UC Santa Cruz
UC Santa Cruz Electronic Theses and Dissertations

Title
The Lineage Progression of Neural Stem Cells

Permalink
https://escholarship.org/uc/item/8v50d031|

Author
Liang, Xiaoyi Guo

Publication Date
2022

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/8v50d031
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA
SANTA CRUZ
THE LINEAGE PROGRESSION OF NEURAL STEM CELLS

A dissertation submitted in partial satisfaction
of the requirements for the degree of

DOCTOR OF PHILOSOPHY
in
MOLECULAR, CELL AND DEVELOPMENTAL BIOLOGY
by
Xiaoyi G Liang

September 2022

The Dissertation of Xiaoyi G Liang

is approved:

Professor Bin Chen, chair

Professor David Feldheim

Professor Euiseok Kim

Peter Biehl

Vice Provost and Dean of Graduate Studies



Copyright © by
Xiaoyi G Liang
2022



Table of Contents

ADSEract ... ———————————— vii
Acknowledgements..........oieciiiiimeniiiirr e iX
Chapter 1: Introduction...........ccee i 1
Neural stem cells in the developing cerebral cortex........ccccccvmrrirrririrrnnnnnns 1
Sonic Hedgehog signaling pathway...........cccccmiiiiiiiiciiin e 6
Innovation and Significance ... ——— 9

Chapter 2: Cortical neural stem cell lineage progression is regulated

by extrinsic signaling molecule sonic hedgehog........ccccccoorrrmunnrrnnnne. 12
RESUILS ... 12
Gsx2 is expressed in a subpopulation of IPCs in the cortex...........ccccvvveeeeeiiinnnnee. 12
Cortical NSCs generate Gsx2* IPCs at late embryonic stages...........cccccceeeeeennnnee. 13
Lineage tracing reveals the tri-potency of Gsx2* IPCs in the cortex...........ccc.uuce..... 15

The Shh signaling pathway is required for the cortical RGCs to generate OB-INs . 16
Increased exposure to Shh signaling during neurogenesis of deep-layer pyramidal

neurons causes a premature fate switch to generate OB-INs and oligodendrocytes

.................................................................................................................................. 18
Shh signaling promotes OB-IN and cortical oligodendrocyte fates through reducing
L RSP 20
scRNA-Seq analysis supports the existence of Gsx2* tri-IPCs in the developing
(oo T4 () PP SR PU U UP ST 21

generate oligodendrocytes and astrocytes..........ccccmeeecciiiiiiiinnnennnnees 27
RESUILS ..ottt 27
Shh signaling promotes the generation and proliferation of MIPCs......................... 27

Shh activate the transcription of Egfr and Fgfr3 in IPCs .......ccccceeveiiiiiieeee e 29
Anti-correlation of Gli3 and Olig2 in VZ/SVZ ... 31

Gli3 binds to both confirmed and potential enhancers of Olig1/2 ...........ccccceeenee 32



Defects in Olig27 MOUSE DraiN .........cooeiiiiie e 34
These Gli3 binding sites are required for Olig1/2 expression in RGCs and SVZ

4C-Seq reveals physical interactions between GIli3 binding sites and Olig1/2

o] o] 410 1= PSPPSR 38

Chapter 4: Pax6 represses OB lineage in the cortical RGCs during

development ... e e e e nnn 41
RESUILS: ...ttt s r s e r s e e e s s r e e s e r e e renn s 41
Pax6 is required for cortical RGCs to repress OB lineage and oligodendrocyte
lineage during developmeEnt ...........ooo i 41
Pax6 & Gli3 regulate the lineage switch synergistically .............ccccooeiiiiiiiiiiinennn. 43
Chapter 5: Discussion and Future directions...........cccccceevirieeciirreennnen. 44
Cortical NSCs, PyN-IPCs, tri-IPCs, OPCs, OB-IPCs, Glia-IPCs, and their lineage
o] oo | (=11 o] o ISR 44

Shh signaling promotes the generation of OB-INs and cortical oligodendrocytes by
[=Te (U o710 o €1 1G] RSSO 46
Shh signaling is essential for cortical RGCs to generate astrocyte lineage and

reduced Fgf and Egfr signaling in the IPCs in Smo cko contributes to the gliogenesis

[0 =] (=T o7 £ PP PPPPTPRPP 49
Gli3 binds to multiple enhancers to regulate the transcription of Olig2 and Olig1
which not only affect Cortical OPCs, AS-IPCs but also OB-IPCs............ccccuvvveeen.. 50
A core gene regulatory network governing a common developmental trajectory for
forebrain NSCs to generate OB-INS...........cccviiiiiii i 51
Pax6 & Gli3 regulate cortical RGC lineage switch synergistically...............cccueee.... 52
T LT = 55

Figure 1. Cortical NSCs generate Gsx2* tri- IPCs that give rise not only to OB
Interneurons but also to cortical oligodendrocytes and astrocytes .........cccccceeeeene... 55
Figure 2. Cells of the OB interneuron lineage are not generated in the cortical SVZ
of SMo ckomiCe at P2 ... e 57
Figure 3. Overexpression of ShhN in the cortex by IUE induces OB interneuron and
oligodendrocyte lineages in the cortical SVZ .........cccvvveiiiiiiiii e, 58

Figure 4. Shh signaling regulates the production of OB interneurons and

oligodendrocytes in the cortical VZ-SVZ predominately by reducing GIi3 ............... 60
Figure 5. scRNA-Seq analysis of cells in the E16.5 wild-type cortices and in the

ShRN-TUE COMICES .. 61
Figure 6. scRNA-Seq analysis of the progenitor cells in the ShhN-IUE sample...... 62

v



Figure 7. In vivo validation of markers of tri-IPCs and OB-IPCs ...........cccccoviieeennen 64
Figure 8. Gsx2 is expressed in the cortex. Related to Figure 1. .........cccoiiiienennn 66
Figure 9. Cortical NSCs give rise to Gsx2* cells in the cortex. Related to Figure 1. 68
Figure 10. Cortical Emx1* NSCs generate Gsx2* tri-IPCs. Related to Figure 1...... 70
Figure 11. Eomes+ IPCs continue to be generated from NSCs in the Smo cko mice.
R P= ) (=T I (o 3 o U] = PSSR 72
Figure 12. Less MIPCs were generated at late embryonic stage in Smo cko mouse

Figure14. Shh signaling is both necessary and sufficient for the expression of Egfr

which activate the mitogen activated protein kinase (MAPK) pathway and generate

FoTo ] 1 [=1 I | 1= T PRSPPI 78
Figure 15. Establishing ChIP-seq, CUT&RUN, and ATAC-seq methods. ............... 80
Figure 16. Gli3 ChlP-seq revealed peaks at Fgfr3 and Gsx2 genes. ..........cccceenee. 81
Figure 17. Less proliferation in hGFAPcre; Fgfr1F/F ;Fgfr2FF; Fgfr3F/F (Fgfr Tcko)
MouSe brain at E18.5. .. ... 82
Figure 18. Most of the remaining Phospho-MAPK* cells in hGFAPcre; Fgfr1F/F;
Fofr2FF; Fgfr3F/F (Fgfr Tcko) are EQfrtcells. .......ooovieiieeiceceee e 83
Figure 19. Anti-correlation between Gli3 and Olig2 in VZ/SVZ. .........ccccccoovecvvneen... 84
Figure 20. Less oligodendrocytes, astrocytes and OB interneurons were found in
0lig2 knockout MOUSE Brain. ...........cooiiiiiiiii 86
Figure 21. Gli3 binds to the predicted enhancers of Olig1/2 loCi. .........cccccevvieeenen 87
Figure 22. Enhancer e14414 and E2 regulates Olig2 and Olig1 expression in
COMHICAI VZISVZ ...ttt e et e e e e e e e 88
Figure 23. Olig2 and Olig1 expression in cortical VZ/SVZ requires enhancer e14414,
E3anNd E2 @t PO ... 89
Figure 24. Enhancer e14414 regulates Olig2 expression in lateral VZ/SVZ. .......... 90

Figure 25. e14414 and E2 regulate gliogenesis in the dorsal cortex and E2 is
involved in OB interneuron development. ... 92
Figure 26. Olig2* and Id1* cells are decreased in Enhancer e14414 knockout and
E3 KNOCKOUL. ...ttt et 94
Figure 27. 4C-Seq data revealed physical interactions between Olig2/0lig1

promoters and Gli3 binding SIteS. .......uuvviiiiiiiiiiiiee e 96
Figure 28. Anti-correlation of Pax6 and OIlig2 in VZ/SVZ..........cccccovveviieeiiciiinennn. 98
Figure 29. Pax6 represses OB [IN€age. ........cccvvveieiieiiiicieeeeee e 100
Figure 30. Pax6 and Gli3 repress OB lineage synergistically. ..............c...cconneee 101



Materials and MethodsS ... e s s e e e e rmnrmenns 103

ANIMAIS ..t 103
IMMUNONISTOCNEMISTIY ..o e 103
IN Situ NyDRdIZAtION .......coii e 104
EdU [ADEIING ..o 106
CUTE&RUN-SEQ ..ottt ettt b e bttt ettt nb e sb e saeesneesnnes 106
F AN =T Yo [PPSO 106
RINACSEQ ettt ettt ettt ettt ettt et et ettt et ettt ettt et et et et e tetatetateteteaatatataaaaaaaaaaaaes 107
SCRNA-Seq library preparation.............ccccuueiiie i 108
SCRNA-SEQ @NalYSIS....cciiiiiiiiiiiie e 108
Quantification and statistical analysis .............ccccoiiiiiiii 110
Data and code availability ..o 111
In utero electroporation ............o i 111
Image acquisition and analysis...........ccccveviiieiiee e 111
L0 01| 7= o [T RRPR 113
O 1Yo [ PRSPPI 113
Bibliography........cccceiiiiiiiiniieiire - 116

Vi



Abstract
THE LINEAGE PROGRESSION OF NEURAL STEM CELLS

Xiaoyi G Liang

Neural stem cells (NSCs) in the embryonic neocortex sequentially
generate different subtypes of glutamatergic projection neurons. Following
that, NSCs undergo a major switch in their progenitor properties and
produce g-aminobutyric acid (GABAergic) interneurons for the olfactory bulb
(OB), cortical oligodendrocytes, and astrocytes. Herein, | provide evidence
for the molecular mechanism that underlies this switch in the neocortical
NSCs.

At around E16.5, mouse neocortical NSCs start to generate Gsx2-
expressing (Gsx2*) intermediate progenitor cells (IPCs). In vivo lineage
tracing study revealed that Gsx2* IPC population gives rise not only to OB
interneurons (OB-INs) but also to cortical oligodendrocytes and astrocytes,
suggesting that they are a multipotent population. | found that Sonic
Hedgehog signaling is both necessary and sufficient for the generation of
Gsx2" IPCs by reducing GIli3R protein levels. Using single-cell RNA
sequencing, | identified the transcriptional profile of Gsx2* IPCs and the
process of the lineage switch of cortical NSCs.

The Gli3 ChlP-seq revealed 4 binding sites in Olig2/0Olig1 locus and
two of them are also bound by Pax6 shown by the Pax6 ChlP-seq data.
Chromatin at these 4 binding sites show increased accessibility in the

ATAC-seq assay. CUT&RUN analysis using histone marks indicates that

Vi



they are potential enhancers. | generated the enhancer knock-out mice and
found that these binding sites are essential for Olig2/0Olig1 expression in
NSCs and IPCs. The circularized chromosome conformation capture (4C)
experiments revealed physical interactions between these binding sites and
Olig2/0lig1 promoters. More importantly, | found that OB lineage cells and
Olig2 positive cells are dramatically increased in the hGFAP-Cre; GIi3"F;
Pax6™F (Gli3 Pax6 dcko) which indicates that Gli3 and Pax6 are involved in

a common regulatory mechanism that regulate NSCs lineage switch.
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Chapter 1: Introduction

Neural stem cells in the developing cerebral cortex

Neural stem cells (NSCs) are the ultimate source of all neurons,
oligodendrocytes, and astrocytes. Prenatally, NSCs correspond to radial
glial cells (RGCs) that are regionally and temporally specified and generate
diverse neuronal and glial cell types appropriate for their location and
time(Bayraktar et al., 2015; Kriegstein and Alvarez-Buylla, 2009; Kwan et
al., 2012). Although much progress has been made toward understanding
temporal cell-fate specification in the developing invertebrate ventral nerve
cord and brain(Doe, 2017; Kohwi and Doe, 2013), the mechanisms
responsible for temporal lineage specification of NSCs in the mammalian
brain remain largely unknown.

The mouse cerebral cortex is a six-layered structure, consisting of
both glutamatergic pyramidal projection neurons (PyNs) derived from
cortical ventricular zone (VZ) and subventricular zone (SVZ), and g-
aminobutyric acid (GABAergic) interneurons that arise from subcortical
progenitor domains. During development, embryonic NSCs located in the
cortical VZ sequentially generate distinct subtypes of PyNs in an inside-out
pattern (Figure A): deep-layer PyNs are born first, followed by PyNs of
superficial layers (Kriegstein and Alvarez-Buylla, 2009; Kwan et al., 2012;
Leone et al., 2008). The local interneurons, however, derive from NSCs

located in the medial and caudal ganglionic eminences (MGEs and CGEs,



respectively) in the ventral forebrain and migrate tangentially into the
cerebral cortex (Hu et al., 2017; Lim et al., 2018).

As the production of PyNs ceases, cortical NSCs switch to
generating cortical glia and GABAergic olfactory bulb (OB) interneurons
(Figure B) (Kessaris et al., 2006; Kohwi et al., 2007; Kriegstein and Alvarez-
Buylla, 2009; Kwan et al., 2012; Merkle et al., 2007; Ventura and Goldman,
2007; Young et al., 2007). With timelapse imaging in vitro, it was previously
demonstrated that individual embryonic day-11.5 (E11.5) mouse cortical
RGCs generate TBR1-expressing (TBR1*) PyNs, followed by Gad1 and
Sp8 double-positive (Gad1*Sp8*) OB interneurons (OB-INs) (Cai et al.,
2013). A recent lineage analysis using barcoded virus libraries confirmed
this result and revealed that individual early cortical RGCs generate both
PyNs and OB-INs in vivo (Bayraktar et al., 2015). Lineage analysis of late
embryonic cortical RGCs showed that, although they no longer produce
PyNs, they generate cortical astrocytes and oligodendrocytes (Gao et al.,
2014; Guo et al., 2013). Thus, cortical RGCs progress from generating
PyNs to oligodendrocytes, astrocytes, and OB GABAergic interneurons at
the end of cortical neurogenesis.

In chapter 2, | show that at the end of PyN production, cortical NSCs
begin generating Gsx2* intermediate progenitor cells (IPCs) in the SVZ.
Importantly, we demonstrate that Gsx2* cells are tri-potent IPCs (tri-IPCs)
at the population level, giving rise to OB-INs, cortical oligodendrocytes, and
astrocytes. We show that Sonic Hedgehog (Shh) signaling is both

necessary and sufficient for cortical RGCs to switch from generating PyNs
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to producing Gsx2* tri-IPCs and OB-INs; this switch requires blocking the
formation of the GIli3 transcription repressor (Gli3R). Finally, single cell RNA
sequencing (scRNA-Seq) analysis confirms these findings and identifies the
molecular signatures of Gsx2* IPCs in the cortex.

In chapter 3, | show that that less MIPCs were generated in Smo cko
mouse brain and less MIPCs were proliferating at late embryonic stage.
More importantly, | found Shh signaling activates the transcription of Egfr
and Fgfr3 in IPCs, and directly activate the transcription of genes such as
Olig1/2 and Gsx2. Gli3 Chip-seq and CUT&RUN-seq revealed 4 binding
sites with histone modification and these GIi3 binding sites are required for
Olig1/2 expression in RGCs and in the dorsal cortex. Finally, our 4C-Seq
reveals physical interactions between GIi3 binding sites and Olig1/2
promoters.

In chapter 4, | found 2 binding sites via Pax6 Chip-seq which overlap
with Gli3 binding sites at Olig2 locus. Anti-correlation of Pax6 and Olig2 was
found in the dorsal VZ/SVZ. More OB-INs and Olig2* cells were generated
by knocking out Gli3 and Pax6 which indicates that Pax6 and Gli3 repress

OB-INs lineage and glial cell lineage synergistically.
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Figure A: The Inside out pattern of cortical neurogenesis.

During development, embryonic NSCs located in the cortical VZ
sequentially generate distinct subtypes of PyNs in an inside-out
pattern: deep-layer PyNs are born first, followed by PyNs of superficial
layer. The local interneurons, however, derive from NSCs located in
the medial and caudal ganglionic eminences (MGEs and CGEs,
respectively) in the ventral forebrain and migrate tangentially into the
cerebral cortex (Kriegstein and Alvarez-Buylla, 2009; Kwan et al.,
2012; Leone et al., 2008).
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Figure B: Llneage progression of cortical neural stem cells.

