantity, we chose human induced
pluripotent stem cells(iPSCs)-derived cortical NSCs8 after verifying the presence of MAP1B
in their nuclei (Figure 5B). Co-IP revealed 289 MAP1B interactors in cytosol-enriched
samples and 505 MAP1B interactors in nuclear-enriched samples (log> fold change>3 and
g-value<0.05; Figure 5C, Table S2). Cytosolic interactors include cytoskeletal proteins such
as TUBA1B, DNAH3, KIF23, KIF14, CAPZA2, MYL12A and MYL4, as well as cell adhesion
proteins such as EPHA2, CDH2, SEMA4C, NCAM1 and EFNB1 (Table S2), reflecting the
most significant GO terms related to cytoskeleton (Table S2).

GO analysis of the interactors in the nuclear fraction revealed an over-representation of
proteins associated with nuclear speckles and chromatin-related processes including
chromatin modifiers and remodelers such as the SWI/SFI superfamily-type complex, also
known as BAF complex (Fig. 5D, Table S2). Additionally, we identified ‘Nucleocytoplasmic
transport’ as significantly enriched among MAP1B interactors (Figure 5D, Table S2). Using
methanol fixation, we validated the interaction of MAP1B with the nuclear speckle marker
SRRM2 by observing notable co-localization in both iPSC-derived NSCs and E12 mouse
cortex (Figure 5E-F). As shuttling from the cytoplasm into the nucleus is crucial for MAP1B’s
function, we next focused on the importins interacting with MAP1B, confirming the
interaction with the Importin subunit alpha-1, KPNA2 (Figure 5G, Figure S5E), which is
enriched in NSCs3’.

Next, we focused on MAP1B'’s association with the SWI/SFI complex, given its key role in
regulating neurogenesis3®. Indeed, the interaction between MAP1B and various
components of this complex was validated via co-IP followed by Western Blot in both iPSC-
derived NSCs and E12 mouse cortical nuclei (Figure 5G-H, Figure S5E). This included
BRG1, the core ATPase component of the BAF complex, which could further be
corroborated by reverse co-IP (Figure 5G).

MAP1B’s nuclear effects on neuronal differentiation could be mediated by modulating the
function of the SWI/SNF complex3°. To investigate MAP1B’s effects on SWI/SNF complex
function, we performed BRG1 Cut&Run in iPSC-derived NSCs infected with either of the
above described shRNAs. This analysis uncovered 5164 peaks for BRG1-binding in control
conditions (Figure 5I), including peaks in known targets such as SOX2, SOX11 and CCND1
(Figure 5J-L). Surprisingly, Brg1-binding was much reduced upon Map1b-KD (Figure 5I-L).
This shows that MAP1B has a critical impact on the SWI/SNF complex binding to its targets,
which could be due to MAP1B'’s interaction with nuclear actin or potentially influencing the
stability of the complex.

Microtubule-binding regulates nuclear translocation of MAP1B

As MAP1B localizes both in the cytoplasm and the nucleus, an important determinant for
its novel function in the nucleus is the physiological regulation of its shuttling between
these compartments. To get some insights into this, we examined the MAP1B peptides
identified by mass spectrometry comparing their coverage and relative abundance in the
different subcellular compartments. While peptides from both nuclear and cytosolic
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MAP1B mapped to the full-length protein (Figure 6A, Table S2), phosphopeptide mapping
showed a profound difference between the compartments with nuclear MAP1B being
hyperphosphorylated compared to its cytosolic form (Figure 6A-B, Table S2). Kinase
prediction based on MAP1B phospho-peptides indicated a significant enrichment for c-Jun
N-terminal kinase 1 (JNK1) and PTEN-induced kinase 1 (PINK1) (Figure S5F, Table S2),
which have already been shown to phosphorylate MAP1B4041 further supporting our
analysis.

Interestingly, hyperphosphorylation of MT-associated proteins has been shown to weaken
their microtubule-binding capacity42, suggesting that MT-interaction may retain MAP1B in
the cytoplasm, while MAP1B phosphorylation weakening these interactions could facilitate
its translocation into the nucleus. This prompted us to explore if the MT-binding domain
(MBD) of MAP1B was important for its nuclear shuttling. Towards this aim, FLAG-tagged
truncated forms of the protein were generated and transfected into E12 primary cortical
cell cultures (Figure 6C). Three days post-transfection, we assessed their distribution by
FLAG-immunostaining. Indeed, the MBD fragment displayed a clear nuclear enrichment,
while the other constructs were mostly located in the cytoplasm (Figure 6D). To further
explore the hypothesis that MT interactions may regulate MAP1B’s shuttling into the
nucleus, E12 primary cortical cell cultures were treated with the MT polymerization inhibitor
Nocodazole for 4 hours and the proportion of MAP1B in the nucleus versus soma was
quantified (Figure 6E-F). Nocodazole treatment resulted in a significant increase of MAP1B
in the nuclei, suggesting that MT binding competes with its nuclear translocation (Figure
6G). Taken together, these data suggest a dynamic translocation of MAP1B into the
nucleus regulated by MT-interaction and phosphorylation thereby regulating its function in
NSC fate determination.

PH-associated MAP1B mutations result in nuclear-enriched truncated proteins and PH
phenotype in organoids

Next, we were interested to understand how the above findings relate to the mutations
found in PH patients, as these have been suggested to result in loss of protein. Probing
one such patient mutation (¢.2133delG; p. E712Kfs*10) in the mouse developing cortex
using Breasi-CRISPR43, we observed the generation of a truncated protein, which was more
enriched in the nucleus as compared to its WT counterpart (Fig. S6A-D), along with an
accumulation of cells below the cortical plate (Fig. S6B vs. Fig. S6D).

To directly evaluate the impact of MAP1B mutations found in PH patients and the
significance of its nuclear-cytosol shuttling in the human context, we generated iPSC lines
carrying two specific MAP1B mutations. We chose to study the mutations ¢.3316C>T; p.
R1106* and ¢.2133delG; p. E7T12Kfs*10 (Figure 7A), as these were identified in more
than one patient presenting PH1244, MAP1B ¢.3316C>T; p. R1106* mutation was
identified in a patient with bilateral anterior predominant PH, deep perisylvian/insular
polymicrogyria, and a thin, dysmorphic corpus callosum, along with collapsing episodes
suggestive of seizures?. This MAP1B mutation was inherited from the patient’s mother,
who exhibits similar MRI findings and symptoms. MAP1B ¢.2133delG; p. E712Kfs*10
mutation was identified in 8 members of a family, 5 of whom presented PH and intellectual
disability44. Other associated brain structure abnormalities included smaller corpus
callosum and overall reduced white matter volume.
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We engineered human iPSCs by introducing either mutation using CRISPR/Cas9, which
provided us with isogenic controls to specifically study the effects of the introduced
mutations. The presence of MAP1B mutations was confirmed through Sanger sequencing
(Figure 7B). Using the iPSC line carrying MAP1B ¢.3316C>T; p. R1106* mutation as a proof
of principle, we generated cerebral organoids to assess whether this mutant line would
recapitulate the neuronal ectopia phenotype (Figure 7C). Indeed, in three independent
batches, we observed the predominance of ectopic neurons (MAP2+ cells) in the PAX6+
ventricular zone of the organoid's cortical-like structure in the mutant line (Figure 7E-F).
This result underscores that the mutant human cerebral organoids can effectively model
the neuronal ectopia phenotype, thereby making them suitable for elucidating the impact
of MAP1B nuclear-cytosol shuttling in this context.