At early embryonic stage, neural stem cells generate excitatory neurons
and then switch its lineage to generate oligodendrocytes, astrocytes and
OB inhibitory interneurons (Kessaris et al., 2006; Kohwi et al., 2007;
Kriegstein and Alvarez-Buylla, 2009; Kwan et al., 2012; Merkle et al.,
2007; Ventura and Goldman, 2007; Young et al., 2007).



Sonic Hedgehog signaling pathway

Recently, it has been shown that Sonic Hedgehog (Shh) signaling is
critical for cortical RGCs to generate oligodendrocytes (Winkler et al., 2018),
but the mechanism regulating the switch for cortical RGCs to generate OB-
INs is unknown.

Shh signaling shows a ventral-high and dorsal-low gradient in the VZ
of developing forebrain because of the high expression of Shh from ventral
cells and the high expression of Gli3R in the dorsal progenitors (Hébert and
Fishell, 2008; Sousa and Fishell, 2010). Regulated Shh signaling and Gili
activities are essential for the initial dorsal-ventral patterning of the forebrain
and the development of cortical interneurons from the ventral forebrain.
Ventral forebrain structures are missing in the Shh”- mice (Ohkubo et al.,
2002). Loss of GIi3 function in extra-toes mice (G/i3 mutants) resulted in
ventralization of the cerebral cortex: genes normally expressed in the
cerebral cortex were lost; instead, genes associated with ventral and
GABAergic neuronal identities were expressed in the dorsal telencephalon
(Rallu et al., 2002; Theil et al., 1999; Tole et al., 2000).

There are 3 effectors in canonical Shh signaling pathway: Gli1, Gli2
and Gli3 (Fernandes-Silva et al., 2017). Shh signaling modifies Gli2 to form
an activator and Gli3 to attenuate formation of a repressor (Fernandes-Silva
et al., 2017; Vaillant and Monard, 2009). High level Shh signaling induces
transcription of Gli1 and both Gli2 and Gli3 have been shown to mediate the

downstream signaling of Shh; Gli2 can both activate (Gli2A) and repress
6



(Gli2R) gene expression, whereas Gli3 acts mostly as a transcription
repressor (Gli3R) (Hui and Angers, 2011). Gli2 and GIli3 are expressed in
the cortical VZ/SVZ throughout embryonic development (Sousa and Fishell,
2010) and in the SVZ of the lateral ventricle postnatally (Petrova et al., 2013;
Wang et al., 2014). Shh signaling does not occur in the absence of Shh
ligand wherein Ptch1 inhibits Smo resulting in full length Gli1/Gli2
sequestration in the cytoplasm by Sufu, which promotes the formation of
truncated Gli proteins which are repressors to repress the target gene
expression (Figure C) (Fernandes-Silva et al., 2017; Vaillant and Monard,
2009). Upon ligand binding, Ptch1 no longer inhibits Smo, Smo becomes
activated and induces dissociation of Sufu/Gli complexes and the full length
Gli1/Gli2 will activate downstream target genes (Fernandes-Silva et al.,
2017; Vaillant and Monard, 2009). Smo encodes a G-protein-coupled
receptor that is an essential signal transducer for the Shh pathway. We
could do loss of function experiment by knocking out Smo and do gain of
function experiment using SmoM2 allele which constitutively expresses
activated Smo protein and activate Shh signaling pathway upon cre-

midiated DNA recombination.
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Figure C: Shh signaling pathway.

Shh signaling (left) does not occurs in the absence of Shh ligand wherein
Ptch1 inhibits Smo resulting in full-length Gli1/Gli2 sequestration in the
cytoplasm by Sufu and promotes the formation of truncated Gli proteins
which repress the target gene expression. Upon ligand binding (right),
Ptch1 no longer inhibits Smo, Smo becomes activated and induces
dissociation of Sufu/Gli complexes and the full-length Gli1/Gli2 activate
downstream target gene expression (Fernandes-Silva, Correia-Pinto, and
Moura 2017).



Innovation and Significance

In the developing mouse brain, proper control of neural stem cell
lineage switch is of vital importance to ensure the production of diverse
neuronal and glial cell types with exquisite spatiotemporal accuracy and is
essential for neural circuit formation and brain function. Understanding the
temporal lineage progression of neural stem cells may uncover the
pathologies in many neurodevelopmental diseases including autism
(Zeidan-Chulia et al., 2016) and Alzheimer’ disease (Nasrabady et al., 2018).

Mechanisms underlying the temporal lineage progression of NSCs
have been under extensive investigation (Kohwi and Doe, 2013)(Miyares
and Lee, 2019). It is now clear that both spatial and temporal mechanisms
cooperate to generate diverse neuronal and glial cell types. Several
signaling pathways, including Fgf, Wnt, and Shh pattern the
neuroepithelium into distinct progenitor domains along Dorsal-Ventral (D-V)
and Anterior-Posterior (A-P) axes. However, the molecular mechanisms
that regulate temporal lineage progression of NSCs in the mammalian brain
are largely unknown. The molecular mechanisms underlying cortical RGCs
remain elusive.

The goal of my thesis research is to determine the molecular
mechanisms that regulate the lineage switch of cortical RGCs. | found upon
Shh signaling, cortical RGCs generate multipotent intermediate progenitors
(MIPCs) that, at the population level, give rise to OB interneurons and both

types of glia (Zhang et al., 2020). Cortical astrocyte precursors originate
9



from either translocating RGCs, or from |IPCs in the subventricular zone
(SVZ) (Kriegstein and Alvarez-Buylla, 2009). | found that Shh signaling
promotes the generation of MIPCs in the SVZ, and it is required for
generating translocating RGCs and in general for specifying the astrocyte
lineage. | found that translocating RGCs are missing when Shh signaling is
blocked. Furthermore, | found that Shh signaling is required for the
expression of Egfr and Fgfr3 in MIPCs, both of which activate the mitogen
activated protein kinase (MAPK) pathway, which is necessary for lineage
specification and generation of cortical glia (Li et al., 2012). Based on my
data, | found that (1) The transiting MIPCs are multipotent or bipotent at
single cell level; and (2) Shh signaling promotes cortical RGC lineage switch
in multiple ways, including activating the transcription of Egfr and Fgfr3 in
IPCs, and directly activating the transcription of genes such as Olig1/2 and
Gsx2, which are essential for glia and OB-INs development. (3) Gli3 directly
binds to Olig1/2 enhancers which are crucial for the cortical glia and OB-INs
development. I've demonstrated the physical interaction of between these
enhancers and Olig1/2 genes. (4) Pax6 directly binds to Olig1/2 enhancers
which overlap with GIi3 binding sites. | found that Pax6 and Gli3 repress
OB-INs lineage and glial cell lineage synergistically.

The mechanisms for this lineage switch are fundamental for
unraveling how the brain is constructed, yet the answer remains largely
unknown. Determining how lineage progression of NSCs is regulated in the
cortex will shed light on this process in other brain regions. Furthermore,

mutations in Shh pathway genes lead to severe neurodevelopmental
10



defects in human (Carballo et al., 2018; Majd and Penas-Prado, 2019).
Unraveling how the Shh pathway regulates lineage progression of RGCs
will provide novel insights into these neurological diseases (Carballo et al.,
2018; Majd and Penas-Prado, 2019). I've proved that increased Shh
signaling is necessary and sufficient for the lineage switch of cortical RGCs
through multiple ways which shed light on this longstanding question. In this
thesis research, | utilized cutting-edge approaches to study brain
development, integrating intersectional lineage analyses with genomic
techniques. | used RNA-seq, sc-RNA-seq, 4C-Seq, CUT&RUN, ChlIP-seq,
ATAC-seq, and enhancer analysis, to aid in phenotypic analysis of mutant
mice to determine the molecular mechanisms underlying the lineage switch.

The text of this dissertation will present, discuss, and include results

from the published paper and a paper in preparation for submission:

(1) Yue Zhang, Guoping Liu, Teng Guo, Xiaoyi G. Liang, Heng Du, Lin
Yang, Aparna Bhaduri, Xiaosu Li, Zhejun Xu, Zhuangzhi Zhang,
Zhenmeiyu Li, Miao He, Jeremiah Tsyporin, Arnold R. Kriegstein,
John L. Rubenstein, Zhengang Yang, and Bin Chen. Cortical Neural
Stem Cell Lineage Progression Is Regulated by Extrinsic Signaling
Molecule Sonic Hedgehog. Cell Reports 30, 4490-4504, March 31,
2020. Reprinted with permission.

(2) Xiaoyi G. Liang, Kendy Hoang, Yue Zhang, Zhaoxu Chen, Fangyuan
Qu, Bin Chen et al, A conserved mechanism regulating

neurogenesis to gliogenesis switch in the cerebral cortex.
11



Chapter 2: Cortical neural stem cell lineage progression is regulated

by extrinsic signaling molecule sonic hedgehog

Results

Gsx2 is expressed in a subpopulation of IPCs in the cortex

It has been recently identified that the Gsx2/1-DIx1/2-Sp8/Sp9—
Tshz1-Prokr2 genetic pathway is crucial for generating virtually all OB-INs
(Guo et al., 2019; Li et al., 2018). In this transcriptional cascade, Gsx2 is at
the top of the hierarchy, and its expression and functions in NSCs and IPCs
in the lateral ganglionic eminence (LGE) have been well documented (Guo
et al., 2019; Toresson and Campbell; Waclaw et al., 2009; Wang et al.,
2013a). It is known that a subpopulation of OB-INs is derived from cortical
progenitors (Kriegstein and Alvarez-Buylla, 2009). However, it is unclear
whether the above transcription factors are expressed by cortical
progenitors. To answer that question, | examined the expression of Gsx2 in
the cortex. At E16.5, the time when the production of PyNs ceases, only a
few cells in the cortical SVZ weakly expressed Gsx2 (Figure 1A). From
E17.5 to P21, Gsx2* cells were observed in the cortical SVZ and
intermediate zone (Figure 1A and Figure 8A). Guoping Liu and Teng Guo,
my collaborator at Fudan University, analyzed co-expression of Gsx2 and
Mki67 in the E18.5 cortex and found that 86.1% of Gsx2* cells expressed
Mki67 and 30.4% of Mki67™ cells in the SVZ expressed Gsx2 (Figures 8B

and 8C). This suggests that Gsx2* cells represent a subpopulation of the
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cycling progenitors in the cortex. Although Gsx2 is expressed in NSCs and
IPCs in the VZ and SVZ of the LGE (Guo et al., 2019; Wang et al., 2013b),
| did not observe Gsx2* cells in the cortical VZ, indicating that they are IPCs,
rather than the primary VZ RGCs.

| next asked how numerous Gsx2* cells are in the cortex in prenatal
and postnatal stages. To address this question, Guoping Liu and Teng Guo
quantified the numbers of Gsx2* cells in the cortex at E18.5, P1, P3, P5,
and P7 in the rostro-caudal and medio-lateral axes (Figures 8D - 8F). In
general, GSX2* cells showed a lateral to medial spatial gradient with the
numbers of GSX2* cells highest in the intermediate cortex and fewer in the
rostral and caudal cortices at all stages (Figures 8D - 8F). Interestingly, it
appeared that there were more cortical GSX2* cells at PO and P5 than at
other stages (Figure 8F). Taken together, these results suggest that a
subset of IPCs in the cortex express Gsx2 in the prenatal and postnatal
mouse telencephalon. Eomesodermin (Eomes; Tbr2) is a transcription
factor of the T-box family expressed by IPCs in the PyN lineage of the cortex
(Bulfone et al., 1999; Hevner, 2019; Lv et al., 2019). | did not observe co-
expression of Gsx2 and Eomes in the cortex (Figures 8D and 8E). The ratios
of Gsx2* cells to Eomes™ cells increase with developmental stages from
0.25atE18.5t0 2.7 at P7 (Figure 8G), as the numbers of Eomes™ cells drop

sharply in the postnatal cortex (Kowalczyk et al., 2009).

Cortical NSCs generate Gsx2* IPCs at late embryonic stages
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To determine whether the Gsx2* IPCs in the cortex originated from
the cortical VZ or migrated from the LGE, we performed intersectional (1S)
analysis using Cre and Flpo recombinases in combination with an IS
reporter mouse line (He et al., 2016) (Figure 1B). We generated the Gsx2flro
allele by inserting a P2A-FIpo-T2A-FIpo cassette immediately before the
stop codon of the endogenous Gsx2 gene (Figure 9A). We confirmed the
specificity of Flpo activity in the Gsx2* cells by breeding the Gsx2FPo* mice
with RosaZ26-tdTomato-FRT mice (He et al.,, 2016). TdTomato (tdT)
expression was observed in the LGE and MGE at E13.5 and E14.5 (Figure
9B), consistent with the expression pattern of Gsx2 protein. To perform
intersectional lineage analysis, Guoping Liu and Teng Guo delivered pCAG-
Cre plasmids specifically into the cortical VZ of Gsx2FPo*: |S embryos on
E14.5 by in utero electroporation (IUE). In this experiment, cells generated
from electroporated cortical RGCs that did not go through a Gsx2* stage
expressed tdT. On the other hand, cells generated from the electroporated
RGCs that did go through a Gsx2* stage expressed GFP (Figure 1B). We
examined the brains at E18.5. The electroporation sites were confirmed by
examining tdT expression (Figure 1C). We observed many tdT™" cells that
extended from the IUE VZ/SVZ to the cortical plate. Fewer GFP™ cells were
observed; most of them were in the cortical SVZ, intermediate zone and
some in the cortical plate (Figure 1C). GFP* cells were not observed in the
cortical VZ. Moreover, the GFP* cells in the cortical SVZ did not have a
bipolar shape with elongated radial fibers that projected toward the pial

surface (Figure 1C), providing evidence that they were not RGCs.
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Lineage tracing reveals the tri-potency of Gsx2* IPCs in the cortex

We next examined the lineages of the Gsx2* cortical IPCs. We
electroporated pCAG-Cre plasmids into the cortical VZ of Gsx2flro/+; |S
embryos on E14.5 and analyzed the brains and OBs at P21. We observed
many tdT* and/or GFP* interneurons in the OB; 42.6% of lineage-traced
cells were GFP*, 28.7% tdT*, and 28.7% of cells expressed both GFP and
tdT (Figure 1D and 1E). The GFP*tdT* interneurons in the OB were due to
the perdurance of the tdT protein, and these neurons were possibly
generated later than the GFP*-only cells. The total percentage of GFP* and
GFP*tdT* cells among all the lineage-traced OB-INs were about 71.3%.
Although we cannot exclude the possibility that a small number of cortical
RGCs directly give rise to OB-INs without going through a Gsx2* IPC stage,
this number was likely an underestimate because of the lower
recombination efficiency of the Flp-FRT system compared with the Cre-
Loxp system (Buchholz et al., 1998). Thus, most, if not all, of the OB-INs
originating from the cortical VZ were the progeny of Gsx2* cortical IPCs.

We also observed a substantial number of GFP™* cells in the cortex;
their morphology and expression of Olig2 and S100b indicated that these
were oligodendrocytes and astrocytes (Figures 1F - 1H). The ratio of
oligodendrocytes to astrocytes was 6:1 (Figure 11). These results
demonstrated that cortical Gsx2* IPCs give rise not only to interneurons in
the OB but also to cortical oligodendrocytes and astrocytes, suggesting that,
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at the population level, the Gsx2* cells are tri-potent IPCs or tri-IPCs.
However, it is unclear whether individual Gsx2* IPCs give rise to all three
lineages or the Gsx2* IPCs consist of different uni-potent or bi-potent IPC
populations that produce one or two cell lineages.

To confirm our |UE-based lineage-tracing results, | examined
Emx1¢re/*; Gsx2Flpo*; |S triple-transgenic mice in which Cre recombinase
was activated in cortical RGCs at approximately E10.5 (Gorski et al., 2002)
(Figure 10). At P21, we observed many GFP* interneurons in the OB (Figure
10F) and GFP*0Olig2* oligodendrocytes and GFP*S100b* astrocytes in the
cortex (Figures 10A - 10C). About 10% of Olig2* cells and 4% of S100b*
cells were labeled by GFP (Figure 10D), suggesting that Gsx2* IPCs
contribute to small portions of cortical oligodendrocytes and astrocytes. The
ratio of oligodendrocytes to astrocytes among the GFP* glial cells was 6:1
(84.7% versus 15.3%) (Figure 10E), similar to those observed with the
pCAGIG-Cre IUE approach (Figures 1F - 1l). Together, these results
demonstrated that the cortical Gsx2* cell population at late embryonic and

early postnatal stages generates OB-INs and both types of cortical glia.

The Shh signaling pathway is required for the cortical RGCs to

generate OB-INs

Neurogenesis in the ventral telencephalon largely generates
GABAergic neurons. Shh signaling promotes ventral identities during

development throughout the neuroaxis (Hébert and Fishell, 2008). OB-INs
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production from the dorsal cortex was observed concurrently with increased
expression in the cortical VZ/SVZ at PO and P7 of Gli1, which encodes a
transcription factor that promotes Shh signaling (Tong et al., 2015). To
explore the possibility that OB-IN production requires Shh signaling, we
deleted the Smoothened (Smo) gene utilizing an hGFAP-Cre allele (Zhuo
etal., 2001). Smo encodes a G-protein- coupled receptor that is an essential
signal transducer for the Shh pathway. hGFAP-Cre is active in the cortical
RGCs from E13.5 and in the LGE and CGE from E16.5.

Guoping Liu and Teng Guo compared the expression of OB-IN
lineage markers in the hGFAP-Cre; SmofF (Smo cko) mice with littermate
control hGFAP-Cre; Smof* mice at P2 using in situ RNA hybridization and
immunohistochemistry (Figure 2). Reduced expression of GliT mRNA
confirmed decreased Shh signaling in the cortical VZ/SVZ of Smo cko mice
(Figure 2A). Almost all Gsx2* cells were lost in the rostral and caudal cortical
SVZ (Figures 2B - 2D), as were cells expressing OB-IN markers Sp9, Tshz1,
and Prokr2 and the pan-GABAergic neuron marker Gad1 (Figure 2A). The
number of Sp8* cells in the cortical SVZ was also significantly reduced
(Figures 2B - 2D); the remaining Sp8* cells in the Smo cko cortical SVZ
were probably CGE-derived cortical interneurons (Ma et al., 2012). The lack
of OB-INs in the cortical VZ/SVZ of Smo cko mice could be due to a defect
in fate specification or to reduced cell proliferation. To distinguish between
these possibilities, | examined numbers of Eomes® cells and cell
proliferation by administrating EdU to label S-phase cells 2 h before

sacrificing the mice. At PO, the number of EdU™ cells in the mutant VZ was
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not significantly different from that in the control brains. However, in the Smo
cko SVZ, there were fewer Eomes* cells, and there was a significant
reduction of the Eomes*EdU" cells (Figures 11A and 11C). This observation
was consistent with a previous report that Shh signaling is not required for
cortical RGC proliferation, but rather, it promotes the proliferation of cortical
IPCs (Komada et al., 2013). Unlike at PO, by P3, the number of Eomes™*
cells was not significantly affected (Figures 11B and 11C). We postulate that
the restored Eomes* IPC cells at P3 likely originated from the cortical RGCs.
The reduced OB lineage cells and normal Eomes* cell number at P3 provide
further evidence that Shh signaling drives cortical RGCs to switch from

generating Eomes™* IPCs to Gsx2* IPCs and OB-INs.

Increased exposure to Shh signaling during neurogenesis of deep-
layer pyramidal neurons causes a premature fate switch to generate

OB-INs and oligodendrocytes

Recently, it was reported that Shh signaling promotes cortical RGCs
to generate oligodendrocytes (Winkler et al., 2018). Both Gsx2* and Olig2*
cells appear in the cortical SVZ around E16.5 during normal development
(Figure 1A) (Winkler et al., 2018). Is this because cortical RGCs are
exposed to increased Shh signal at the end of cortical neurogenesis or
because they become competent to respond to Shh signaling to generate
these cell types only at that time? To address those questions, we

ectopically expressed Shh in the cortical VZ by electroporating the pCAG-
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ShhN-ires-GFP plasmid into wild-type (WT) mice at E13.5 (the peak time
for generating layer-5 cortical projection neurons) and examined the brains
at E18.5 (Figure 3A). Controls were electroporated with the pCAG-GFP
plasmid. Brains electroporated with the pCAG-ShhN-ires-GFP had
increased Gli1 and Ptch1 expression, consistent with increased activation
of the Shh signaling pathway (Figure 3A) (Shikata et al., 2011). Furthermore,
more cells expressed OB-IN lineage markers: Gsx2, Ascl1, DIh2, Sp8, Sp9,
Tshz1, Prokr2, and Gad1 (Figures 3A and 3B). The number of Olig2* cells
also increased (Figure 3B), consistent with a previous report (Winkler et al.,
2018). Bulk RNA-seq analysis confirmed the increased expression of genes
associated with OB-INs (Gsx2, Ascl1, DIx1/2, Gad1, Sp8/9, Tshz1, and
Prokr2) and oligodendrocytes (Olig1/2, Pdgfra, and Sox10) in the cortices
electroporated with pCAG-ShhN-ires-GFP at PO (Figure 3C). Thus, cortical
RGCs can respond to increased Shh signaling to generate OB-INs and
oligodendrocytes even during the peak time of producing PyNs.

Yue Zhang and | investigated the effect of increased Shh pathway
activation on OB-IN generation using the conditional Rosa265m°M2 gllele,
which, upon CRE-mediated recombination, expresses a constitutively
active Smo protein, independent of Shh signaling (Jeong et al., 2004). We
examined the cortex of hGFAP-Cre; Rosa265m°M2* and littermate control
mice (Rosa265m°M2*) at E17.5. Similar to Shh overexpression, in hGFAP-
Cre; Rosa265mM2* mice we observed increased numbers of cells
expressing OB-IN and oligodendrocyte lineage markers (data not shown).

Most PyNs are generated between E11.5 and E16.5 in the neocortex. Our
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RNA-seq data from the PO cortex of hGFAP-Cre; Rosa265m°M2* mice
showed mis-regulation of many genes associated with PyNs (data not
shown). Consistently, misregulated PyN gene expression in the Shh-IUE
cortex was also observed at PO (data not shown). These results indicate
that cortical PyN development is compromised after overexpression of

ShhN or SmoM?2 at E13.5 (Yabut et al., 2015).

Shh signaling promotes OB-IN and cortical oligodendrocyte fates

through reducing Gli3R

Both Gli2 and Gli3 have been shown to mediate the downstream
signaling of Shh; Gli2 can both activate (Gli2A) and repress (Gli2R) gene
expression, whereas Gli3 acts mostly as a transcription repressor
(Gli3R)(Hui and Angers, 2011). Gli2 and Gli3 are expressed in the cortical
VZ/SVZ throughout embryonic development (Sousa and Fishell, 2010) and
in the SVZ of the lateral ventricle postnatally (Petrova et al., 2013; Wang et
al., 2014). To determine whether the Shh pathway promotes cortical RGCs
to generate Gsx2* IPCs through activating Gli2A or through reducing Gli3R,
Yue and | examined the brains of hGFAP-Cre; Gli2F (Gli2 cko) (Corrales
etal., 2006), hGFAPCre; Gli37* (Gli3 cko) (Blaess et al., 2008), and hGFAP-
Cre; Gli2FF; Gli3FF (Gli2 Gli3 dcko) mice at PO (Figures 4A-4D). Compared
with the WT mice, the numbers of Gsx2*, Sp8™, and Olig2* cells were not
significantly affected in the Gli2 cko mice (Figure 4E), but their numbers

were significantly increased in cortical VZ/SVZ of the Gli3 cko mice (Figures
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4C and 4E). These results suggested that Gli2 is not required for the lineage
switch, whereas Gli3 inhibits the cortical RGCs from generating OB-INs and
oligodendrocytes. Consistent with that, significantly more Gsx2*, Sp8*, and
Olig2* cells were present in the cortical VZ/SVZ of the Gli2 Gli3 dcko than
in the WT brains (Figure 4E).

Yue and | next examined the brains of hGFAP-Cre; SmofF; Gli3F*F
(Smo GIi3 dcko) mice. Although the numbers of Gsx2*, Sp8*, and Olig2*
cells were reduced in the Smo cko mice (Figures 2B-2D, 4B, and 4E), they
were restored in the Smo GIi3 dcko mice. Compared with the WT, more
Gsx2*, Sp8™, and Olig2* cells were observed in the cortical VZ/SVZ of Smo
Gli3 dcko mice at PO (Figures 4D and 4E). These results indicate that Gli3
inhibits cortical RGCs from generating OB-INs and oligodendrocytes, and
that Shh pathway activation blocks this inhibition to enable the production
of those cell lineages.

We analyzed neurogenesis in the adult SVZ (P90). Whole mount of
the lateral wall of lateral ventricle stained with antibody against DCX showed
a marked decrease in neuroblast chains in Smo cko mice (Figure 11D), but
this defect was largely rescued in Smo GIi3 dcko mice (Figure 11D). Thus,

Gli3 also inhibits neurogenesis of OB-INs in the adult SVZ.

scRNA-Seq analysis supports the existence of Gsx2* tri-IPCs in the

developing cortex
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Guoping Liu and Teng Guo performed scRNA-Seq to analyze the
cortical progenitors undergoing the lineage switch. Neocortices from E16.5
WT mice (wt sample) and from E16.5 cortices that were electroporated with
pCAG-ShhN-ires-GFP plasmids on E13.5 (ShhN-IUE sample) were
dissected, dissociated into single-cell suspensions, and sequenced using
the 10X genomics platform. After removing outlier cells that had a high
percentage of ribosomal or mitochondrial genes, 7,494 cells in the wt
sample and 8,311 cells in the ShhN-IUE sample were used for analysis, with
an average of 2,450 genes detected per cell (Figures 5A and 5B).

After confirming no batch effect between the two samples,
dimensionality reduction followed by unsupervised clustering using Louvian
community detection (Blondel et al., 2008) and visualization with t-
Distributed Stochastic Neighbor Embedding (t-SNE) (Macosko et al., 2015)
revealed 31 clusters in the wt sample and 36 clusters in the ShhN-IUE
sample (data not shown). Gene ontology analysis classified those clusters
into discrete populations, including RGCs, IPCs, PyNs, cortical interneurons
(CINs), endothelial cells (ECs) and microglia, and Cajal-Retzius cells (CRs)
(Figure 5A). In the ShhN-IUE sample, we identified additional clusters with
molecular signatures of tri-IPCs, oligodendrocyte progenitor cells (OPCs),
and OB-IN IPCs (OB-IPCs) that were not identified in the wt sample (Figures
5A, 5B, S6, and S7). This was likely due to the small numbers of tri-IPCs,
OPCs, and OB-IPCs present in the WT cortical SVZ at E16.5. Indeed, we
observed only 8 Gsx2* (0.10% of the population) and 27 Olig2* (0.36%)

progenitor cells in the wt sample, whereas there were 214 Gsx2* (2.57%)
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and 222 Olig2* (2.67%) progenitor cells after ShhN-IUE (Figures 5C and
5D). Five days after ShhN-IUE, we observed Tshz1* and Prokr2® OB
immature interneurons in the E18.5 cortices by in situ RNA hybridization
(Figure 3A), but we did not find Tshz1* and Prokr2* cells 3 days after ShhN-
IUE in the E16.5 cortices in our scRNA-Seq results. This is likely due to the
OB-IPCs not having enough time to differentiate into postmitotic OB-INs at
E16.5. An astrocyte cluster was not identified at this time; astrocytes are
generated mainly after PyN neurogenesis.

The gene regulatory network Gsx2/1-DIx1/2—Sp8/Sp9-Tshz1—-
Prokr2 is crucial for the generation and differentiation of virtually all OB-INs,
and the homeobox transcription factor genes, DIx1/2, are central and
essential components in this transcriptional code (Guo et al., 2019; Li et al.,
2018). Previous fate mapping studies demonstrated that DIx1/2-Cre and
DIx5/6-Cre only label neurons, but not oligodendrocytes or astrocytes
(Potter et al., 2009; Stenman et al., 2003), strongly suggesting that once
IPCs express DIx family genes, their neuronal fate has been determined. It
is also known that Gsx2 and DIx2 repress OPC specification (Chapman et
al., 2013, 2018; Kohwi et al., 2007). Therefore, the IPCs that expressed
Gsx2 and DIx2/1 were most likely OB-IPCs, even though some of them also
expressed Olig2. In contrast, those |IPCs that expressed Gsx2 and Olig2/1,
but not DIx2/1, were likely tri-IPCs, with the potential to give rise to either
OB-INs or cortical glia or both. Indeed, among the eight Gsx2* cells in the
wt sample, four cells expressed DIx2/1 and Dcx (two of them also expressed

Olig2/1) and were OB-IPCs (Figure 5E). The other four Gsx2* cells
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expressed Olig2/1, but not DIx2/1, and were likely tri-IPCs (Figure SE); they
may have the potential to generate oligodendrocytes, astrocytes, and/or
OB-INs (Figure 1).

Trajectory analysis using Monocle 2 (Qiu et al., 2017a, 2017b) on all
the cells in the wt or the Shh-IUE sample was unsuccessful, likely because
too many clusters were included. Thus, we focused our analysis on the
progenitor cells. Louvian analysis of all the progenitor cells in the ShhN-IUE
sample revealed seven clusters (Figures 6A and 6 B). Based on gene
expression patterns, we identified them as RGCs (Dbi*Aldoc*Slc1a3*Gli3™),
OB-IPCs (Ascl1*DIx1*DIx2*Sp9*), neuroblasts for OB-Ins
(Dex™DIx5*Gad1*Sp8™*), OPCs (Olig1*Pdgfra*Sox8*Sox10*), differentiating
PyNs (PyNs) (Sox11*Neurod6*Pou3f1*Satb2*), and tri-IPCs
(Hes6"Btg2*Gsx2*0lig2*) (Figures 6A—6C). t-SNE visualization (Figures 6A
and 6C) showed that cells of the OB-IN lineage and the oligodendrocyte
lineage were clearly segregated, exhibiting distinct molecular signatures.
Monocle analysis predicted a developmental trajectory and pseudo-timeline
progression of the progenitor clusters in the ShhN-IUE sample (Figures 6D
and 6E). The lineage progression was predicted to start from RGCs passing
through tri-IPCs; after which, two distinct trajectories were identified that led
to either OPCs or OB-IPCs (Figure 6E). The tri-IPC population was located
between RGCs and the OPCs and OB-IPCs, suggesting that tri-IPCs were
a transitional cell type that generated OPCs and OB-IPCs, consistent with

the lineage-tracing results (Figures 1C-1G).
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In vivo validation of markers of tri-IPCs and their lineage progression

in the cortical SVZ

To further validate the molecular signatures of IPCs identified from
the scRNA-Seq analysis, Guoping Liu and Teng Guo performed triple-
immunostaining to examine expressions of Gsx2, Olig2, DIx2, Sp9, and Sp8
in the E17.0 WT and ShhN-IUE cortices. Few Gsx2* cells were observed in
the WT cortex (Figure 7A). Compared with the Gsx2™ cells, more Olig2* cells
were observed (Figure 7A), with some of them derived from the LGE and
MGE (Kessaris et al., 2006). There were many DIx2*, Sp9*, and Sp8* cells
in the cortical SVZ; they were MGE- and/or CGE-derived cortical
interneurons (Figures 7A and 7B) (Anderson et al., 1997; Liu et al., 2019;
Ma et al., 2012). Although very rare in the E17.0 wt cortex, Gsx2*Olig2*DIx2"
tri-IPCs (arrows in Figure 7A) and some Gsx2*DIx2* OB-IPCs (arrowheads
in Figure 7A) were observed. In the E17.0 ShhN-IUE cortex. There were
significant increases in the numbers of Gsx2*, Olig2*, DIx2*, Sp9*, and Sp8*
cells in the VZ and/or SVZ compared with WT mice (Figures 7B—7E).
Consistent with the scRNA-Seq results, significantly more Gsx2* DIx2* OB-
IPCs and Gsx2* Olig2* DIx2 tri- IPCs were present (Figure 7F). Very few
IPCs expressed Gsx2 alone (Figure 7F). Almost all Gsx2* cells segregated
into either tri-IPCs or OB-IPCs, based on the expression of DIx2.