Towards this aim, we assessed the effect of MAP1B mutations on its total, cytosolic, and
nuclear abundance. To achieve this, we generated cerebral organoids and performed
subcellular fractionation followed by Western blot analysis. As expected, both mutations
resulted in a decrease in the amount of full-length MAP1B protein (Figure 7D). However,
surprisingly, we identified a new MAP1B band in each mutant organoid, representing novel
MAP1B isoforms that match to the presence of truncated proteins (Figure 7D). Notably,
both MAP1B mutant-derived isoforms were enriched in the nuclear fraction as compared
to the cytosolic one. Thus, human patient cells corroborate the mouse model findings that
enrichment of nuclear MAP1B is involved PH pathogenesis.

Discussion

Here we identified a novel role of MAP1B in NSCs shuttling between the cytoplasm and
nucleus with higher nuclear levels favoring NSC fate. This allowed us to gain further insights
into the etiology of PH as an NSC fate pathology rather than a migration disorder.

PH as a NSC differentiation disease

In human patients with PH, not all neurons are equally impacted, but rather a relatively
small subset ends up in the periventricular regions, while others reach the cortical plate
normally. A big question is, why this is the case. Here we propose that this is linked to
alterations in NSC differentiation (mostly RGC2) leading to the generation of a mis-specified
small subpopulation of neurons. Using both live-imaging and scRNAseq of in utero
electroporated cortical cells, we identified a particularly affected subpopulation of NSCs
and neurons manifesting upon Map1b-KD. In live imaging we found a subpopulation of KD
cells migrating particularly slow and with increased tortuosity. Similarly, in scRNAseq data
we detected a small cluster of neurons with no equivalence in controls, or ever reported in
the literature. Notably, scRNAseq analysis of human cerebral organoids from FAT4 and
DCHS1 mutant cells, that exhibit a PH phenotype, had also identified an altered neuronal
state26, with some similarities to the signature of ours. FAT4- and DCHS1-mutant organoid
neurons also exhibit a transcriptomic profile marked by dysfunctions in biological
processes including axon guidance and neuronal migration. Particularly, they show an
enrichment of the netrin receptor deleted in colorectal cancer (DCC), which is elevated in
our ‘Neurons_unknown’ cluster as well. DCC regulates the migration of cortical neurons
through reelin-independent DAB1‘s phosphorylation, in particular controlling multipolar
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migration and multipolar-to-bipolar transition#>. Notably, these processes take place below
the cortical plate, giving a possible explanation why their dysfunction results in the
accumulation of cells in the periventricular region of the brain4>. Furthermore, MAP1B is
among the downregulated genes in the FAT4-mutant altered neuronal subpopulation, and
our ‘Neurons_unknown’ cluster showed reduced expression levels of Fat4. These results
point to a common pathological process affected by alterations in these very different PH
genes. Lastly, our study demonstrates that the emergence of altered neuronal
subpopulations in the context of PH is not exclusive to humans, but indeed a general
hallmark that also occurs in mice.

Fundamentally, scRNAseq analysis pointed to slower NSCs differentiation upon Map1b-KD,
as confirmed by an increase in NSCs by immunostaining, showing for the first time that
Map1b regulates NSC differentiation in vivo. While MAP1B's presence in NSCs has been
noted for decades?’, its specific role in these cells had remained elusive. Notably, DGE
analysis in differentiating radial glia (RGC2) suggests that the impairment of NSC
differentiation due to Map1b-KD results from both the suppression of genes promoting
neuronal differentiation, such as Myt1l/, and increased expression of genes associated with
stemness, such as Sox2 and Hmgb2. Furthermore, RNA velocity analysis underscores a
slower pace of differentiation, implying that Maplb levels affect the speed of NSC
differentiation.

This important result raised the question whether the mis-migrating neuronal
subpopulation identified may arise as a consequence of the NSC differentiation or from
migration defects. Downregulating Map1b under a Dcx promoter enabled us to bypass the
effects of this gene in NSCs, revealing the altered neuronal population emerges exclusively
after Map1b-KD including NSCs. Aligned with our previous data demonstrating that the PH-
associated PRPF6 mutant causes cell ectopia only when it occurs in NSCs, but not when
occurring only in young neurons8, these data further corroborate the concept of PH as a
NSC pathology rather than a migration disorder. Importantly, however, our work now shows
that these changes at the level of NSCs can result in the generation of a uniquely abnormal
neuronal state.

Map1b-KD favors NSC fate and differentiation is slowed down as shown in vivo and in vitro.
How this results in such a specifically altered neuronal population is a fascinating question.
In this context it is of interest to consider previous evidence for a causal relationship
between alterations in cell cycle length and NSC differentiation with altered progeny cell
fate4647, In these studies, the most affected NSCs show a higher probability of producing
altered progeny. In our data, slower differentiation seems to affect mostly RGC2 and they
seem to generate the aberrant neuronal population. CellRank analysis shows that
differentiating radial glial cells (RGC2) possess the highest signature driver score for the
altered neuronal population, therefore significantly expressing key genes accountable for
the differentiation and development of these specific neurons. In this context, it is
important to consider that differentiating radial glia cells are also the ones undergoing
delamination, a process associated with PH etiology8, highlighting further their disease
relevance. Most importantly, however, we could unravel the role of the cytoskeletal protein
MAP1B in NSCs with an unprecedented function in the nucleus. This has also been shown
in vivo by driving MAP1B into the nucleus using IUE resulting likewise in accumulation of
cells in the periventricular region. Moreover, we have shown that patient iPSC-derived
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organoids also accumulate MAP1B protein in the nucleus, demonstrating a clear relevance
of this novel function of MAP1B for PH.