A careful examination of the ShhN-IUE cortices revealed that, based
on the position of Gsx2* cells closer to the cortical VZ, Gsx2 expression

began before DIx2, and DIx2 expression began before Sp8/9 (Figure 7G),
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indicating a developmental progression along the OB-IN lineage: Gsx2* tri-
IPCs generate DIx2* OB-IPCs, which, in turn, generate Sp9* and Sp8* OB
neuroblasts in the cortical SVZ. This observation supports our unsupervised
trajectory analysis results (Figures 6D and 6E) and is consistent with the

process of OB-IN development in the dorsal LGE (Guo et al., 2019).
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Chapter 3: Sonic hedgehog signaling is critical for cortical

RGCs to generate oligodendrocytes and astrocytes

Results

Shh signaling promotes the generation and proliferation of MIPCs

A recent paper showed that cortical neural stem cells start to
generate Ascl1*Egfr* apical multipotent intermediate progenitors (MIPCs),
which then differentiate into basal MIPCs that express Ascl1, Egfr, Olig2,
and Mki67 which give rise to most of the cortical oligodendrocytes and
astrocytes and a subpopulation of OB-INs (Li et al., 2021). | confirmed the
subtype specific marker expression in vivo via double or triple
immunofluorescence analysis and confocal microscopy in our lab. |
examined Ascl1, Egfr, and Olig2 expression at E16.5 and E17.5 (Figure 13,
Figure 14). Ascl1 and Egfr were expressed in a lateral high to medial low
gradient in the cortical VZ/SVZ (Figure 13, Figure 14) which is consistent
with the recent paper (Li et al.,, 2021). By E17.5, some RGCs were
translocating to the cortical plate (CP), likely transforming into AS-IPCs and
OPCs. The scRNA-Seq analyses in the recent paper showed that astrocyte
lineage cells strongly expressed Id1, 1d3 and Egfr and OPCs expressed
Olig2, Sox10, Pdgfra, Olig1 (Li et al., 2021). These markers were validated
via immunofluorescence staining at E17.5, E18.5 and PO (Figure 12, Figure

13).
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Upon Shh signaling, cortical RGCs generate multipotent
intermediate progenitors (MIPCs) that, at a population level, give rise to and
both types of glia (Zhang et al., 2020). However, it is not known if Shh
promotes the generation of MIPCs or Shh promotes the proliferation of
MIPCs. To answer this question, Kendy and | performed birth dating
experiment. The EdU was given at E16.5 and the brains were collected at
PO. | examined EdU* cells in VZ/SVZ, I1Z and cortical plate in wildtype control
and Smo cko. Less EdU" positive cells were found in VZ/SVZ, IZ and CP in
Smo cko (Figure 12C). In general, less cells were generated at E16.5 in
Smo cko mouse brain. | then examined general glial cell marker Olig2. Less
Olig2*EdU" positive cells were found in Smo cko (Figures 12A and 12D).
Our data suggested that less glial progenitors were generated in Smo cko
mouse brain. Although it's been reported that multiple sources of Shh
signaling promotes the generation of oligodendrocytes (Winkler et al., 2018),
it remains unclear whether the generation of cortical astrocytes require Shh
signaling. Cortical astrocyte precursors originate from either translocating
RGCs, or from IPCs in the SVZ (Kriegstein and Alvarez-Buylla, 2009). Our
RNA-seq showed increased expression of Slc1a3, Aldh1l1, Fabp7, and
ApoE in GIi3 cko mice, and reduced expression of these genes in Smo cko
cortices (data not shown). All of these genes are expressed in both RGCs
and astrocytes (Dulken et al., 2017; Weng et al., 2019), implicating Shh
signaling in promoting astrocyte development. | examined the astrocytes
marker Id1 and translocating RGC marker Egfr. Less Id1*EdU" positive cells

were found in Smo cko mouse brain (Figure 12). The Egfr+ translocating
28



RGCs which in general specify the astrocyte lineage are missing when Shh
signaling is blocked (Figure 12B, Figure 13P and 13V). Our data suggested
that the generation of cortical astrocytes requires Shh signaling. MIPC
marker Ascl1 was also examined and less Ascl1*EdU" positive cells were
found in Smo cko mouse brain implicating that Shh is required for cortical
RGCs to generate MIPCs at late embryonic stage.

To examine if the proliferation of MIPCs when Shh signaling is
blocked. Kendy and | collected E17.5 litter mate control and Smo cko mouse
brain after 2h EdU injection. Less EdU and Ki67 positive cells were found in
Smo cko mouse brain(Figures 13M, 13S, 13R, 13X, 13Y). MIPC markers
were examined, and we found Less Olig2*EdU", |d1*EdU*, Ascl1*EdU",
Egfr'fEdU" positive cells in Smo cko mouse brain (Figure 13). Our data

suggested that Shh signaling is required for the proliferation of MIPCs.

Shh activate the transcription of Egfr and Fgfr3 in IPCs

It's been reported the Raf-MEK-MAPK pathway is a key regulator of
gliogenesis. RGCs deficient in both Mek1 and Mek2 failed to transit to
gliogenesis, resulting in absence of cortical AS-IPCs and OPCs (Li et al.,
2012). This suggested that MEK/ERK MAPK signaling mediates the lineage
switch of RGCs (Li et al., 2012). Interestingly, Fgf and Egf signaling, both of
which can activate the Raf-MEK-MAPK pathway, has been implicated in
directing the cell fate switch from neurons to astrocytes in the developing
cortex (Beattie et al., 2017; Dinh Duong et al., 2019). To determine whether
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these pathways were affected in the Smo cko cortices, | examined MAPK
activities and gene expression. At E16 and E18.5, 90% of the MAPK cells
in the IZ and cortical plate express Olig2 (Figure 14, Figure 16, Figure 17).
MAPK signal dramatically decreased in Smo cko at E15 while Satb2* PyNs
and Tbr2* IPCs remain unchanged (Figure 14). MAPK and Egfr signal got
rescued in GIli3 cko mouse brain (Figure 14). Cortical MAPK*Olig2* glial
progenitors and cortical Id1*Olig2* AS-IPCs are dramatically increased in
Gli3 cko mouse brain at E16.5 which indicate that Shh is both necessary
and sufficient to activate MAPK in the IZ and cortical plate to generate
cortical glia by degrading Gli3R (Figure 14). RNA-Seq analysis of the PO
Smo cko cortices revealed significantly increased Fgfr1 expression (2 folds
increase), and significantly reduced Fgfr3 (23% of wt), Egfr (21% of wt), and
Tgfa (35% of wt), the major Egfr ligand in the cortex at this stage. Our
scRNA-Seq showed that Fgfr1 is highly expressed in RGCs, Fgfr3 is
expressed in RGCs and IPCs, while Egfr is expressed in MIPCs, AS-IPCs
and Pre-OPCs (data not shown). My immunostaining confirmed reduced
Egfr expression in the E17.5 Smo cko cortices (Figure 13). Consistent with
increased Fgfr1 expression, | observed increased phospho-MAPK in the VZ
of the Smo cko mice at PO (Figure 14K). However, in the SVZ and cortical
plate, the numbers of phospho-MAPK™ cells were reduced (Figure 14K),
likely due to decreased Fgfr3, Egfr and Tgfa expression. | have observed
decreased phospho-MAPK in IZ and cortical plate in Emx71-cre Egfr/F
mouse brain, however, the phosphor-MAPK remain unchanged in the VZ

(Figure 14J). Fgf signaling pathway is of vital importance for cell proliferation
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and differentiation (Brewer et al., 2016; Diez del Corral and Morales, 2017,
Korsensky and Ron, 2016). | examined diverse lineage markers in
hGFAPcre; Fgfr1FF;Fgfr2FF;Fgfr3FF(Fgfr Tcko) mouse brain. The Tcko
mouse die at birth. | have observed decreased Ki67* cells in Tcko mouse
brain at E18.5 which indicate less cell proliferation (Figure 17). The
phospho-MAPK* cells was dramatically decreased in VZ/SVZ, |Z and
cortical plate, and the remaining phosphor-MAPK™* cells in Tcko mouse brain
express Egfr which indicate that fgf signaling is the key to maintain
phosphor-MAPK in RGCs (Figure 17, Figure 18). | also observed decreased
Olig2* Olig1* Ascl1* OPCs, Id1* Sox9* Egfr* AS-IPCs, and Sp8* OB- IPCs
as well as Tbr2* PyN-IPCs in Tcko mouse brain which indicate that fgf
signaling regulate the proliferation of cortical RGCs and IPCs (Figure 17).
Our data suggested that Shh signaling activates the transcription of Egfr

and Fgfr3 in IPCs to promote the lineage progression toward gliogenesis.

Anti-correlation of Gli3 and Olig2 in VZ/SVZ

We found that Olig1/2 is expressed in cortical SVZ upon RGC lineage
switch, and they showed reduced expression in the cortical SVZ in Smo cko
mice, and increased expression when Shh signaling was increased (Zhang
et al., 2020). We have reported that Shh regulate cortical RGCs lineage
switch by degrading GIli3R (Zhang et al., 2020). Olig2 is dramatically
decreased in Smo cko (Figure 4) and increased in Gli3 cko mouse brain

(Figure 4, Figure 14). | sectioned the PO wildtype mouse brain and Smo cko
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mouse brain at 12um and performed Gli3/Olig2 double immunofluorescence
staining to examine the Olig2 and Gli3 expression at VZ/SVZ. 40X image
was taken by 880 confocal microscope. | carefully quantified the florescence
signal by using Imaged. 90% of the Gli3 positive cells in the VZ/SVZ in the
wildtype mouse brain showed cytoplasm staining, however, 90% of the Gli3
positive cells showed strong nucleus staining in the Smo cko mouse brain
(Figure 19). Cells with high GIli3 signal showed low Olig2 signal in wildtype
mouse brain based on the florescence signal quantification (Figure 19A).
Smo cko mouse brain showed even stronger anti-correlation of Gli3 and
Olig2 (Figure 19B). By knocking out Smo, GIli3 protein moves from the
cytoplasm into the nucleus and represses target gene expression (Rimkus
et al., 2016). Our data indicated that GIi3 directly repress Olig2 expression

in cortical RGCs and IPCs.

Gli3 binds to both confirmed and potential enhancers of Olig1/2

To determine how Shh signaling regulate the lineage switch, Yue
Zhang and | performed ChlIP-seq and CUT&RUN using a Gli3 antibody and
dissected cortices (n = 3 for each experiment). ChlP-seq and CUT&RUN
revealed Gli3 binding sites (GBS) genome-wide. The results were highly
consistent both within and between the ChIP-seq and CUT&RUN
experiments, indicated by the specific binding to promoters and enhancers
of Shh target genes such as Gli1. We identified 4414 GIi3 binding sites (GBS)
using IDR (https://www.encodeproject.org/software/idr/), and the motifs
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enriched in the GBS. The most significantly enriched motif is identical to the
published Gli binding sequence (Figure 21, Figure 27).

The CUT&RUN data revealed histone modification changes upon
Shh signaling (Figure 21). Yue and | performed CUT&RUN to study if Shh
signaling affects histone modification in cortical cells. We utilized E16.5 wild-
type and SmoM2 cortices, and antibodies for H3K4Me3 and H3K27Me3,
which are associated with active and inactive promoters/enhancers,
respectively. Consistent with increased Gli1 expression in SmoM2 cortices,
we observed increased H3K4Me3 at the promoter, and decreased
H3K27Me3 at the promoter and gene body (Figure 15).

Olig1/2 and Gsx2 are essential for the development of cortical glia
and OB interneurons, respectively (Liu et al., 2015; Marshall, 2005; Ono et
al., 2008; Waclaw et al., 2009). Ectopic expression of Gsx2 is sufficient for
late cortical progenitor cells to generate OB interneurons (Waclaw et al.,
2009). How transcription of these genes is regulated is not known. RNA-seq
revealed that in both E16.5 GIi3 cko and SmoM?2 cortices, Olig2, Gsx2 and
Olig1 were the 3 most significantly increased genes. Our ChIP-seq,
CUT&RUN, and ATAC-seq analyses revealed that Gli3 binds to predicted
enhancers of Olig2 (Figure 21), Gsx2 gene and Fgfr3 gene(Figure 16) which
indicate direct transcriptional repression.

Olig1 and Olig2 genes are located 36 kb apart on chromosome 16.
ChIP-seq revealed 4 GBS sites in their vicinity, located in highly conserved
regions (Figure 21). None of the GBS overlapped with Olig1 or Olig2

promoter. GBS2 and GBS3 showed H3K27Me3 and H3K4Me3
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modifications. In cortices electroporated with the pCAG-Shh-N (Shh-IUE)
plasmids, ATAC-seq revealed increased chromatin accessibility at GBS2
and GBS3 (Figure 21), indicating possible enhancer activities. | determined
if GBS1-3 and E2 are associated with known enhancers by mining the
ENCODE data. GBS1 is located within the predicted enhancer e14414
(Figure 21), activity of which has been confirmed (Figure 27G). E2 overlaps
with the predicted enhancer e14415 (Figure 21). GBS3 overlaps with
enhancer e14416. Encode project predicted these enhancers to interact
with the Olig2 promoter (Figure 21) (https://doi.org/10.1101/166652). GBS2

does not overlap with any predicted or known enhancer (Figure 21).

Defects in Olig2”’- mouse brain

Previous studies have shown that ectopic expression of Olig2 led to
over-production of cortical astrocytes and oligodendrocytes (Liu et al., 2015;
Marshall, 2005), and that there was a severe reduction in cortical
oligodendrocytes and white matter astrocytes in the Olig27- and Olig2 cko
mice (Cai et al., 2007; Ono et al., 2008, 2009; Takebayashi et al., 2002a).
We generated Olig27- mouse by using Olig2°¢¢* mouse line. Olig2°* mice
have a Cre recombinase inserted into the only exon of the oligodendrocyte
transcription factor 2 Olig2 gene. The presence of cre abolishes expression
of Olig2. Oligzereere has no function Olig2 allele. | observed that Olig2¢re/cre
mouse die shortly after birth which is consistent with previous paper
(Takebayashi et al., 2002b). No Olig2 expression in the Olig2¢e~re and
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decreased Olig1* cells were found in mouse brain (Figures 20A, 20B, 20F,
20G). It’'s been reported that Olig2 regulates Sox10 expression in OPCs
through regulating a conserved enhancer (Kuspert et al., 2011). The mature
oligodendrocyte marker Sox10 (Elbaz and Popko, 2019; Traiffort et al., 2016)
is absent in Olig2¢ereere mouse brain (Figures 20K, 20P). As expected, | have
also observed decreased Sox9*,1d1" AS-IPCs and Aldh1l1* astrocytes in
the dorsal cortex (Figures 20D, 20I, 20K, 20P). Phospho-MAPK* and Egfr*
cells were still present in the VZ/SVZ, I1Z and cortical plate in the Olig2¢re/cre
suggested that MAPK and Egfr signaling pathway functions upstream of
Olig2. Ascl1* MIPCs showed no change in Olig2¢re’ere (Figures 20N, 20S). |
analyzed some E18.5 Ascl/1”- mouse brain and found decreased Olig2
expression which indicate that Ascl1 functions upstream of Olig2 (data not
shown). Olig2 expressed in MIPCs which can give rise to Oligodendrocytes,
astrocytes and OB interneurons (Li et al., 2021). | carefully analyzed the OB
interneuron marker Sp8 in the VZ/SVZ and found fewer Sp8+ cells in
Olig2ere/ere (Figures 20M, 20R) which indicated that in addition to severely
glial cell deduction, deletion of Olig2 also impair OB interneuron production

from cortical RGCs.

These Gli3 binding sites are required for Olig1/2 expression in RGCs

and SVZ MIPCs

The hGFAP promoter is active in the mouse cortical RGCs during the
lineage transition (Zhuo et al., 2001). Using the hGFAP-GFP transgenic
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mice (Zhuo et al., 1997), a group recently enriched the late cortical RGCs
and their proximal progeny cells at P1, and performed a single-cell ATAC-
seq experiment (Li et al., 2021). Kendy analyzed this data and identified
RGC, MIPC, AS-IPC, OL-IPC, and OB-iN IPC clusters and the ATAC-seq
peaks enriched in each cluster. He found that the most enriched sc-ATAC-
seq peaks in the MIPCs compared to the RGCs were located in the GBS2
and GBS3, while the GBS1 was equally accessible in the RGC and IPC
clusters (data not shown).

There are two ways to test if an enhancer is required for the
expression of a specific gene. To generate a compound heterozygous
animal harboring one disruptive enhancer with a wild-type gene in one allele
and a null gene but wild-type enhancers in the other allele or generate the
straight enhancer knock-out mice (Osterwalder et al., 2018). We generated
4 knock-out mouse line via CRISPR/as9 technology: GBS1/e14414, E3,
GBS2/E2 and GBS3/E1 knock-out mouse line (Figure 21) which harbor the
loss-of-function alleles and they were all maintained as heterozygous
(Olig24e14414/+ - Olig24E3+ Olig24E2+, Olig24E1*+). These heterozygous and
Olig2¢re’+ are all viable and fertile.