Cell autonomous function of Map1b in NSCs involves cytoplasmic-nuclear shuttling

Our in vitro analysis uncovered that Mapl1b affects NSC fate independently of cellular
displacement processes and the niche structure present in vivo. This ruled out classic
mechanisms governed by MTs, such as regulation of the angle of cell division, or possible
defects in the interkinetic nuclear migration of radial glia cells#°. Most importantly, we could
identify opposing roles of MAP1B acting pro-differentiative, when it is in the cytoplasm (as
shown by the rescue of the Map1b-KD phenotype using NES-Map1b), while favoring NSC
fate, when it is enriched in the nucleus (as shown by the pronounced increase in NSCs
using NLS-Map1b). Moreover, endogenous MAP1B is detectable in the nucleus of human
and murine NSCs, and its nuclear translocation is favored, when MTs are depolymerized or
it is phosphorylated and hence also binds less to MTs. This presents an unprecedented
mechanism for a cytoskeletal protein, while transcription factors, such as the myocardin-
related transcription factors (MRTFs) that regulate the serum-response factor (SRF), have
been shown to shuttle to the nucleus®°. Indeed, SRF activity may be involved in the
cytoplasmic prodifferentiative role of MAP1B, as MAP1B has been shown to inhibit RhoA
activation18, which positively regulates the transcriptional complex megakaryoblastic
leukemia/serum response factor (MKL/SRF) that normally promotes NSCs%1. Thus, more
MAP1B in the cytoplasm would promote differentiation as shown with the NES-Map1b
construct. Conversely, nuclear MAP1B promotes NSC fate, likely by its interaction with the
SWI/SNF complex. We have shown that BRG1 binding to many of its targets is reduced in
the Maplb-KD conditions, and our Map1b-KD phenotype is reminiscent of the cortex-
specific conditional knock-out (cKO) for BRG1 showing a higher ratio of NSCs as well as
neuronal heterotopia3®. These data thus suggest that the BRG1-containing BAF complex is
a mediator of MAP1B function in the nucleus. The localization and function of MAP1B in
the nucleus may also provide an entry point to tackle the long-standing riddle of the roles
of tubulin and actin in the nucleus. Besides tubulin, MAP1B also binds to actin that plays
pivotal roles in transcription regulation and chromatin organization32-60. Interestingly, p-
actin, which we also identified as a direct interactor of MAP1B in the nucleus, plays a role
in fibroblast to neuron conversion, i.e. B-actin promotes neurogenic functionél. Thus, the
function of MAP1B in the nucleus may help to unravel the specific functional roles of the
cytoskeletal elements in the nucleus.

Importantly, the nuclear function of MAP1B is highly relevant to disease. Modelling two of
the PH-associated patients’ mutations in MAP1B in human organoids demonstrated the
nuclear enrichment of the truncated protein along with the enrichment of neurons in the
periventricular region. The presence of E712Kfs*10 truncated protein could further be
validated by introducing the corresponding mutation in the developing cortex using Breasi-
CRISPR43 (Figure S6A-C). Adding a flag to visualize the localization of the truncated protein
further confirmed our results, indicating the nuclear enrichment of the truncated mutant
proteins. This data thus corroborates that the relative enrichment of MAP1B in the disease
condition as well as in the KD condition are causative for the PH phenotype originating in
NSCs. In this regard it is particularly interesting that Filamin A, the other most frequently
mutated protein in PH12.14 also interacts with MAP1B in the nucleus. These results prompt
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the hypothesis that also the Filamin A mutations may cause NSC phenotypes by their
nuclear function resulting in PH, similar to the mechanism shown here for MAP1B. Overall,
we have not only shown an entirely novel function of MAP1B with the nuclear-cytosolic
shuttling in NSCs, but also the direct implication of its nuclear function in PH etiology. This
work further opens uncharted territory of cytoskeletal interactors in regulating transcription
and fate in the nucleus.
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Figure Legends
Figure 1. Map1b KD produces long-lasting PH in the mouse cortex

A and G, Experimental design of experiments shown in B-F and H-L, respectively. Coronal
sections of E18 (B) and P10 (D) mouse cerebral cortices electroporated at E13 with
shControl, shMap1b or shMap1b#2. Distribution of GFP+ cells are quantified in C, E and F.
Different symbols represent different litters analyzed. Two-way ANOVA followed by
Dunnett's (C) or Sidak's (F) multiple comparisons test. H, Representative images of bipolar
migrating neurons, quantified in | and J and analyzed using two-tailed Mann-Whitney test.
K, Normalized tortuosity and speed for all cells analyzed via live imaging. Colors correspond
to the three clusters obtained using Gaussian Mixture Models. L, Treatment distribution
across all three clusters; Fisher exact test. Mean & SEM; Scale bar 50 um (B and D) and
10 um (G). *: p-value<0.05, **: p-value<0.01, ***: p-value<0.001, ****: p-
value<0.0001. CP: cortical plate; IZ: intermediate zone; SVZ and VZ: (sub) ventricular zone;
WM: white matter.

Figure 2. Map1b KD scRNAseq reveals the presence of a divergent neuronal population.

A, Experimental design for studying transcriptomic changes upon Maplb-KD in the
developing cortex. B, Violin plots depicting the mean expression of Maplb per treatment
for each litter used. C, Louvain clustering superimposed on a UMAP embedding from both
shControl and shMap1b cells. D, UMAP embedding from shControl (left) and shMapilb
(right) cells. E, Volcano plot of differentially expressed genes (DEGs) between
'Neurons_unknown' cluster and all other neurons in the Map1b-KD condition. H, Volcano
plots of DEGs between shControl and shMapl1b of the RGC2 cluster. Yellow and Violet
colored dots represent up- and down-regulated genes in the Map1b-KD condition, for H, or
in the 'Neurons_unknown' cluster for E. Their main gene ontology terms for biological
processes are shown in F, and |, respectively. G, Dot plot representing expression of
selected DEG across neuronal populations within Mapl1b-KD treatment. J, RNA velocity
analysis from shControl (left) and shMap1b (right) projected in the 2D expression UMAP for
each treatment, calculated using scVelo34. K, Pseudotime histogram for shControl and
shMaplb. Distributions were smoothed using a Gaussian kernel density estimation. Initial
and terminal differentiation states for control (L) or Map1b-KD (M) cells, as predicted by
CellRank35. N, Violin plots depicting the lineage driver Z-score signature for
Neurons_unknown as a terminal differentiation state per cell type (excluding
Neurons_unknown). RGCs: Radial Glia Cells; IPs: Intermediate Progenitors; IC: Intracortical;
PT: Pyramidal Tract; CT: Corticothalamic; OPCs: Oligodendrocyte Progenitor Cells.

Figure 3. Map1b KD increases NSCs and Map1b KD in neurons only has no phenotype.

A, Coronal sections of E18 mouse cerebral cortices electroporated at E13 with shControl
or shMapl1b#2, stained as indicated and quantified in C. Zoom-in images from the
ventricular zone are shown in B. Mean & SEM. Two-way ANOVA followed by Sid&k's multiple
comparisons test (shMapl1b#2) or Two-tailed Mann-Whitney test (shMapi1b). D, Coronal
sections of E16 mouse cerebral cortices electroporated at E13 with pDcx-driven shControl
and shMap1b, stained as indicated and quantified in E. Two-way ANOVA followed by Sidak's
multiple comparisons test; ns: not significant. F, Violin plots depicting the mean expression
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of Map1b per treatment for each litter used for transcriptomic analysis of IUE cells upon
pDcx-driven Maplb-KD. G, UMAP embedding from pDcx_shControl (left) and
pDcx_shMapilb (right) cells. H, Louvain clustering from both pDcx_shControl and
pDcx_shMapilb cells. |, Additive Z-scored gene expression profile of neurons unknown
across both pCAG and pDcx datasets. J, Statistical cluster matching across pCAG and pDcx
datasets, obtained using FRMatch. Different symbols represent different litters analyzed
(B and E). Scale bar 50 um (A, B and D). *: p-value<0.05, ****: p-value<0.0001. CP:
cortical plate; I1Z: intermediate zone; SVZ and VZ: (sub) ventricular zone; RGC: Radial Glia
Cells; Prog: Progenitors; IPs: Intermediate Progenitors; IC: Intracortical; PT: Pyramidal Tract;
CT: Corticothalamic. White, white and yellow, and yellow arrows indicate GFP+PAX6+TBR2;
GFP+PAX6+TBR2+ and GFP+PAX6-TBR2+ cells, respectively.

Figure 4. MAP1B nuclear localization promotes neural stem cell fate

A, Representative images of E12 primary cortical cells transfected with shControl or
shMaplb at 1 day in vitro (DIV) and stained as indicated at DIV3. The proportion of double
or triple positive cells are quantified in B. Two-way ANOVA followed by Sid&k's multiple
comparisons test. C, Orthogonal view of neural stem cells (PAX6+) from E12 cortical
cultures depicting the presence of MAP1B inside the nucleus, indicated by arrows. D,
Western Blot from E12 mouse cortex after subcellular fractionation, stained as indicated.
E, Representative images of MAP1B intensity in shControl and shMap1b conditions in E12
cortical cultures transfected at DIV1 and stained as indicated at DIV3. F, Normalized
MAP1B intensity in the soma and nucleus of from PAX6+ cells transfected with either
shControl or shMap1b. Two-way ANOVA followed by Sidék's multiple comparisons test. G,
Ratio of MAP1B intensity in the nucleus relative to the soma for NSCs transfected either
with shControl or shMap1b. Two-tailed Mann-Whitney test. H, Schematic representation of
the DNA constructs of MAP1B domains. |, Representative images of E12 primary cortical
cultures transfected at DIV1 and stained at DIV3 as indicated. J, Percentage of
PAX6+RFP+GFP+/ RFP+GFP+ cells, relative to shControl+RFP. Paired one-way ANOVA +
Geisser-Greenhouse correction followed by Dunnett’'s multiple comparisons testing. K,
Coronal sections of E16 mouse cerebral cortices electroporated at E13 with shControl+RFP
or shMap1b+NLS-Maplb, stained as indicated and quantified in M and O. Zoom-in images
from GFP+RFP+NEUROD2+ cells are shown in L. N, Percentage of PAX6+RFP+GFP+/
RFP+GFP+ cells from the electroporated cortices. Mean & SEM. Two-way ANOVA followed
by Sidak's multiple comparisons test (L and O) or two-tailed Mann-Whitney test (N).
Different symbols represent different litters analyzed (F, G and M-0). Scale bar: 20 uym (A,
E,land L), 5 um (C), and 50 ym (K). Mean & SEM; *: p-value<0.05, **: p-value<0.01, ***:
p-value<0.001, ****: p-value<0.0001. DIV: days in vitro; IPSCs: induced pluripotent stem
cells. (A) White, white and yellow, and yellow arrows indicate GFP+SOX2+TBR2-,
GFP+SOX2+TBR2+ and GFP+TBR2+ cells, respectively; White arrows indicate GFP+PAX6+
(E), GFP+RFP+PAX6+ (1) or GFP+RFP+NEUROD2+ (L) cells.

Figure 5. MAP1B interacts with SWI/SNF complex and affects its binding in the nucleus
of neural stem cells.

A, Experimental design to determine the MAP1B interactome in NSCs. B, Western Blot from
human IPSCs-derived NSCs after subcellular fractionation, stained as indicated. C, Volcano
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plots depicting MAP1B interactome in cytosolic enriched (left) or nuclear enriched (right)
fractions from human iPSCs-derived NSCs. D, Gene ontology terms of significantly enriched
nuclear MAP1B interactors. Immunostainings depicting MAP1B co-localization with the
nuclear speckle marker SRRM2 in human IPSCs-derived NSCs (E) and the ventricular zone
of E12 mouse cortex (F). Western blot upon co-IP of MAP1B or BRG1 from nuclear enriched
fractions derived from human iPSCs-derived NSCs (G) or E12 mouse cortex (H) and stained
as indicated. |, Enrichment heatmap of BRG1 peaks in Cut&Run analysis from human
iPSCs-derived NSCs infected with shControl (left) or shMaplb (right), centered at the
middle of the peaks. Peak examples with bigwig profiles for SOX2, SOX11 and CCND1 are
shown in J, Kand L, respectively. CNR: Cut&Run. Scale bar: 5 ym (E and F).

Figure 6. MAP1B’s microtubule binding domain regulates nuclear translocation.

A, Schematic representation of MAP1B protein structure, highlighting the actin binding
domain (ABD) and the microtubule binding domain (MBD). Heatmaps depict the mapping
of MAP1B peptides and phosphopeptides across the primary structure of the protein in
cytosolic and nuclear enriched fractions. The x-axis corresponds to the amino acid position
of MAP1B, and the color intensity represents the relative abundance of peptides,
normalized per sample. B, Heatmap depicting the relative abundance of MAP1B
phosphopeptides in its co-IP from cytosolic and nuclear enriched samples, normalized per
sample and to the maximum abundance per phosphopeptide. Each row represents a
different MAP1B phosphopeptide. C, Schematic representation of MAP1B truncation and
deletion constructs used to assess localization in NSCs shown in D, Representative images
of E12 cortical cultures transfected at DIV1 with the DNA constructs illustrated in C and
stained as indicated at DIV3. E, Representative images of E12 cortical cultures treated with
Dimethyl sulfoxide (DMSO) or Nocodazole (NZO) for 4 hours and stained as indicated at
DIV1. Zoom-in images depicting MAP1B localization in NSCs are shown in F. The dashed
line indicates the border of the nucleus. G, Ratio of MAP1B intensity in the nucleus relative
to the soma for PAX6+ cells treated with DMSO or NZO. Different symbols represent
different biological replicates. Mean & SEM; One-tailed Mann-Whitney test; *: p-
value<0.05. Scale bar: 10 pm (D), 20 ym (E) and 2 pm (F).