To determine if these enhancers regulate Olig2 expression, we
generated compound heterozygous which has a null Olig2 gene but wild-
type enhancers on one allele and a wild-type Olig2 gene with a disruptive
enhancer allele by cross the enhancer heterozygous to Olig2¢’+, | analyzed
the Olig2 and Olig1 expression in the dorsal VZ/SVZ in these compound

heterozygous by immunofluorescence staining (Figure 22). The Pax6
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staining was used to show the VZ/SVZ where a dense band Pax6™ cells
defined ventricular zone (VZ) and a diffuse band of Pax6* cells defined
subventricular zone (SVZ) (Martinez-Cerdenio et al., 2012). | compared the
number of Olig2* and Olig1* cells of the compound heterozygous with
Olig2¢re’+ (Figure 22). Olig2* and Olig1* cells in VZ/SVZ were significantly
reduced in Olig2cre/de14414 - Qljg2cre’AE2 gnd Qlig2¢re’ere which indicate that
e14414 and E2 are required for the expression of Olig2 and Olig1 in dorsal
RGCs and IPCs in VZ/SVZ (Figures 22Y and 22Z). GBS1 and e14414
overlap with confirmed hs1188 and mm817 enhancers, which drive strong
LacZ expression in cortical progenitors (Figure 27G). This suggests that a
physical proximity between e14414/hs1188/mm817 and a promoter is a
likely mechanism how this enhancer activates gene expression in the cortex.

| examined the different lineage markers in the dorsal cortex in
different compound heterozygous. | observed decreased Olig2* cells in
Olig2cre’Ae14414 - Oljg2¢re’AE2 Kyt the Olig1* cells showed no change (Figure
25U, 25V) which indicated that e14414 and E2 are required for the Olig2
expression in dorsal Olig2* OPCs and oligodendrocytes. To our surprise,
80% of the Olig2¢e/AE2 compound heterozygous die shortly after birth. The
phenotype of Olig2¢e/AE2 (Figure 25) is similar to Olig2cre/cre (Figure 20)
although not as severe. | not only observed decreased Id1*, Sox9* AS-IPCs
and Sox10* oligodendrocytes in the dorsal cortex in Olig2°¢/2AE2 compound
heterozygous but also decreased Sp8* OB interneurons in the VZ/SVZ
(Figure 25) which indicated that E2 is required for the development of dorsal

IPCs.
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To further test if these enhancers are required for Olig2/0Olig1
expression, we generated straight enhancer knock-out mice by crossing the
heterozygous together. The enhancer knock-out mice Olig24e14414/de14414
Olig2AE3/AE3 - Olig2AE2/AE2 Ofig2AET/AET gre viable at PO before collection. |
observed decreased Olig2* and Olig1* cells in QOlig24e?4414/Ae14414
Olig24E¥AE3 - Oljg24EZAE2 mice in VZ and SVZ (Figure 23) and decreased
Olig2* OPCs and Id1* AS-IPCs in Olig24e14414/Ae14414 = Qfjg2AE/AE3 mouse
brain (Figure 26). | did not observe decreased OPCs, AS-IPCs in the cortex
or OB interneurons in VZ/SVZ in Olig24E24E2 mouse brain although the
phenotype of Olig2°¢®4E2 was much severe (Figure 25, Figure 26).
Interestingly, | observed decreased Olig2™ and Olig1* cells in VZ/SVZ in
Olig24E¥/AE3 (Figures 23l - 23L) but not in Olig2cre’AE3 (Figures 221 - 22L).
These data indicated that these different enhancers might function
redundantly and could compensate for each other in multiple ways.

| also analyzed Olig2 expression in ventral brain and in lateral
VZ/SVZ as well as medial VZ/SVZ and found decreased Olig2* cells in
Olig24e14414/Ae14414 gnd Qlig2cre’Ae14414 which indicate that e14414 is not only
required by dorsal RGCs and SVZ MPCs but also required for lateral RGCs

and SVZ MIPCs (Figure 24).

4C-Seq reveals physical interactions between Gli3 binding sites and

Olig1/2 promoters
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Vista Enhancer browser (Visel et al., 2007) shows two overlapping
enhancers, hs1188 in human and mm817 in mouse, direct robust LacZ
expression in E11.5 mouse cerebral cortex (Figure 27G). This suggests that,
if brought to close proximity with a promoter, hs1188 and mm817 direct
gene expression in the cortex. Interestingly, the Gli3 binding site GBS1 lies
within these enhancers, as well as in the predicted enhancer e14414 (Figure
27). Thus, e14414 and GBS1 are active in cortical progenitors. However,
whether other predicted enhancers, GBS2, and GBS3 (Figure 27) regulate
Olig1/2 cortical expression is unknown. | hypothesized that these predicted
enhancers form long-range regulatory loops with the Olig1/2 promoter, and
Gli3 prevents their activation and recruitment. Whether these interactions
occur in vivo has not been tested.

To test this hypothesis, Kendy and | performed 4C-Seq experiments
(Krijger et al., 2020) to test if there are physical interactions between these
enhancers and Olig2/Olig1 promoter by using Olig2 and Olig1 promoter as
viewpoints. We performed 4C-Seq by using E16/PO0 cortical cells and cells
from MGE/LGE in wildtype and Smo cko mouse brain to identify sequences
that interact with Olig1/2 promoters (Figure 27). Two sets of primers (1844-
2059 and 1731-2059) were designed by using Olig1 promoter as the
viewpoint (methods). Another Two sets of primers (1840-2440 and 1171-
1840) were designed by using Olig2 promoter as a viewpoint (methods).

The 4C peaks overlap with the 4 GBSs and predicted enhancers in
wildtype samples, indicating their recruitment to the Olig1/2 promoters

(Figure 27C). We observed some enhancers interact with both promoters,
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suggesting common regulatory mechanisms for these 2 genes, and
frequent chromatin interactions in the region (Figure 27C). Although we did
not detect interactions between Olig2 and Olig1 promoter, the Hi-C data
from our collaborator showed physical interactions between these two
promoters (Data not shown). These are consistent with their co-expression
in the same cortical cells. We observe reduced recruitment of GBS2/E2 in
Smo cko cortices which indicates that Gli3R inhibits recruitment of these
enhancers to the Olig1/2 promoters. The other 3 GBSs GBS1/e14414, E3
and GBS3/E1 were recruited to Olig2/0lig1 promoters in Smo cko samples.
There are two possible explanations, firstly, increased Gli3R in Smo cko
lead to less physical interactions in Smo cko but not inhibiting all physical
interactions. Secondly, Gli3R may cause histone modifications which further
inhibits the recruitment of polymerase or other transcription factors that

facilitate the Olig2/0Olig1 gene transcription.
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Chapter 4: Pax6 represses OB lineage in the cortical RGCs

during development

Results:

Pax6 is required for cortical RGCs to repress OB lineage and

oligodendrocyte lineage during development

Gli3 and Pax6 are expressed in cortical neural stem cells and are
known as important transcription factors that regulates dorsal ventral
patterning (Hébert and Fishell, 2008). It's been reported that loss of Gli3
could rescue the dorsoventral patterning defects seen in Shh”- mutants and
loss of Pax6 can partially rescues the loss of ventral structures in Shh”- mice
(Fuccillo et al., 2006; Rallu et al., 2002). Pax6 was also known to be
sufficient to induce a neurogenic fate in neural stem cells and showed a
mutual exclusive expression with Olig2 in the postnatal SVZ (Jang and
Goldman, 2011). | sectioned the PO wildtype mouse brain at 12um and
performed Pax6/0lig2 double immunofluorescence staining to examine the
Pax6 and Olig2 expression in dorsal RGCs and MIPCs at VZ/SVZ. 40X
image was taken by 880 confocal microscope. | quantified the florescence
signal by using Imaged. Cells with high Pax6 signal showed low Olig2 signal
based on the florescence signal quantification (Figure 28A). During
development, pax6 is expressed in the dorsal telencephalon and is
downregulated in the ventral telencephalon, and the intersection of Pax6

and Gsx2 defined the pallial subpallial boundary (Hébert and Fishell, 2008).
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Pax6 and Gsx2 showed mutual exclusive expression at the pallial subpallial
boundary with minor overlap (Hébert and Fishell, 2008). We have previously
reported that Shh signaling promotes the lineage progression of cortical
RGCs to generate Gsx2 expressing MIPCs which can give rise to
oligodendrocytes, astrocytes and OB interneurons (Zhang et al., 2020). To
test if Pax6 repress gliogenesis and OB interneuron production in dorsal
RGCs, | examined the lineage marker Olig2, Gsx2, Sp8, Tbr2, Ctip2 and
Satb2 in E16 wildtype, hGFAPcre Pax6F and Emx1-cre Pax6 mouse
brain (Figure 29). | found dramatically increased Olig2*, Gsx2* and Sp8*
cells in the mutant brain with a dramatically decreased Tbr2+ cells (Figure
29) which suggested that removal of Pax6 in dorsal RGCs lead to
overproduction of glial and OB lineage cells at the expenses of neural
lineage cells. In addition to Gsx2* and Sp8™ cells, | also observed increased
Ctip2* OB interneuron in the SVZ/IZ in the Emx1-cre Pax6FF mouse brain
(Figures 29P, 29T, 29V). Cortical Satb2* PyNs is dramatically decreased in
Emx1-cre Pax6F mouse brain (Figures 29 Q - U, 29V). To determine how
Pax6 repress glial and OB lineage in dorsal RGCs, Yue and | performed
Pax6 ChlP-seq by using E15 cortices (Figure 28H). We found that Pax6 not
only binds to e14414 (GBS1) and e14416 (GBS3/E1) but also predicted
enhancer e14412 (Figure 28H) which indicate a direct transcription
repression. Our data indicates that Pax6 represses gliogenesis and OB

interneuron generation in dorsal RGCs during development.
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Pax6 & Gli3 regulate the lineage switch synergistically

Gli3 and Pax6 are both expressed in dorsal RGCs and regulate the
lineage progression based on our data. We were wondering whether they
work in the same protein complex. To test this, Yue Zhang, Tommy Finn
and | performed co-IP experiment by using PO wildtype cortices and Smo
cko cortices. We did not pull down Pax6 by using Gli3 antibody and vice
versa (Data not shown). To test if Gli3 and Pax6 work synergistically in
repressing lineage progression, | examined PO hGFAPcre; Gli3f*;Pax6*
(dhet) and hGFAPcre; Gli3FF; Pax6F (dcko) mouse brain. | observed a
gradually increased trend of Sp8 from wildtype, hGFAPcre Pax6F, dhet
and dcko (Figure 30). The Gsx2* and Olig2* cells were also increased in
dhet and dcko mouse brain and the Tbr2* cells were decreased in dcko
(Figure 30). If Gli3 and Pax6 work in the same protein complex and function
dependant to each other, | should have observed similar phenotype when
compare dcko with Gli3 cko. However, | observed more severe phenotype

in dcko mouse brain which suggest that Pax6 and Gli3 function in parallel.
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Chapter 5: Discussion and Future directions

In this study, we show that the genetic program Gsx1/2—
DIx1/2Sp8/9—Tshz1—-Prokr2 is activated in the cortical SVZ at the end of
cortical neurogenesis, and we uncover an extrinsic signaling pathway that
regulates the lineage switch of cortical NSCs to generate OB-INs. Using
loss-of-function and gain-of-function analyses, we show that activation of
the Shh pathway is both necessary and sufficient for OB-IN generation in
the cortical VZ/SVZ through reducing GIi3R. Blocking Shh signaling by
deleting Smo leads to reduced production of OB-IN lineage, whereas
ectopic activation of the Shh pathway by over-expressing ShhN or
expressing the SmoM2 allele leads to an early and over-production of OB-
INs and cortical oligodendrocytes. Furthermore, lineage-tracing and
scRNA-Seq analysis reveal that Gsx2* cells derived from the cortical NSCs
are tri-IPCs at the population level; they produce not only interneurons in
the OB but also oligodendrocytes and astrocytes in the cortex. These
findings reveal the mechanism by which RGC switch their lineage from
production of cortical excitatory neurons to the generation of cortical

oligodendrocytes, astrocytes, and inhibitory OB-INs.

Cortical NSCs, PyN-IPCs, tri-IPCs, OPCs, OB-IPCs, Glia-IPCs, and

their lineage progression
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Generating the diverse neuronal and glial cell types in the
mammalian brain is a complex and highly regulated process. Shortly after
neural tube closure, NSCs are spatially patterned into discrete progenitor
domains. The spatially patterned NSCs undergo sequential neurogenesis
and gliogenesis to generate the diverse neuronal and glial cell types
(Kriegstein and Alvarez-Buylla, 2009; Kwan et al., 2012). NSCs change their
lineage and generate different types of neurons and glial cells based on the
developmental stages. In the cerebral cortex, early multipotent cortical
RGCs first generate deep-layer PyNs, followed by upper-layer PyNs. At the
end of cortical neurogenesis around E16.5, RGCs switch lineages and
produce cortical oligodendrocytes, astrocytes, and OB-Ins (Fuentealba et
al., 2015; Kriegstein and Alvarez-Buylla, 2009).

Although some PyNs are directly derived from RGCs and some
RGCs can directly transform into astrocytes, it is worth noting that most
neurons, oligodendrocytes, and astrocytes are not the direct progeny of
NSCs but, instead, originate from IPCs (Kriegstein and Alvarez-Buylla,
2009). During the period of cortical neurogenesis around E11.5-E16.5,
RGCs undergo asymmetric cell division to self-renew and to produce
Eomes®* PyN - IPCs (Englund, 2005; Noctor et al., 2004), which exclusively
generate PyNs (Lv et al., 2019; Mihalas et al., 2016; Vasistha et al., 2015).
During late embryonic and postnatal stages in the mouse cortex, NSC
lineage progression becomes complicated, and several distinct IPC
populations emerge and coexist in the mouse cortex. OPCs are committed

to the oligodendrocyte lineage, whereas OB-IPCs are committed to the OB-
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IN lineage. Although in vitro studies have shown the existence of bi-potent
glia-IPCs (O-2A cells) that give rise to both oligodendrocytes and astrocytes
(Raff et al., 1983), this has not been confirmed in vivo during development.

In the present study, we used intersectional lineage tracing and
scRNA-Seq analysis to provide evidence for the existence of Gsx2+ tri-IPCs
and glia-IPCs in the cortex at the population level during development.
These tri-IPCs give rise to OB-IPCs, which generate interneurons that
migrate into OB through the rostral migratory stream. In addition, they
produce a subset of glia-IPCs, which, in turn, generate OPCs and astrocytes
in the cortex (Figures 6D and 6E). We emphasize that it remains to be
determined whether single Gsx2* cells proliferate and differentiate into more
than one cell type or whether the Gsx2* cells represent a heterogenous
population consisting of uni-potential and/or bi-potent neuronal and glial
IPCs. Thus, careful analyses of complete lineages of cortical RGCs and
IPCs that include their OB-IN progenies need to be performed. Potential
methods that can be used include lineage analysis of individual Gsx2*
progenitors using MADM (Gao et al., 2014), barcoded virus (Bayraktar et

al., 2015) or methods using genome editing (Bowling et al., 2020).

Shh signaling promotes the generation of OB-INs and cortical

oligodendrocytes by reducing Gli3R

Shh activity shows a ventral-high and dorsal-low gradient in the VZ

of developing forebrain because of the high expression of Shh from ventral
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cells and the high expression of Gli3R in the dorsal progenitors (Hébert and
Fishell, 2008; Sousa and Fishell, 2010). Regulated Shh signaling and Gili
activities are essential for the initial dorsal-ventral patterning of the forebrain
and the development of cortical interneurons from the ventral forebrain.
Ventral forebrain structures are missing in the Shh”- mice (Ohkubo et al.,
2002). Loss of Gli3 function in extra-toes mice (Gli3 mutants) resulted in
ventralization of the cerebral cortex: genes normally expressed in the
cerebral cortex were lost; instead, genes associated with ventral and
GABAergic neuronal identities were expressed in the dorsal telencephalon
(Rallu et al., 2002; Theil et al., 1999; Tole et al., 2000).

Here, we show that the lineage progression of cortical RGCs at late
gestational stages is regulated by Shh signaling. During early cortical
neurogenesis, RGCs with high GLI3R activity generate Eomes™* PyN - IPCs.
Interneurons tangentially migrating from the MGE and CGE, start to arrive
the cortex around E13.5, and their numbers continue to increase (Lim et al.,
2018). As cortical neurogenesis proceeds, Shh secreted from migrating
cortical interneurons and cells in the choroid plexus (Winkler et al., 2018)
promotes the lineage switch of cortical RGCs to generate OB-INs and
oligodendrocytes. Indeed, increased numbers of OB-IN and
oligodendrocyte lineage cells were observed in the cortical VZ/SVZ of the
ShhN-IUE and the hGFAP-Cre; SmoMZ2 mice (Figures 3). In contrast,
generation of both OB-IN and oligodendrocyte lineage cells from the cortical
NSCs was reduced in the Smo cko mice (Figure 2) (Winkler and Franco,

2019; Winkler et al., 2018). Long-term blocking of Shh signaling also
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resulted in a severe loss of NSCs and migrating neuroblasts in the adult
SVZ and RMS (Balordi and Fishell, 2007). Significantly, removing Gli3 in
hGFAP-Cre; Smo cko mice largely rescued OB-IN genesis and Olig2* cell
production in the cortex (Figure 4). Hence, Shh promotes the lineage switch
of cortical RGCs to generate OB-INs and cortical oligodendrocytes by
reducing Gli3R, rather than by directly promoting the Gli activator function,
similar to their functions in neurogenesis in the postnatal SVZ and OB
(Petrova et al., 2013; Wang et al., 2014).