Figure 7. MAP1B proteins with patient mutations are enriched in the nucleus and cause
a PH-phenotype in organoids

A, Schematic representation of MAP1B protein structure indicating the two mutations
identified in PH patients which were introduced in HMGU1 iPSC line by CRISPR/Cas9, as
confirmed by Sanger sequencing profile (B), and further used for the generation of cerebral
organoids as shown in the experimental scheme in C. D, Western blot upon subcellular
fraction of Day40 organoids from control (WT) and PH-mutant lines, stained as indicated.
E, Representative images of cortical-like structures in Day40 organoids from control (WT)
or ¢.3316C>T MAP1B mutant depicting the enrichment of ectopic neurons (MAP2+ cells)
in PAX6+ ventricular zones in the mutant, quantified in F (n=batch). Two-way matched
ANOVA followed by Fisher’s least significant difference test; *: p-value<0.05. Scale bar: 50
pum (left) and 20 ym (right).
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Figure 5
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Figure 6
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Figure 7
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Figure S1. Validation of Map1b-KD plasmids (related to Figure 1)

A, Mis-sense mutations in MAP1B gene identified in patients with Periventricular
Heterotopia22-25. B, Combined Annotation-Dependent Depletion (CADD) score®2 on MAP1B
variants. C, Schematic representation of the Mapl1b KD construct and its control used in
the study. D, G, Schematic drawings of experimental design for the validation of Map1b KD
by western blot in N2A cells (D) or by immunostaining in primary cortical cells isolated at
embryonic day 14 (G). Western blot representative images (E) and quantification of MAP1B
mean intensity (F) relative to GAPDH from N2A cells transfected with shControl, shMapl1b
or shMap1#2. Representative images (H) and quantification of MAP1B mean intensity (l)
in primary cortical cells via immunostaining. Different symbols represent different
biological replicates. ABD: Actin binding domain; MBD: Microtubule binding domain; HC:
Heavy chain; LC: Light chain; GFP: Green fluorescent protein. Scale bar: 10 ym. Mean &
SEM; Kruskal-Wallis + Dunn's multiple comparison; ****: p-value<0.0001.

Figure S2. Identification of a subpopulation with particularly altered migration patterns
upon Map1b-KD (related to Figure 1)

A, Histogram showing the proportion of cells for each treatment per speed interval
analyzed. B, Bayesian Information Criterion (BIC) versus number of clusters for a set of
Gaussian Mixture Models grouping cell trajectories based on log-transformed (normalized)
speed and tortuosity values. The model with three components (highlighted with a vertical
dashed red line), which minimizes the model selection criterion, was used for further
processing. C, Log-transformed (normalized) speed and tortuosity for all tracked cells,
colored by treatment. D, GFP fluorescence intensity for all cells analyzed per cluster.
Kruskal-Wallis test followed by Dunn's multiple comparison testing. Quantification on
speed and tortuosity for cells belonging to clusters 1 and 2 for each treatment shown in E
and F, respectively. N=cell; different symbols represent different imaging sessions. Two-
tailed Mann-Whitney test. Mean & SEM; ***: p-value<0.001.

Figure S3. Characterization of dataset from Mapl1B-KD in all cells (driven by CAG)
(related to Figure 2)

A, Quality control and raw Leiden clustering results from the pCAG dataset. B, Violin plots
per cell type depicting the expression of microtubule associated proteins for each
treatment. C, Expression distribution over the 2D UMAP projections for cell type marker
genes on the pCAG dataset. D, Dot plot showing reference cell type marker gene expression
and fraction of cells in group for each annotated cell type in the pCAG dataset. Expression
distribution over the 2D UMAP projections for extra-cortical markers (E) or markers of the
‘Neurons_unknown’ cluster (F). G, Lineage driver Z-score signature for Neurons_unknown
as a terminal differentiation state over the 2D UMAP projection.

Figure S4. Characterization of dataset from Map1B-KD in neurons only (driven by pDcx)
(related to Figure 3)
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A, Quality control and raw Leiden clustering results from the pDcx dataset. B, Cell
proportion per treatment and cluster on the pDcx dataset. C, Expression distribution over
the 2D UMAP projections for cell type marker genes. D, Dot plot showing reference cell type
marker gene expression and fraction of cells in group for each annotated cell type in the
pDcx dataset. Neurons_unknown signature expression score for each cell type in pCAG (E)
and pDcx (F) datasets. RGC: Radial Glia Cells; Prog: Progenitors; IPs: Intermediate
Progenitors; IC: Intracortical; PT: Pyramidal Tract; CT: Corticothalamic.

Figure S5. MAP1B’s role in NSCs (related to Figure 4, 5 and 6)

A, B, Representative images from E12 cortical cultures transfected as indicated at DIV1
and imaged between DIV 2-3 to assess differential cell survival, quantified in C. Wilcoxon
test. Yellow and white arrows indicate cell division and cell death, respectively. D,
Representative image from E12 cortical cultures stained as indicated depicting the
absence of MAP1B in mitotic spindles. E, Representative images from E12 cortical cultures
stained as indicated, depicting the distribution of MAP1B expressed with either an NLS or
NES sequence, both labeled with a FLAG tag. F, Western blot images from iPSCs-derived
NSCs samples upon subcellular fractionation used for validations of MAP1B nuclear
interactors, stained as indicated. Note that the panels for MAP1B, LMNB1 and GAPDH for
the differentiation #1 are duplicates from the images present in Figure 5B. G, Kinase
prediction enrichment based on MAP1B phospho-peptides identified in NSCs. Scale bar:
20 ym (A) and 5 um (C and D)

Figure S6. MAP1B E712Kfs*10 subcellular localization within the mouse developing
cortex labelled by Breasi-CRISPR (related to Figure 7)

A, Experimental design for studying MAP1B E712Kfs*10 within the mouse developing
cortex. Representative images depicting the distribution of electroporated cells (B and D)
and the subcellular localization (C and E) from MYC-tagged MAP1B and MYC-tagged MAP1B
E712Kfs*10, respectively. Note: Brains were fixed with 4% PFA, which lowers the detection
of MAP1B in the nucleus.

Movie S1. Slice imaging of a shControl-electroporated cortex (related to Figure 1)
Movie S2. Slice imaging of a shMap1b-electroporated cortex (related to Figure 1)

Movie S3. Live imaging of E12 cortical culture transfected with shControl (related to
Figure S5)

Movie S4. Live imaging of E12 cortical culture transfected with shMap1b (related to
Figure S5)

Table S1. DEGs and Gene Ontology analysis identified in Map1b-KD scRNAseq (related
to Figure 2)

Table S2. MAP1B interactors and peptides in cytosolic enriched and nuclear enriched
fractions from iPSCs-dervied neural stem cells (related to Figure 5)
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Figure S1
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Figure S2
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Figure S3
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Figure S4
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Figure S5
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Figure S6
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4 Discussion

This thesis highlights both canonical and non-canonical regulatory mechanisms that govern
proper neurogenesis, emphasizing the transcriptional control in Chapter 2, and the
compartmental distribution of a moonlighting protein in Chapter 3. Our findings suggest that
NSCs have evolved diverse strategies to balance self-renewal and differentiation, ensuring the

precise timing and progression of heurogenesis.

4.1 TGIF2 Regulates NSC Maintenance and Neurogenic Priming

Our findings from Chapter 2 establish TGIF2 as a key transcriptional repressor that
safeguards NSC identity and modulates neurogenic priming by repressing neuronal
differentiation genes. We further elucidate the molecular mechanisms underlying TGIF2’s
repressor function, which is dependent on its capability to phosphorylate and the interaction
with the SIN3A repressor complex, particularly one of the components—chromatin remodeler

ARID4B.

4.1.1 Control of Neurogenic Tempo and Competence by TGIF2

TGIF2 overexpression in vitro and in vivo increases NSCs, while delaying neural
differentiation, without restraining the neurogenesis progression. Particularly, in E12
transfection assay that has a later timepoint, 7 days post transfection, TGIF2 overexpression
increases TBR2+ IPCs, while the increase was in Pax6+ NSCs at 3 days post transfection. The
neurogenesis window seems rather protracted, allowing progenitors more time to proliferate
and expand. This suggests that TGIF2’s repression on neuronal differentiation genes acts as
barrier: the higher its expression and guarding these genes, the more difficult it is for proneural
TFs to access and activate them, thereby slowing down the neurogenic tempo.

The lengthening of the neurogenic period is one of the major hallmarks behind human
neocortex expansion, and this temporal extension increases upper layer neurons, predicted by
mathematical modeling (Stepien et al., 2020). Consistently, TGIF2 was shown to favor upper
layer neuron fate in CellRank and RegVelo simulation. To directly assess if TGIF2 overexpression
prolongs neurogenesis and leads to more total neuronal output, we will analyze the
electroporated cortex at postnatal day 10 (P10), when the upper layers have differentiated.

Beyond controlling the neurogenic tempo, can TGIF2 also influence the neurogenic
competence, either extending its window or reactivating it? In our TGIF2 Cut&Run and GRN, we
showed that TGIF2 has extensive occupancy and negative regulation on NFI factors: Nfia, Nfib,

Nfix. It was found that Nfia/b/x triple KO (TKO) restores the neurogenic competence in both
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hypothalamic tanycytes and Muller glia (Hoang et al., 2020; Yoo et al., 2021). In other words, NFI
factors may be actively repressing the neurogenic competence in tanycytes and Miller glia.
Specifically, NFI TKO in hypothalamic tanycytes—radial glial cells lining the third ventricle—
induces proliferation and subsequent neurogenesis in both postnatal and adult mice (Yoo et al.,
2021), when homeostatic neurogenesis is vastly diminishing or absent. Therefore, we can
postulate that TGIF2 overexpression may exert the same effect via its repression on NFl factors
and restore neurogenic competence in adult mice. Also, endogenous Tgif2 expression
correlates nicely with the neurogenesis window, starting around E11, peaking at E14, and then
decreasing at E18; in adult mice, Tgif2 is still expressing around neurogenic niches, although at
rather lower levels (ISH Data :: Allen Brain Atlas: Developing Mouse Brain, n.d.).

To test whether TGIF2 can reactivate the neurogenic competence in adult progenitors, we can
overexpress wildtype TGIF2 or TGIF2-VP64 (observed with opposite effect of wildtype) in adult
murine subependymal zone (SEZ), where adult NSCs reside, and analyze the subsequent

proliferation and neurogenesis.

4.1.2 TGIF2 Isoform Selectivity in Neuronal Output

In CellRank’s terminal fate prediction with both TGIF2 isoform overexpression conditions and
RegVelo’s simulation on TGIF2IR, TGIF2 isoforms exhibit differential selectivity on neuronal
subtypes. TGIF2IR favors upper layer neuronal fate, while TGIF2d favors deep layer neuronal
fate. In fact, this selectivity aligns with the temporal expression dynamics of Tgif2 isoforms
during development. From E10 to E12, when deep layer neurons are produced, Tgif2d is
expressed at a higher level than Tgif2IR (Cardoso-Moreira et al., 2019) (Figure 7a). However,
exactly when the neurogenic program shifts from deep layer neuron to upper layer neuron at
E13, Tgif2IR expression surpasses that of Tgif2d, suggesting a regulatory role in this transition.
These findings indicate that TGIF2 isoforms may contribute to the temporal control of neuronal

fate by modulating distinct transcriptional programs at different developmental stages.
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Figure 7. TGIF2 isoform expression profile during mouse forebrain development and
Mettl14 KO murine cortical NPCs

RNA levels of TGIF2 isoforms plotted for different timepoints during mouse forebrain
development from (Cardoso-Moreira et al., 2019) in (a) and Mettl14 KO NPCs from (Ringeling et
al., 2022) in (b). WT: wildtype. KO: Mettl14 KO.

A similar isoform switch was observed in methyltransferase-like protein 14 (Mettl14) KO
NPCs derived from E14 mouse cortex (Ringeling et al., 2022) (Figure 7b). In wildtype E14 cortical
NPCs, Tgif2IR is more highly expressed than Tgif2d, but in the absence of Mettl14—which
depletes N6-methyladenosine (m6A) modifications—Tgif2d levels surpass those of Tgif2IR. m6A
RNA methylation is the most abundant and reversible modification on mRNAs that regulates the
abundance and alternative splicing of target mRNAs (N. Liu et al., 2015). It plays a crucial role
not only in NSC proliferation and maintenance, but also in regulating “priming”, or “pre-
patterning”, as an epi-transcriptomic mechanism, preventing premature protein expression of
later-stage lineage factors in NSCs (Yoon et al., 2017). Notably, Tgif2 isoforms are among the
mM6A tagged transcripts (Ringeling et al., 2022), suggesting that their differential expression may
be epi-transcriptomically regulated.

In NSC-specific Mettl14 KO mice, there is a significant reduction in SATB2+ and CUX1+ late-
born upper layer neurons at E17.5 and PO, while TBR1+ deep-layer neurons remain affected (Y.
Wang et al., 2018). This remarkably resembles what we observed with TGIF2 overexpression
using in utero electroporation from E13 to E16 (Figure 8). Specifically, TGIF2d overexpression
shows a reduction in SATB2+ upper layer neurons compared to TGIF2IR (Figure 8d), while
TGIF2IR overexpression results in a trend of diminution in CTIP2+ deep layer neurons (Figure 8i).
Overexpression of either TGIF2 isoforms did not affect TBR1+ deep layer neurons (Figure 8e).
While these relative changes are not statistically significant compared to GFP control at this
early timepoint, compared to E17.5 and PO checked in (Y. Wang et al., 2018), they suggest a
potential shift in neuronal subtype specification. To better assess these effects, we can
examine neuronal output at a later developmental stage (P10), when layer formation is largely

complete.
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Figure 8. Neuronal progeny differences upon overexpression of the TGIF2 isoforms

(a-c) Representative images showing cortices 3 days post IUE with different conditions, co-
stained for GFP, TBR1 and SATB2. Dashed lines indicate the 5 equal bins. Scale bar: 100pum.
(d-e) Quantification of TBR1+/GFP+ cells and SATB2+/GFP+ cells from images as represented
above, mean=SD. N=4-5 embryos from at least 2 mothers. Ordinary two-way ANOVA with Tukey’s
multiple comparisons test.