Upon increased Shh signaling, Gli3R protein levels in some cortical
RGCs decrease, allowing those RGCs to generate Gsx2* and Olig2* IPCs.
How does Gli3R repress Gsx2 expression in the cortical VZ/SVZ? Previous
studies have shown that expression of Dmrta2 (Dmrt5), Dmrt3, Emx1, and
Emx2 in the cortical VZ was severely downregulated in G/i3 mutant mice
(Hasenpusch-Theil and Theil, 2021; Hasenpusch-Theil et al., 2018; Theil et
al., 1999). A recent study demonstrated that transcription factors DmrtaZ2,
Dmrt3, and Emx2 cooperatively repress Gsx2 expression to maintain
cortical identity of the RGCs (Desmaris et al., 2018). Our Gli3 ChIP-seq
showed that Gli3 binds to Gsx2 gene (Figure 16). Furthermore, Dmrta2,
Dmrt3 and Emx2 have been shown to bind to a ventral telencephalon-
specific enhancer in the Gsx2 locus (Desmaris et al., 2018). Thus, GIli3R
could be key to maintaining the expression of Dmrta2, Dmart3, and Emx2
in the cortical VZ during early neurogenesis and to preventing expression of

Gsx2.
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Shh signaling is essential for cortical RGCs to generate astrocyte
lineage and reduced Fgf and Egfr signaling in the IPCs in Smo cko

contributes to the gliogenesis defects.

In this study, we show that the Shh signaling pathway promotes the
generation and proliferation of MIPCs to generate cortical oligodendrocytes
and astrocytes as well as OB-INs. Our sc-RNA-seq showed that Fgfr1 is
highly expressed in RGCs, Fgfr3 is expressed in RGCs and IPCs, while Egfr
is expressed in MIPCs, AS-IPCs and Pre-OPCs (data not shown). Previous
paper show that Fgf3, 15, 17, and 18 expression were lost in Shh”- mouse
brain and mutating one or both functional G/i3 alleles in Shh or Smo mutants
partially rescued the loss of fgf gene phenotype which indicate that Shh
promote the fgf signaling by reducing Gli3R (Hébert and Fishell, 2008; Rash
and Grove, 2007). Direct repression evidence was shown by the Gli3 ChlP-
seq where Gli3 binds to Fgfr3 gene (Figure 16). And through loss-of-function
analyses, we show that fgf signaling pathway is necessary to maintain
MAPK signaling in RGCs and MIPCs (Figure 17). A gain of function
experiment was done by other researchers suggested that Fgf signaling
promotes astrocyte lineage (Dinh Duong et al., 2019). Egfr can also activate
MAPK signaling pathway and its expression is blocked in Smo cko mutant
brains and upregulated in GIi3 cko mouse brain(Figure 14) which indicate
that Shh signaling is both necessary and sufficient for cortical RGCs and
MIPCs to activate Egfr signaling. The phenotypic analysis of Egfr cko
showed decreased MAPK in MIPCs (Figure 14). These findings reveal the

mechanism by which Shh activate fgf signaling and Egfr signaling to
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promote the proliferation and differentiation of RGCs switch their lineage
from production of cortical excitatory neurons to the generation of cortical

oligodendrocytes, astrocytes, and inhibitory OB-INs.

Gli3 binds to multiple enhancers to regulate the transcription of Olig2
and Olig1 which not only affect Cortical OPCs, AS-IPCs but also OB-
IPCs

Shh signaling is both necessary and sufficient to induce Olig2* cells
(Traiffort et al., 2016; Wang and Almazan, 2016; Zhang et al., 2020).
However, the molecular mechanisms of the regulation of Olig2 gene were
not well studied. We have shown that Shh is both necessary and sufficient
to induce Olig2 expression by reducing Gli3R (Zhang et al., 2020). And the
loss of function analysis of Olig2 gene revealed defects in both glial genesis
and OB-INs generation. Our Gli3 ChlP-seq, CUT&RUN, and ATAC-seq
analyses revealed that Gli3 binds to predicted enhancers of Olig2 (Figure
21). Regulatory DNA elements such as enhancers can work over long
distance and recruit transcription factors, polymerase to the gene promoter
to switch genes on and off in a time and space specific manner (Levine,
2010). Previous studies focusing on limb development found that the
enhancers work synergistically and redundantly where deletions of
individual limb enhancers did not cause noticeable changes but removal of
pairs of enhancers resulted in discernible phenotypes in limb morphology
(Osterwalder et al., 2018). Strikingly, the loss of function analysis of the

individual Olig2 enhancers in this study showed dramatically decreased
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Olig2 and Olig1 expression in RGCs and MIPCs in VZ/SVZ (Figure 22,
Figure 18, Figure 23). And the phenotypic analysis of the straight knockouts
and the compound heterozygous showed decreased OPCs, AS-IPCs or
OB-INs which indicate their different function in different lineages (Figure 25,
Figure 26). These enhancers may also function in different time points
during development and could compensate for each other since the
phenotype of the straight knockouts and their corresponding compound
heterozygous were different (Figure 22, Figure 23, Figure 25, Figure 26).
The e14414 enhancer is conserved from mouse to human and the e14414
enhancer and its human homologous sequence hs817 showed positive
enhancer activity from the vista enhancer browser data base (Figure 27).

The other enhancers in this study are being tested now.

A core gene regulatory network governing a common developmental

trajectory for forebrain NSCs to generate OB-INs

The OB is the most anterior structure of the forebrain. Studies of
neurogenesis in the OB have focused on the generation of the OB-INs, in
particular, the postnatal and adult neurogenesis occurring in the mouse SVZ
of the lateral walls of the lateral ventricle (Obernier and Alvarez-Buylla,
2019). Although NSCs in different domains along the lateral ventricle
generate distinct types of neurons and glial cells during embryonic stages,
a common trajectory of forebrain NSCs is to switch lineages to generate
OB-INs at late embryonic and early postnatal stages (Kriegstein and

Alvarez-Buylla, 2009; Obernier and Alvarez-Buylla, 2019).
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We recently identified a gene regulatory network Gsx1/2-DIx1/ 2—
Sp8/Sp9-Tshz1-Prokr2 that governs OB-IN development; mutations in
Gsx2/1, DIx1/2, Sp8/Sp9,orProkr2 genes result in an almost complete loss
of mature OB-INs (Guo et al., 2019; Long et al., 2007; Wen et al., 2019).
Furthermore, a recent study demonstrated that DLX1 and DLX2 can directly
bind to the enhancers and promotors of Sp8 and Sp9 (Lindtner et al., 2019).
Consistent with the essential regulatory function by this genetic pathway in
OB-IN development, in the present study, we found that this genetic
program is activated in cortical progenitors and their progenies when OB-
INs are generated. Thus, in addition to functioning in the dorsal LGE during
development, this core genetic program regulates the generation of OB-INs

from all postnatal NSCs in the ventricular wall of the lateral ventricle.

Pax6 & Gli3 regulate cortical RGC lineage switch synergistically

Pax6 and Gli3 are both expressed in dorsal RGCs and are key
transcription factors that controls dorsal-ventral patterning (Hébert and
Fishell, 2008). Researchers have observed that loss of Pax6 partially
rescued the morphological defects in Shh” mice (Fuccillo et al., 2006).
During development, pax6 is expressed in the dorsal telencephalon and is
downregulated in the region that is set to be ventral telencephalon, and the
intersection of Pax6 and Gsx2 defined the pallial subpallial boundary
(Hébert and Fishell, 2008). Pax6 and Gsx2 showed mutual exclusive

expression at the pallial subpallial boundary with minor overlap (Hébert and
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Fishell, 2008). It's been reported that dorsal VZ progenitors in Pax6 mutants
are progressively ventralized and produce GABA INs at the expenses of
generating glutamatergic PyN (Kroll and O’Leary, 2005). We found
dramatically increased Olig2*, Gsx2* and Sp8* cells in the Pax6 mutant
brain with a dramatically decreased Tbr2* and Satb2* cells (Figure 29)
which suggested that removal of Pax6 in dorsal RGCs lead to
overproduction of glial and OB and glial lineage cells at the expenses of
neural lineage cells. We also observed a gradually increased trend of Sp8
from wildtype, hGFAPcre Pax6", hGFAPcre; Gli37*;Pax6* and
hGFAPcre; Gli3FF; Pax6F (Figure 30) which indicate that the repression of
OB lineage cells by Gli3 and Pax6 are dosage dependent. We did not pull
down Pax6 by using Gli3 antibody and vice versa in our Co-IP experiment
(data not shown). If Gli3 and Pax6 work in the same protein complex and
function dependent to each other, we should have observed similar
phenotype when compare the phenotype in dcko to Gli3 cko or Pax6 cko.
However, we observed more severe phenotype in dcko mouse brain which
suggest that Pax6 and Gli3 function in parallel. Our Pax6 ChlP-seq revealed
2 binding sites at Olig2 locus that overlap with Gli3 binding sites e14414
(GBS1) and e14416 (GBS3/E1) (Figure 28H) indicating Pax6 and Gli3
contribute to a common pathway that regulate the lineage progression of
dorsal RGCs.

Through this thesis research, | demonstrated how GIli3R and Pax6
regulate cortical RGCs lineage progression and identified Olig1/2

enhancers. In the future, by generating the enhancer-reporter mice and
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analyzing the enhancer activity at different point, we may elucidate how
these enhancers function in specifying oligodendrocytes, astrocytes and
OB-INs. We have found that these enhancers are relatively conserved
through mice and human. It's been reported that Shh promotes the
generation of human forebrain olig2 progenitors (Ortega et al., 2013) and
this regulatory mechanism of Olig2 is highly likely to be conserved in human.
Future analysis on human PLAC-seq data or 4C-Seq experiments by using

human cells will elucidate the regulatory mechanism of human OL/G2 gene.
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Figure 1. Cortical NSCs generate Gsx2" tri- IPCs that give rise not
only to OB Interneurons but also to cortical oligodendrocytes and
astrocytes

(A) Gsx2+ IPCs in the mouse cortical SVZ at E16.5, E18.5, and P5. Ctx,
cortex; LV, lateral ventricle.

(B) The strategy of the intersectional lineage analysis.
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(C) Plasmids pCAG-Cre were electroporated to the cortical VZ of
Gsx2Flro+; |S mice at E14.5. GFP* cells were observed in the SVZ and
cortical plate at E18.5. CP, cortical plate; 1Z, intermediate zone; MZ,
marginal zone.

(D) GFP* and/or tdT" interneurons in the OB at P21.

(E) Quantification of the percentages of GFP* and tdT* cells among all the
lineage-traced cells in the OB.

(F - H) Cortical GFP* oligodendrocytes (Olig2*, arrows in G) and
astrocytes (S100b*, arrows in H) with higher magnification images at P21.
Note tdT* PyNs located in cortical layers 1I-V (F).

(I) Percentages of oligodendrocytes and astrocytes among all GFP™ cells
in the cortex. Data in (E) and (l) were from three mice each. Scale bars, 50
mm in (A), (C), (D), and (F - H).

Reprinted from “Cortical Neural Stem Cell Lineage Progression Is
Regulated by Extrinsic Signaling Molecule Sonic Hedgehog” Cell Reports
30, 44904504, March 31, 2020. Reprinted with permission.
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Figure 2. Cells of the OB interneuron lineage are not generated in the
cortical SVZ of Smo cko mice at P2

(A) In situ RNA hybridization showing expressions of Gli1, Gad1, Sp9,
Tshz1, and Prokr2 in the caudal cortical SVZ (arrows) in the control and
hGFAP-Cre; SmofF (Smo cko) mice.

(B and C) Gsx2 and Sp8 (arrows) immunostainings of the rostral (B) and
caudal (C) cortical sections from control and Smo cko mice at P2. Ctx,
cortex; Str,striatum.

(D) Numbers of Gsx2* and Sp8* cells in the cortical SVZ per section. Data
are presented as means + SEM; n = 3. ***p < 0.001, **p < 0.01; Student’s t
test. Scale bars, 200 mm in (B) and (D).

Reprinted from “Cortical Neural Stem Cell Lineage Progression Is
Regulated by Extrinsic Signaling Molecule Sonic Hedgehog” Cell Reports
30, 4490-4504, March 31, 2020. Reprinted with permission.
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Figure 3. Overexpression of ShhN in the cortex by IUE induces OB
interneuron and oligodendrocyte lineages in the cortical SVZ

(A) Control pCAG-GFP plasmids (control-lUE) or pCAG-ShhN-ires-GFP
plasmids (ShhN-IUE) were electroporated into the cortical VZ on E13.5.
The E18.5 brains were analyzed. The distribution patterns of
electroporated cells (GFP*) in the cortex are shown. Note that the mRNA
levels of Gli1, Ptch1, Gad1, Tshz1, and Prokr2 were dramatically
increased in the ShhN-IUE cortex.

(B) The expressions of Gsx2, Ascl1, DIx2, Sp8, Sp9, and Olig2 were
greatly increased in the ShhN-IUE cortex.
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(C) RNA-seq analysis revealed increased expression levels for Shh
pathway target genes, OB interneuron lineage and oligodendrocyte
lineage genes in the ShhN-IUE cortices at P0O. Data are presented as
means + SEM; n = 3. ***p < 0.001, *p < 0.05; n.s., non-significant;
Student’s t test in (C). Scale bars, 200 mm in (A) and (B).

Reprinted from “Cortical Neural Stem Cell Lineage Progression Is
Regulated by Extrinsic Signaling Molecule Sonic Hedgehog” Cell Reports
30, 4490-4504, March 31, 2020. Reprinted with permission.
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Figure 4. Shh signaling regulates the production of OB interneurons
and oligodendrocytes in the cortical VZ-SVZ predominately by
reducing Gli3

(A-D) Immunostainings for Gsx2, Sp8, Eomes, and Olig2 in wild-type
(control) (A), Smo cko (B), Gli3 cko (C), and Smo Gli3 dcko (D) mice at
PO.

(E) Quantification for the numbers of Gsx2*, Sp8*, Eomes™*, and Olig2*
cells per 300 mm width in the cortical VZ-SVZ of control and mutant mice
at PO.

Data are presented as means + SEM; n = 3 mice per genotype. *p < 0.05;
unpaired Student’s t test in (E). Scale bars, 200 mm in (D).

Reprinted from “Cortical Neural Stem Cell Lineage Progression Is
Regulated by Extrinsic Signaling Molecule Sonic Hedgehog” Cell Reports

30, 4490-4504, March 31, 2020. Reprinted with permission.
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Figure 5. scRNA-Seq analysis of cells in the E16.5 wild-type cortices
and in the ShhN-IUE cortices

(A and B) Scatterplot of cells after principal-component analysis and t-SNE
visualization, colored according to Seurat clustering and annotated by
major cell types for all the cells in the wild-type sample (A) and the ShhN-
IUE sample (B).

(C and D) t-SNE of cells colored by mean expression of Gsx2 and Olig2 in
wild-type (C) and ShhN-IUE (D) samples.

(E) The eight Gsx2* cells in the E16.5 wild-type sample consisted of four
tri-IPCs and four OB-IPCs, based on the expressions of specific genes.
Reprinted from “Cortical Neural Stem Cell Lineage Progression Is
Regulated by Extrinsic Signaling Molecule Sonic Hedgehog” Cell Reports
30, 4490-4504, March 31, 2020. Reprinted with permission.
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Figure 6. scRNA-Seq analysis of the progenitor cells in the ShhN-IUE

sample

(A) Seurat clustering was performed on all the progenitor cells in the

ShhN-IUE sample. Seven clusters were identified and annotated to six cell

types based on gene expression features.

(B) Heatmap showing marker gene expressions in the seven cell clusters.

Each column represents expressions in one cell, and each row represents

expressions of one gene.
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(C) The t-SNE plots of cells colored by mean expression of specific marker
genes.

(D) Monocle analysis of all the progenitors in the ShhN-IUE samples
revealed differentiation trajectories and pseudo-timelines along the cell
differentiation axis. Each point represents a cell, colored by cluster identity
(top) or pseudo-timeline (bottom).

(E) Seurat clusters shown along the predicted pseudo-timeline
differentiation trajectory.

Reprinted from “Cortical Neural Stem Cell Lineage Progression Is
Regulated by Extrinsic Signaling Molecule Sonic Hedgehog” Cell Reports
30, 4490-4504, March 31, 2020. Reprinted with permission.
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Figure 7. In vivo validation of markers of tri-IPCs and OB-IPCs

(A and B) The expression of Gsx2, Olig2, and DIx2 in the cortical VZ/SVZ
of wild-type (A) and ShhN-IUE (B) mice at E17. Note that very few GSX2*
cells (green) were present in the cortical SVZ. Arrows indicate
Gsx2*0lig2*DIx2- tri-IPCs, and arrowheads indicate Gsx2*DIx2* OB-
IPCs.

(C and D) The expression of Sp9 and Sp8 in the cortical VZ/SVZ of wild-
type (C) and ShhN-IUE (D) mice at E17.

(E and F) More OB interneuron lineage cells (E) and more tri-IPCs and
OB-IPCs (F) were observed in the ShhN-IUE cortices than in the controls.
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(G) The sequential expression of Gsx2/DIx2/Sp9/Sp8 is linked to lineage
differentiation from tri-IPCs/OB-IPCs/OB neuroblasts, indicating the core
transcriptional network for OB interneuron generation.