(f-h) Representative images showing cortices 3 days post IUE with different conditions, co-
stained for GFP and CTIP2. Dashed lines indicate the 5 equal bins. Scale bar: 100pm.

(i) Quantification of CTIP2+/GFP+ cells from images as represented above, mean=SD. N=3
embryos from at least 2 mothers. Ordinary two-way ANOVA with Tukey’s multiple comparisons
test.

The correlation between TGIF2 isoform selectivity in neuronal subtypes and their relative
expression dynamics during early- and late-stage neurogenesis raises an intriguing question:
could isoform-specific regulation serve as a mechanism for neuronal fate determination? To
address this, scRNA-seq with splice variant resolution across developmental stages would be

particularly informative. Full-length SMART-seq scRNA-seq, as previously applied to the adult
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mouse primary motor cortex, has demonstrated isoform-level cell type specificity (Booeshaghi
etal., 2021). Leveraging this approach alongside tailored trajectory analysis may uncover novel

regulatory layers governing neurogenesis and neuronal subtype specification.

4.1.3 Lineage Priming Capability of TGIF2

While TGIF2 primarily binds and represses neurogenesis genes, it also targets key TFs of late
temporal identify factors, such Sox9 and NFI family factors, which are also known for their
gliogenic inducing ability (Blackshaw & Cayouette, 2025). This suggests that TGIF2’s role may
extend beyond neurogenic repression, potentially influencing lineage priming by modulating
both neurogenic and gliogenic programs.

Interestingly, when analyzing our scRNA-seq dataset of TGIF2 overexpression, we found that
only half of the TGIF2-bound neurogenic priming genes were significantly downregulated. The
remaining genes did not appear as DE genes, meaning that either their expression levels
remained unchanged or were below detection thresholds. To gain further insight, we examined
the TF motifs enriched in the upstream regions of transcription start sites of these non-DE
genes. The most highly enriched motif belonged to LHX2 (data not shown).

Notably, LHX2 shares a similar phenotype as TGIF2. Deletion of Lhx2 reduces progenitor
proliferation and induces precocious neuronal differentiation, with an accelerated onset of
generating each cortical layer (Chou & O’Leary, 2013). This effect is, at least in part, mediated by
LHX2 activating Hes1 and Pax6, both of which play critical roles in maintaining neural progenitor
identity and delaying differentiation. Given these parallels, it is likely that LHX2 functions as a
co-regulator of neurogenic priming alongside TGIF2, helping to coordinate the timing of

differentiation and the balance between proliferation and fate commitment.

4.1.4 TGIF2 Potential in Regeneration

In regeneration-competent species such as zebrafish, genes enriched in late-stage
progenitors and resting glia (i.e., Sox8/9, Nfia/b/x) are rapidly downregulated, while
inflammatory and proneural genes are upregulated in parallel, allowing activated glia to
transition into a neurogenic state (Blackshaw & Cayouette, 2025). In contrast, in mammals,
activated glia primarily trigger an inflammatory response, followed by upregulation of genes
associated with late-stage progenitors and resting glia. The neurogenic latency in reactive
astrocytes is rather mild in vivo, inhibited by Notch signaling (Magnusson et al., 2014; Zamboni
et al., 2020). Murine reactive astrocytes cultured under neutrosphere conditions in vitro exhibit
NSC markers and can be instructed into multipotency to generate neurons (Gotz et al., 2015).
This suggests that mammalian regeneration competence may be repressed by Notching
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signaling in vivo, as well as the pre-emptive activation of late-stage progenitor genes (i.e., NFI
factors).

A potential strategy to enhance regeneration capacity in mammals could involve delaying the
onset of these genes (Sox8/9, Nfia/b/x). In this context, TGIF2 overexpression may be
particularly beneficial. Investigating whether transient TGIF2 overexpression following acute
brain injury in mice enhances regenerative potential would be an intriguing avenue for future
research. Additionally, TGIF2 has been found to play a neuroprotective role, including reducing

apoptosis (Lei et al., 2022), which could further support brain repair following injury.

4.2 MAP1B as a Moonlighting Protein Modulating Neurogenesis

We have demonstrated that MAP1B, a cytoskeletal protein, has a moonlighting function in the
nucleus. While its cytoplasmic enrichment promotes neuronal differentiation, the nuclear
enrichment promotes NSC maintenance, revealing a compartment-dependent role in regulating

neurogenesis.

4.2.1 MAP1B’s Moonlighting Function in the Nucleus

Cut&Run analysis of organoids carrying PH patient knock-in (KI) mutations revealed that
nuclear enrichment of MAP1B enhances global BRG1 binding (data from recent experiment, not
shown). Given BRG1’s primary role in transcriptional activation (Ren et al., 2024), particularly at
stemness- and proliferation-associated genes such as Sox2 and Ccnd1 as we observed, this
suggests that MAP1B promotes NSC fate by modulating BRG1 occupancy. Conversely, Map1b
knockdown (KD) in human iPSC-derived NSCs resulted in a global reduction of BRG1 binding,
further confirming MAP1B’s role in regulating BRG1 activity. This effect is reminiscent of what is
observed in actin KO cells—loss of chromatin association by BRG1 (Xie, Almuzzaini, et al.,
2018). While both gain- and loss-of-function alterations in BRG1 binding lead to neuronal
heterotopia, itis MAP1B’s relative compartmental expression that modulates these dynamics
within individual cells to ultimately influence fate decisions.

Beyond chromatin regulation, we found that MAP1B also interacts with nuclear
ribonucleoproteins, including splicing factors. Immunostainings revealed that nuclear MAP1B
co-localizes with nuclear speckles, membrane-less organelles (MLOs) that serve as hubs for
gene expression, RNA processing, and storage. The assembly of nuclear speckles is facilitated
by liquid-liquid phase separation (LLPS), which relies on intrinsically disordered regions (IDRs)
in nuclear speckle proteins (Ilik et al., 2020; Kim et al., 2019). Notably, a significant portion of

MAP1B’s structure consists of IDRs, including its microtubule-binding and assembly domains—
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regions essential for its cytoplasmic function but potentially repurposed for novel nuclear roles,
such as interactions with nuclear speckle components.

Disruptions in nuclear speckle proteins, termed “nuclear speckleopathies,” are linked to
neurodevelopmental disorders, including developmental delay and intellectual disability
(Regan-Fendt & Izumi, 2024). Loss of nuclear speckle integrity in human iPSC-derived neurons
leads to exon skipping and intron retention, resulting in neuronal toxicity (R. Wu et al., 2024).
Additionally, nuclear-speckle-associated intron retention plays a role in cell cycle progression,
thereby may influence NSC proliferation. A relevant example is TMF1-regulated nuclear protein
1 (TRNP1), previously identified in our lab as a key regulator of NSC self-renewal and brain
folding (Stahl et al., 2013), whose pro-proliferative function depends on its LLPS capacity and
interaction with MLOs, including nuclear speckles (Esgleas et al., 2020). It remains to be
explored how MAP1B extends its nuclear functions in regulating nuclear speckles and RNA

metabolism.

4.2.2 Evolution of Moonlighting Proteins

The mechanisms prompting proteins to adopt moonlighting functions remain largely elusive.
One hypothesis is the chance interaction model (Copley, 2014), which suggests that proteins
may acquire secondary functions through a serendipitous interaction with another protein or
DNA, leading to an adaptive advantage for the cell or organism that is selected for over
evolutionary time. Relocations of proteins to new environments, such as from plasma
membrane to the nucleus, particularly, can expose them to novel interaction partners,
facilitating the emergence of new functions. This model also explains why moonlighting proteins
are often constitutively expressed proteins, as they are more likely to encounter diverse
intracellular environments.

In the case of MAP1B, it is well-established that it interacts with actin (Cueille et al., 2007), a
cytoskeletal protein that is actively transported into the nucleus via importins (Dopie et al.,
2012; Stuven et al., 2003) as mentioned in the introduction. Given this, we hypothesize that
MAP1B’s interaction with actin may facilitate its engagement with the importin/Ran system.
Indeed, we observed that MAP1B interacts with importin alpha subunit 1 (as known as KPNA2),
RAN, and nuclear pore complex subunits, supporting the idea that nuclear transport
mechanisms contribute to its moonlighting function. Additionally, within the nucleus, MAP1B
associates with the SWI/SNF BAF complex—a chromatin remodeling complex that actin
belongs to (Nishimoto et al., 2012; Olave et al., 2002). This suggests that actin may play a

crucialrole in mediating MAP1B’s nuclear localization and function.
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A complementary theory inspired by moonlighting enzymes and chaperones is that—while
the active site pocket is often buried within the protein structure, there is a significant portion of
surface area exposed and available for interactions with other molecules (Jeffery, 2017). In
some cases, a functional interaction domain can be as small as nine amino acids, as
demonstrated by Streptococcus enolase (Ehinger et al., 2004). For MAP1B, an evolutionary
adaptation may have introduced an NLS—a short amino acid motif—that enabled its
translocation to the nucleus mediated by importin/RAN system. Given its interaction with actin,
itis plausible that MAP1B acquired an NLS through evolutionary pressures, subsequently
leading to new nuclear interactions and functions.

While these theories remain largely hypothetical and challenging to test, they highlight how
moonlighting proteins can provide a selective advantage. In the case of NSCs, a protein capable
of modulating developmental dynamics based on localization—without requiring new
transcription and translation—could offer a rapid and energy-efficient response to
environmental cues. As the first microtubule-associated protein (MAP) expressed in the
embryonic brain (Bloom et al., 1985), MAP1B is well-positioned to play such a role. Moreover,
we have demonstrated that phosphorylation serves as a regulatory mechanism for MAP1B’s
localization—hyperphosphorylation reduces its microtubule binding and facilitates its nuclear
translocation. This dynamic regulation enables NSCs to rapidly adjust to differentiation signals
in an energy-efficient manner, further emphasizing the functional adaptability of MAP1B as a

moonlighting protein.

4.2.3 Compartmental Distribution of Moonlighting Proteins Regulates NSC Fate

While MAP1B is the first cytoskeletal protein we identified to regulate NSC fate dependent on
its localization, it is not the only moonlighting protein that influences cell fate decisions. The
RNA-binding protein CUG-BP Elav-like family 2 (CELF2) is known to regulate alternative splicing
and alternative polyadenylation (APA) inside nucleus of T cells (Chatrikhi et al., 2019; Gazzara et
al., 2017). In NSCs, however, CELF2 resides in the cytoplasm, where it represses mRNAs
mediating neuronal differentiation (MacPherson et al, 2021), also supporting a translational
mechanism to regulate priming via repression. Once it is translocated to the nucleus, the
repressed transcripts are released for translation, allowing NSCs to differentiate.

Mutations in Celf2 are implicated in cortical malformations. Patient-derived CELF2 variants
abnormally accumulate in the cytoplasm, losing their ability to translocate to the nucleus,
thereby stalling NSCs from differentiating. This bidirectional transport mechanism of
moonlighting proteins enables NSCs to rapidly respond to differentiation cues, illustrating how
spatially regulated moonlighting proteins fine-tune neurogenesis.
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4.2.4 Moonlighting Proteins’ Involvement in Human Diseases

Given that both MAP1B and CELF2 are moonlighting proteins involved in cortical
malformations, it is not surprising that 78% of known moonlighting proteins are implicated in
human diseases, compared to only 17.8% in human proteins overall (Franco-Serrano et al.,
2018). This highlights the significant enrichment of moonlighting proteins in human diseases,
their functional complexity and their potential role in multifaceted disease mechanisms.

Because moonlighting proteins carry out multiple functions in distinct cellular
compartments, their mutations can disrupt different biological processes at different stages of
disease progression, exacerbating disease phenotypes. In the case of MAP1B, patient-derived
mutations lead to its aberrant nuclear accumulation, where it enhances BRG1 binding, resulting
in excessive NSC maintenance. Subsequently, its nuclear retention causes a loss of its
cytoplasmic function in neuronal migration, further contributing to PH by preventing proper
neuronal positioning. This dual dysfunction exemplifies how mutations in moonlighting proteins
can amplify pathological outcomes by disrupting multiple molecular and cellular pathways at

once.

4.3 Outlook

The current knowledge of moonlighting proteins solely depends on serendipity, and we are
probably only touching the tip of the iceberg. Our findings add to this growing body of
knowledge, demonstrating that MAP1B, traditionally recognized as a cytoskeletal protein,
exhibits nuclear functions that modulate NSC fate. The compartmental localization of these
proteins plays a crucial role in their function, emphasizing the importance of spatial regulation
in NSC maintenance and differentiation.

Surprisingly, immunostaining of TGIF2 in human cancer cells reveals that it is also located in
the centrosome besides the nucleus (Subcellular - TGIF2 - The Human Protein Atlas, n.d.),
raising the possibility of alternative, yet unexplored, functions beyond transcriptional
repression. This underscores the need to maintain an open perspective when studying proteins
with well-characterized canonical roles—there is always more to uncover.

Moving forward, a more systematic approach to identifying moonlighting functions will be
essential. Advances in high-throughput proteomics, subcellular fractionation, and functional
genomics could reveal novel roles for proteins across different cellular compartments.
Understanding how proteins like MAP1B and TGIF2 integrate diverse regulatory mechanisms,

from transcriptional control to intracellular localization, will not only deepen our knowledge of
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neurogenesis, but may also offer new therapeutic strategies for neurodevelopmental disorders

and regenerative medicine.
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