Data are presented as means + SEM; n = 3 mice for each condition. ***p <
0.001, **p < 0.01, *p < 0.05; Student’s t test in (E) and (F). Scale bars, 50
mm in (A)—(D) and (G).

Reprinted from “Cortical Neural Stem Cell Lineage Progression Is
Regulated by Extrinsic Signaling Molecule Sonic Hedgehog” Cell Reports
30, 4490-4504, March 31, 2020. Reprinted with permission.
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Figure 8. Gsx2 is expressed in the cortex. Related to Figure 1.
(A) Gsx2* cells were observed in the mouse cortical SVZ and intermediate

zone. Ctx, cortex; LV, lateral ventricle; Str, striatum.
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(B) Co-localization analysis of Gsx2 and MIi67 expression in the E18.5
cortex. Note that most Gsx2+ cells expressed Mki67 (arrows); a few Gsx2*
cells did not express Mki67 (arrowhead).

(C) Quantification of the percentage of cortical Gsx2* cells that expressed
Mki67 and the percentage of Mki67+ cells in the cortical SVZ and
intermediate zone that expressed Gsx2 at E18.5.

(D, E) Gsx2 and Eomes double - immunostained sections. Gsx2* cells did
not express Eomes.

(F) Quantification of numbers of Gsx2* cells in the rostral, intermediate,
caudal, dorsomedial and dorsolateral cortex within a 10-um-thick section.
(G) Quantification of ratios of Gsx2* cells to Eomes* cells in the cortex.
Scale bars, 50 um.

Reprinted from “Cortical Neural Stem Cell Lineage Progression Is
Regulated by Extrinsic Signaling Molecule Sonic Hedgehog” Cell Reports
30, 4490-4504, March 31, 2020. Reprinted with permission.
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Figure 9. Cortical NSCs give rise to Gsx2* cells in the cortex. Related
to Figure 1.

(A) The strategy for generating the Gsx2flro allele.

(B) The tdT* cells in the LGE, MGE and cortex of Gsx2fro”*; Rosa26-tdT-
FRT mice at E13.5 and E14.5. Note strong expression of tdT in the VZ and
SVZ in the LGE. Ctx, cortex.

(C) Plasmids pCAG-Cre were electroporated to the cortical VZ of
Gsx2Flro+: |S mice at E14.5. TdT* and GFP* cells were observed in the
cortex at E18.5. LV, lateral ventricle.

(D, E) GFP*Sp8* and GFP*Olig2* cells (arrows) in the cortex.

(F) Quantification of the percentages of Sp8*, Olig2* and Gsx2* cells
among the GFP™ cortical cells at E18.5.

(G) One GFP*tdT*Gsx2* cell (arrow) and two tdT*Gsx2* cells
(arrowheads) in the cortex. Note that these two cortical NSC-derived
Gsx2* cells expressed tdT, but not GFP (arrowheads), suggesting the low

recombination efficiency of the Flp-FRT system.
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Scale bars, 500 ym in (B); 50 ym in (C - E, G).

Reprinted from “Cortical Neural Stem Cell Lineage Progression Is
Regulated by Extrinsic Signaling Molecule Sonic Hedgehog” Cell Reports
30, 4490-4504, March 31, 2020. Reprinted with permission.
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Figure 10. Cortical Emx1* NSCs generate Gsx2* tri-IPCs. Related to
Figure 1.

(A-C) GFP*Olig2* oligodendrocytes (A, B, arrows) and GFP*S100b*
astrocytes (C, arrows) in the cortices of Emx1¢r¢/*; Gsx2Flpo*; |S mice at
P21.

(D) The percentage of Olig2* cells that was labeled with GFP and the
percentage of S100b* cells that was labeled with GFP in the cortex of
Emx1¢re/+; Gsx2FlPo*: |S mice at P21.

(E) Quantification of the percentages of oligodendrocytes and astrocytes
among the GFP* cortical glial cells.

(F) GFP* OB interneurons at P21. Scale bars, 50 umin (A - C, F).

Reprinted from “Cortical Neural Stem Cell Lineage Progression Is
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Regulated by Extrinsic Signaling Molecule Sonic Hedgehog” Cell Reports
30, 4490-4504, March 31, 2020. Reprinted with permission.
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Figure 11. Eomes+ IPCs continue to be generated from NSCs in the
Smo cko mice. Related to Figure 2.

(A and B) Eomes immunostaining and EdU labeling of S-phase cells in the
PO (A) and P3 (B) control (Smo FF) and Smo cko (hGFAP-Cre; Smo F/F)
cortices.

(C) Quantification of the EdU*, Eomes™, and EAU*Eomes™ cells per 300
pum width in the cortical VZ and SVZ at PO and P3.
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(D) Whole mount of the lateral wall of lateral ventricle stained with antibody
against DCX showed a marked decrease in neuroblast chains in adult
Smo cko mice (P90), while neurogenesis in the SVZ of adult Smo GIi3
dcko mice was largely rescued.

Data in (C) were represented as means + SEM (n = 3 per genotype per
age). *, P < 0.05; unpaired Student’s t test. Scale bars: 200 ym in (A) and
(B); 500 um in (D).

Reprinted from “Cortical Neural Stem Cell Lineage Progression Is
Regulated by Extrinsic Signaling Molecule Sonic Hedgehog” Cell Reports
30, 4490-4504, March 31, 2020. Reprinted with permission.
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Figure 12. Less MIPCs were generated at late embryonic stage in

Smo cko mouse brain.

(A) Immunostaining showing expressions of EdU, Olig2 and Id1 in the

wildtype control and hGFAP-Cre; SmofF (Smo cko) mice at P0. CP,
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cortical plate; I1Z, intermediate zone; VZ/SVZ, ventricular
zone/subventricular zone. EdU were injected at E16.

(B) Immunostaining showing expressions of EdU, Ascl1 and Egfr in the
wildtype control and hGFAP-Cre; SmoF (Smo cko) mice at PO.

(C) Quantification of EdU positive cells per section (10x images taken by
Zeiss 880 confocal microscope) in wildtype control and hGFAP-Cre;
Smof’F (Smo cko) mice at PO.

(D) Quantification of EdU/Olig2*, EDU/Id1*, EDU/Ascl1*, EDU/Egfr* cells
per section (10x images taken by Zeiss 880 confocal microscope) in
wildtype control and hGFAP-Cre; Smo*F (Smo cko) mice at PO.

Data in (C) were represented as means + SEM (n = 3 per genotype). *, P
< 0.05; unpaired Student’s t test. Scale bars: 100 um in (A, B).
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Figure 13. Less MIPCs were proliferating at late embryonic stage in
Smo cko mouse brain.

(A - L) Immunostaining showing expressions of EAU, Olig2 and Id1 in the
wildtype control and hGFAP-Cre; Smo*F (Smo cko) mice at E17.5. EdU
were injected 2h before collection.

(M - Q) Immunostaining showing expressions of EAU, Ascl1 and Egfr in
the wildtype control and hGFAP-Cre; Smof (Smo cko) mice at E17.5.
(R) Immunostaining showing expressions of Ki67 in the wildtype control
and hGFAP-Cre; SmofF (Smo cko) mice at E17.5.

(Y) Quantification of the EdU*, EAU/Olig2*, EdU/Id1*, EdU/Ascl1",
EDU/Egfr+ positive cells per section (10x images taken by Zeiss 880
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confocal microscope) in wildtype control and hGFAP-Cre; SmofF (Smo
cko) mice at E17.5.

Data in (Y) were represented as means + SEM (n = 3 per genotype). *, P
< 0.05; unpaired Student’s t test. Scale bars: 100 um in (X).
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Figure14. Shh signaling is both necessary and sufficient for the

expression of Egfr which activate the mitogen activated protein

kinase (MAPK) pathway and generate cortical glia.

(A) Immunostaining showing expressions of Phospho-MAPK, Satb2 and
Tbr2 in the wildtype control and hGFAP-Cre; Smof/F (Smo cko) mice at

E15.
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(B) Immunostaining showing expressions of Egfr in the wildtype control
and hGFAP-Cre; Gli3FF (Gli3 cko) mice at E16.

(C) Quantification of Phospho-MAPK®*, Satb2* and Tbr2* cells per section
(10x images taken by Zeiss 880 confocal microscope) in wildtype control
and hGFAP-Cre; Smo F (Smo cko) mice at E15.

(D) Quantification of Egfr* cells per section (10x images taken by Zeiss
880 confocal microscope) in wildtype control and hGFAP-Cre; GIi3™F (Gli3
cko) mice at E16.

(E) Immunostaining showing expressions of Phospho-MAPK and Olig2 in
the wildtype control and hGFAP-Cre; Gli3F (Gli3 cko) mice at E16.

(F) Immunostaining showing expressions of Olig2 and Id1 in the wildtype
control and hGFAP-Cre; Gli3* (Gli3 cko) mice at E16.

(G - I) Quantification of cortical Phospho-MAPK?*, Olig2*, cortical 1d1* cells
per section(10x images taken by Zeiss 880 confocal microscope) in
wildtype control and hGFAP-Cre; Gli3 7 (Gli3 cko) mice at E16.

(J) Immunostaining showing expressions of Phospho-MAPK, Olig2 in the
wildtype control and Emx1-Cre; EgfrFF mice at E17.5.

(K) Immunostaining showing expressions of Phospho-MAPK, Olig2 in the
wildtype control and hGFAP-Cre; Smo F (Smo cko) mice at PO.

Datain (C, D, G - ) were represented as means + SEM (n = 3 per
genotype). *, P < 0.05; unpaired Student’s t test. Scale bars: 100 um in (A,
B, E, F, J, K).
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Figure 15. Establishing ChIP-seq, CUT&RUN, and ATAC-seq
methods.

ATAC-seq were performed by using E16 wt cortices and cells that were
epectroporated with Shh plasmids.ChlIP-seq and CUT&RUN were
performed on E16 wt cortices and SmoM2 cortices by using a Gli3
antibody,H3K27me3 antibody, H3K4me3 antibody. The results were highly
consistent both within and between the ChIP-seq and CUT&RUN
experiments, indicated by the specific binding to promoters and enhancers

of Shh target genes such as Gli1.
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Figure 16. Gli3 ChIP-seq revealed peaks at Fgfr3 and Gsx2 genes.

(A) GIi3 binds to Fgfr3 gene. 2 biological replicates were shown.

(B) Gli3 binds to Gsx2 gene.
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Figure 17. Less proliferation in hGFAPcre; Fgfr1¥F ;Fgfr2FF; Fgfr3FF
(Fgfr Tcko) mouse brain at E18.5.

(A) Immunostaining showing expressions of Olig2, Olig1, 1d1, Ascl1, Egfr
in the E18.5 control and hGFAPcre; Fgfr1tF; Fgfr2FF; Fgfr3FF (Fgfr Tcko)
brain.

(B) Immunostaining showing expressions of Sox9, Phospho-MAPK, Ki67
and Egfr in the in the E18.5 control and hGFAPcre; Fgfr1F/F; Fgfr2F/F;
Fgfr3FF (Fgfr Tcko).

Scale bars: 100 ym in (A-n, B-n).
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Figure 18. Most of the remaining Phospho-MAPK* cells in hGFAPcre;
Fgfr1tF; Fgfr2FF; Fgfr3FF (Fgfr Tcko) are Egfr*cells.

(A - E, K- O) Immunostaining showing expressions of Phospho-MAPK,
Egfr, Olig2 in the E18.5 control and hGFAPcre; Fgfr1t/F;Fgfr2F/F;Fgfr3F/F
(Fgfr Tcko) brain.

(F-J, P-T)zoom in images of Phospho-MAPK, Egfr, Olig2 in the E18.5
control and hGFAPcre; Fgfr1tF,Fgfr2F/F;Fgfr3F (Fgfr Tcko) brain at
VZ/SVZ.

Scale bars: 100 ymin (E, J, O, T).
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Figure 19. Anti-correlation between Gli3 and Olig2 in VZ/SVZ.
(A) Quantification of the Gli3, and Olig2 protein expression level in wild-

type mouse brain in VZ/SVZ at P0O. The brains were sectioned at 12um

and Olig2/Gli3 immunostaining was performed on the section. 40X images

were taken by using ZEISS 880 confocal microscope. The individual cells

in the VZ/SVZ were selected based on DAPI staining. The sum of the

values of the pixels in the selection was calculated by ImageJ as the

integrated density. The average cell fluorescence value was calculated by

dividing the integrated density by the area of selection. We selected 100-

150 cells in the VZ/SVZ to calculate the average cell fluorescence value in

each channel. The data were visualized by normalizing the max average

cell fluorescence value to 1000 in each channel to show the differential

expression level of the Gli3 and Olig2 proteins. Each dot represents a cell.

The cell with a 1000 value is the brightest cell in the image.
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(B) Quantification of the Gli3, and Olig2 protein expression level in
hGFAP-Cre; Smof’F (Smo cko) mouse brain in VZ/SVZ at PO.

(C - E, I - K) Immunostaining showing expressions of Gli3 and Olig2 in the
wildtype control and hGFAP-Cre; SmofF (Smo cko) mice at PO.

(F - H, I-N)Zoom in images to show the immunostaining signal of Gli3
and Olig2 in VZ/SVZ in the wildtype control and hGFAP-Cre; SmofF (Smo
cko) mice. Representative cells with high expression of Gli3 in the nucleus
were shown in solid line circle and representative cells with high
expression of Olig2 in the nucleus were shown in dashed line circle.

Scale bars: 20pm in (E, H, K, N).
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Figure 20. Less oligodendrocytes, astrocytes and OB interneurons

wild type

8

N
S
S
Q

were found in Olig2 knockout mouse brain.

(A - T) Immunostaining showing expressions of Olig2, Olig1, Aldh1I1, 1d1,
Egfr, Sox9, Sox10, Sp8, Ascl1, Phospho- MAPK in wildtype and Olig2¢re/cre
(Olig2 knockout) mice at E18.

(U - X) Quantification Olig2*, Olig1*, Aldh111*, 1d1*, Egfr*, Sox9*, Sox107,
Sp8*, Ascl1*, Phospho- MAPK® cells per section (10x images taken by
Zeiss 880 confocal microscope) in wildtype and Olig2¢rere (Olig2 knockout)
mice at E18.

Data in (U - X) were represented as means + SEM (n = 3 per genotype). *,
P < 0.05; unpaired Student’s t test. Scale bars: 100 umin (J, T).
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Figure 21. Gli3 binds to the predicted enhancers of Olig1/2 loci.

(A) ATAC-seq showed increased accessibility in E16 Shh-IUE cortices
compare with wildtype cortices.

(B) CUT&RUN revealed increased H3K4me3 and H3K27ME3
modifications at Olig1/2 promoters locus in E16 SmoM2 cortices and
wildtype cortices.

(C) Gli3 binding sites (GBSs) identified by ChlP-seq shown in green.
Enhancers predicted by ENCODE shown in red. Gli3 ChIP-seq revealed 4
Gli3 binding sites labelled by GBS1/e14414, E3, GBS2/E2, and GBS3/E1.
Wavy green lines represent predicted interactions between enhancers and
the Olig2 promoter. GBS1 is part of enhancer e14414. E3 is part of
enhancer e14415. GBS3 is close to enhancer e14416.
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Figure 22. Enhancer e14414 and E2 regulates Olig2 and Olig1
expression in cortical VZ/SVZ.
(A - X) Immunostaining showing expressions of Pax6, Olig2, Olig1 in
O/,'QZCre/+, O/,'QZCre/Ae14414’ o/,-gzcre/AE3, O/,'QZCre/AEZ’ O/,'QZCre/AE1, and
Olig2¢ré/cre mice in cortical VZ/SVZ. Pax6 expression was used to show the
VZ and SVZ.
(Y, Z) Quantification Olig2*, Olig1* cells per 350um wide section(10x
images taken by Zeiss 880 confocal microscope) in different genotypes.
Representative 40X images were shown in (A - X).
Data in (Y, Z) were represented as means + SEM (n = 3 per genotype). *,
P < 0.05; unpaired Student’s t test. Scale bar: 20um in (X).
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Figure 23. Olig2 and Olig1 expression in cortical VZ/SVZ requires
enhancer e14414, E3 and E2 at PO

(A - T) Immunostaining showing expressions of Pax6, Olig2, Olig1 in
wildtype, Olig24e14414/ Ae14414 | Oig20EY/ AE3 | Ojg 2AE2/ AE2, Ofjg 28E1/ AET mice in
cortical VZ/SVZ. Pax6 expression was used to show the VZ and SVZ.

(U, V) Quantification Olig2*, Olig1* cells per 350um wide section (10x
images taken by Zeiss 880 confocal microscope) in different genotypes.
Representative 40X images were shown in (A - T).

Data in (U, V) were represented as means + SEM (n = 3 per genotype). *,
P < 0.05; unpaired Student’s t test. Scale bar: 20um in (T).
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Figure 24. Enhancer e14414 regulates Olig2 expression in lateral
VZ/SVZ.

(A - F) Immunostaining showing expressions of Olig2 in wildtype and
O/I'QZAe14414/Ae14414’ O/,'QZCre/Ae14414, OlingE3/AE3, O/igZAEZ/AEZ,O/iQZAE1/AE1
mice along the lateral ventricle.

(G - L) Enlarged image showing expressions of Olig2 in lateral VZ/SVZ.
(M - R) Enlarged image showing expressions of Olig2 in ventral VZ/SVZ.
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(S - X) Enlarged image showing expressions of Olig2 in medial VZ/SVZ.
(Y) Quantifications of Olig2* cells in lateral, ventral brain and medial
VZ/SVZ.

Scale bar: 100um in (F, X).

Data in (Y) were represented as means + SEM (n = 3 per genotype). *, P
< 0.05; unpaired Student’s t test.
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Figure 25. e14414 and E2 regulate gliogenesis in the dorsal cortex
and E2 is involved in OB interneuron development.

(A - H) Immunostaining showing expressions of Olig2, Olig1, Aldh1I1, 1d1,
Egfr, Sox9, Sox10, Sp8 in Olig2¢re* and Qlig2¢cre/ Ae14414 - Ojg2cre/ AE3,

Olig2ere/ A2 Oljg2¢re/ AET - Oljg2¢re/cre mice in cortical VZ/SVZ.
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(I - P) Quantification Olig2*, Olig1*, Aldh111*, Id1*, Egfr*, Sox9*, Sox10",
Sp8* cells per section (10x image taken by Zeiss 880 confocal
microscope) in different genotypes.

Quantifications of Olig2* cells in lateral, ventral brain and medial VZ/SVZ.
Data in (I - P) were represented as means + SEM (n = 3 per genotype). *,
P < 0.05; unpaired Student’s t test. Scale bar: 100um in (H - 5).

93



Oligi  Aldh1l1

Olig2
e

Olig24e3/2€3  Qfjg2e144 1411014414 Wild tyle

0 //g ZCAEZ/AEZ

0//g ZAE 1/0E7

| 0Olig2* cells in ctx J Olig1* cells in ctx
1500 800
ns
ns
. 600
1000, ns NS ns
ns
400
500
200

0

0
g > A A
R g g

e N @ & &
O f o g o o
& 0 ¢ N
& o 0¥ o “‘\a@\ 0\\0:.f o\ég §®
M N
Egfr* cells in ctx Sox9*in ctx
1000 1500
800 ns ns 08 (L
ns ns ns ns
600 1000
400
500
200
0 [
U 3 V N U 5 A A
o Y &
RGN o RGN o 9V 4
o o o o® o o % ¢
o® o®

Id1

K Aldh111* cells in ctx
150
ns
ns 0S ns
100
50

0
g
& 20

RO
S &
A ﬂ@* s o\\Q{f o

0\\‘)
Sox10*in ctx
300
ns
ns
200 Tons
100
0
B -3 v AN
o o R R
S F
QoY o o
O\@

L 1d1* cells in ctx
1500
ns
1000 ns
500

0
e 2 @ 9
\\é&ﬁw 'g» «B@ rg«\
T & o o
0\\‘)
Sp8* cells VZ/SVZ

250

200 ns

ns ns
ns
150

100
50
0
‘sa\&“ &% o o

0\9

Figure 26. Olig2* and Id1* cells are decreased in Enhancer e14414

knockout and E3 knockout.

(A - H) Immunostaining showing expressions of Olig2, Olig1, Aldh1I1, 1d1,
Egfr, Sox9, Sox10, Sp8 in wildtype, Olig24e14414/ Ae14414  O|jg2AES/ AE3,

Olig24E2 AE2  Ofjg24E1/AET mice in dorsal cortex.
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(I-P) Quantification Olig2*, Olig1*, Aldh111*, Id1*, Egfr*, Sox9*, Sox10*,
Sp8* cells per section (10x images taken by Zeiss 880 confocal
microscope) in different genotypes.

Datain (I - P) were represented as means + SEM (n = 3 per genotype). *,
P < 0.05; unpaired Student’s t test. Scale bar: 100um in (H - 5).
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Figure 27. 4C-Seq data revealed physical interactions between
Olig2/0Olig1 promoters and Gli3 binding sites.
(A) GIi3 binding sites identified by ChlP-seq shown in green. Enhancers

predicted by ENCODE shown in grey. Gli3 ChiP-seq revealed 4 Gli3
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binding sites labelled by GBS1/e14414, E3, GBS2/E2, and GBS3/E1.
These GBSs are conserved through species. Olig2/0lig1 genes are
whown in blue. GBS1 is part of enhancer e14414. E3 is part of enhancer
e14415. GBS3 is close to enhancer e14416.

(B) 4C-Seq were performed using PO/E16 cortices and LGE/MGE tissues
in wildtype and Smo cko brain. Two sets of primers (1844-2059 and 1731-
2059) were designed by using Olig1 promoter as the viewpoint. Another
Two sets of primers (1840-2440 and 1171-1840) were designed by using
Olig2 promoter as a viewpoint. Captured sequences from 4C-Seq were
shown in black from each trail.

(C) Interactions detected by 4C-Seq by using wildtype tissues were
summarized.

(D) Interactions detected by 4C-Seq by using Smo cko tissues were
summarized.

(E) An example 4C experiment using Olig2 promoter as the viewpoint.
(F) The top panel shows the most significantly enriched motif identified
form our Gli3 ChIP-seq IDR peaks, the bottom panel shows Gli2 binding
motif.

(G) The hs1188 (left) and mm817 enhancers (right) are active in the
cerebral cortex of E11.5 mouse embryos (Data from vista enhancer

browser).
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Figure 28. Anti-correlation of Pax6 and Olig2 in VZ/SVZ

(A) Quantification of the Pax6 and Olig2 protein expression level in wild-
type mouse brain in VZ/SVZ at PO. The brains were sectioned at 12um
and Olig2/PAX6 immunostaining was performed on the section. 40X
images were taken by using ZEISS 880 confocal microscope. The
individual cells in the VZ/SVZ were selected based on DAPI staining. The
sum of the values of the pixels in the selection was calculated by ImageJ
as the integrated density. The average cell fluorescence value was
calculated by dividing the integrated density by the area of selection. We
selected 100-150 cells in the VZ/SVZ to calculate the average cell

fluorescence value in each channel. The data were visualized by
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normalizing the max average cell fluorescence value to 1000 in each
channel to show the differential expression level of the Pax6 and Olig2
proteins. Each dot represents a cell. The cell with a 1000 value is the
brightest cell in the image.

(B - D) Immunostaining showing expressions of Pax6 and Olig2 in the
wildtype mouse brain at PO.

(E - G) Zoom in images showing the immunostaining signal of Pax6 and
Olig2 in VZ/SVZ in the wildtype brain. Representative cells with high
expression of Pax6 in the nucleus were shown in solid line circle and
representative cells with high expression of Olig2 in the nucleus were
shown in dashed line circle.

(H) Two replicates of Pax6 ChlP-seq and two replicates of Gli3 ChlP-seq
data were shown. Enhancers predicted by ENCODE shown in grey. Pax6
binds to the e14412, e14414/GBS1 and GBS3/E1.

Scale bars: 20pum in (E, H, K, N).

99



Olig2 Gsx2/Sp8 Gsx2 Sp8 Tbr2

Wwiild type

hGFAPcre,
Pax61i/fl

Emxicre
Pax61if

Ctip2 Satb2 v

Olig2* cells Gsx2* cells Sp8* cells
g 400 250 500
:3 300 200 400
N 150 300
S 200
§ 100 200
100 50 100
0 r 0
of & o of & o of & ﬁ“
F I & QT < & o <
< o o o & o
S & & o & o & o
QX * :
< ©
W X
G 6? Tor2* cells Ctip2* cells Satb2* cells
< 500 1500 2000
ns
400
1500
1000
300 ns
1000
200
500
% g 100 500
AN
; 25 0 0 0
& >W<s éc@q' ,@:““ @“& éu‘?q' 8 @‘@ ¥ 6 g:@
W Q K BQ’A <7 & & BQo aa
& & Qo@ A & a8
& & &

Figure 29. Pax6 represses OB lineage.

(A - U) Immunostaining showing expressions of Olig2, Gsx2, Sp8, Tbr2,
Ctip2 and Satb2 in E16 wildtype, hGFAPcre Pax6 FF and Emx1-cre
Pax6FF mouse brain.

(V) Quantification of Olig2*, Gsx2*, Sp8*, Tbr2*, Ctip2* and Satb2* cells
per 350um wide section (10x images taken by Zeiss 880 confocal
microscope) in different genotypes are shown.

Data in (V) were represented as means +- SEM (n = 3 per genotype). *, P
< 0.05; unpaired Student’s t test. Scale bar: 100um in (O).
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Figure 30. Pax6 and Gli3 repress OB lineage synergistically.

(A - P) Immunostaining showing expressions of Olig2, Gsx2, Sp8, Tbr2 in
PO wildtype, hGFAPcre Pax6 FF (Pax6 cko), hGFAPcre Gli3* Pax6*
(dhet) and hGFAP-cre Gli3F Pax6FF (dcko) mouse brain.
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(Q - T) Quantification of Olig2*, Gsx2*, Sp8* and Tbr2* cells per 300um
wide section(10x images taken by Zeiss 880 confocal microscope) in
different genotypes are shown.

Data in (Q - T) were represented as means + SEM ( n = 3 per genotype).
*, P <0.05; unpaired Student’s t test. Scale bar: 100um in (P).
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Materials and Methods

Animals

Experiments were performed according to protocols approved by the
Institutional Animal Care and Use Committee at University of California at
Santa Cruz. Experiments performed at Fudan University were in
accordance with institutional guidelines.

The day of the vaginal plug detection was designated as E0.5. The
day of birth was designated as P0O. The genders of the embryonic and early

postnatal mice were not determined.

Immunohistochemistry

4% paraformaldehyde was delivered to mice via trans-cardiac
perfusion. Brains were post-fixed in 4% paraformaldehyde, 0.1% saponin,
and PBS for 24 hours at 4°C, followed by cryoprotection in 30% sucrose in
PBS. Brains were sectioned via cryostat at 12um or 20um.

Immunohistochemistry was performed using standard protocols.
Briefly, brain sections were permeabilized with 0.03% Triton X-100 in PBS
for 10 min. Slides were then immersed in citrate acid buffer (10mM citric
acid monohydrate, 0.05% Tween-20, pH 6.0), brought to a steamer for
25min at RT. Slides were cool down to RT after steaming and then
incubated in a blocking buffer (5% Horse serum, 0.03% Triton X-100 in PBS)

for 30 minutes. Blocking buffer was removed, and the sections were
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incubated with primary antibodies (diluted in the blocking buffer) for 24
hours at 4°C.

The following primary antibodies were used in this study: OLIG2
(Mouse, Millipore 3319819 ), OLIG1(Rabbit, Abcam, ab124908), GLI3 (Goat,
R&D Systems AF3690), SOX9 (Rabbit, Abcam ab185230), SOX10 (R&D
System AF2864), PDGFRa (Rat, BD Pharmingen 558774), SP8 (Goat,
SCBT Sc-104661), GSX2 ( Rabbit, Millipore ABN162), ALDH1L1( Rabbit,
Abcam ab87117), EGFR(Goat, R&D Systems AF1280), MAPK(Rabbit, Cell
Signaling), ID1 (Rabbit, Biocheck, Inc BCH-1/#37-2), ID3 (Rabbit, Biocheck,
Inc BCH-4/#17-3), KI67(Mouse, BD Pharmingen, #556003), ASCL1(Rabbit,
Cosmo Bio, SK-T01-003), GFP (Chicken, Aves Labs GFP-879484),
Activated caspase 3 (Rabbit, Cell Signaling Technology #9661), SATB2
(Rabbit, Abcam ab34735), and GAPDH (Covance, MMS-580S). H3k27me3
(Rabbit, Cell Signaling), H3k4me3 (Rabbit, Cell Signaling).

The sections were washed in PBS, and incubated with secondary
antibodies conjugated to Alexa 488, Alexa 546, Alexa555, or Alexa 647 for
1.5 hour at room temperature. Secondary antibodies were from Jackson
ImmunoResearch and Invitrogen. Finally, the sections were counterstained

with DAPI for 5 mins before being mounted in Fluoromount-G.

In situ hybridization
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All in situ RNA hybridization assays were performed using
digoxigenin riboprobes on 20 mm cryostat sections as previously described

(Guo et al., 2019)(Zhang et al., 2016).

Gene Forward Primer 5’ = 3’ Reverse Primer 5’ = 3’
Smo ACATGCCCAAGTGTGAGAATGACC GCTCTTGATGGAGAACAGAGTCAT
Ptch1 AAGCCCATCGACATTAGTCAGT ATAAGAGGACAGGCAGCAGAAC
Gli1 TGGAGAACCTTAGGCTGGATCAGC GGATCAGGATAGGAGACCTGCTGG
Gad1 ATGGCATCTTCCACTCCTTCG TTACAGATCCTGACCCAACCTCTC
Sp9 ACCTGAATCGTGATTCCCAGCAG TGCTATGGCTTTTGCAACCCAC
Tshz1 GAGAAGGTCACGGGCAAGGTCAGC | GAGGCGAGGACACAGCATCTGCCA
Prokr2 ATGGGACCCCAGAACAGA ATGGGACCCCAGAACAGA

Amplified DNA fragments were ligated into pGEM-T Easy (Promega)
plasmids, transformed into competent E. coli cells, and plated overnight on
LB+Agar+Ampicillin plates. Colonies were picked, grown overnight in 3 mL
LB+Ampicillin, and purified via miniprep kits (Sigma-Aldrich). Purified
plasmids were sequenced to ensure sequence fidelity, and to determine
insert orientation. Plasmids were then linearized with restriction enzymes
from New England Biotech, and in vitro transcription reactions were
performed with either T7 (NEB) or Sp6 (Promega) RNA polymerases,
depending on insert orientation, in the presence of DIG-labeled nucleotides
(Sigma-Aldrich).

Tissue was prepared as previously described by (Guo et al., 2013),
and treated with DIG-labeled probes overnight at 65° C. Slides were

developed with NBT/BCIP stock solution (Sigma-Aldrich).
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EdU labeling

Timed pregnant mice were injected with a single dose of EdU
(40mg/kg body weight; Thermo Fisher Scientific, E10187) at E16.5 or E17.5.
Brains were collected at E17.5 or PO. EAU was detected via a click-
chemistry reaction containing the following reagents per 1 ml of reaction:
950ul 100mM Tris PH 7.4, 40ul 100 mM CuSO4, 10ul 200 mg/mL sodium

ascorbate, and 1ul Azide 555.

CUT&RUN-seq

The E16 wt and hGFAP-Cre; Rosa265m°M2* cortices (n = 3 each
group) were dissected, and cells were isolated with the Accumax(Sigma-
Aldrich A7089) following the manufacturer’s instructions. CUT&RUN were
performed according to the published protocol (Skene and Henikoff, 2017).
H3K27ac H3K4me3 and H3K27me3 were used in this study. 100million
cells were used for each sample. DNA libraries were constructed using
NEBNext Ultra Il DNA Library Prep Kit for lllumina (NEB #E7645, E7103)
with index primers (NEB, E7645-S). The libraries were sequenced via
NextSeq 75 cycles High (PE37) platform with 1% PhiX control. Pippen size

selection was used to remove the primer dimers (140bp).

ATAC-seq

The E16 cortices from Rosa265m°M2* (control) brains, hGFAP-Cre;

Rosa265moM2+ and ShhN-IUE (pCAG-ShhN-Ires-GFP were electroporated
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into the wild-type cortex at E13.5) (n = 3 each group) were carefully
dissected under a fluorescent stereoscope, and incubated in 4 ml of papain
solution (final con. 12 U/mL, diluted in DMEM/F-12, Gibco 11330032) for 20
min at 37 °C. The cortical tissues were gently triturated, filtered through a
40 um cell strainer, and washed with HBSS to obtain the single cell
suspension. The libraries were prepared by Nextera DNA Library Prep Kit
(Nlumina, catalog # FC-121-1030). The primary protocol is based on the
published protocol (Buenrostro et al., 2015), with the following modification:
We found that column purification of the libraries does not remove primer-
dimers (78 bp), and our libraries often contained large fragments 1,000-
10,000 bp in length. Therefore, we use magnetic bead purification rather
than column purification of the libraries. The platform was Illumina

Hiseq4000, 100PE.

RNA-seq

The PO cortices from Rosa265m°M2+ (control) brains, hGFAP-Cre;
Rosa265moM2+ and ShhN-IUE (pCAG-ShhN-Ires-GFP were electroporated
into the wild-type cortex at E13.5) (n = 3 each group) were dissected, and
total RNA was isolated with the Direct-zol RNA Miniprep kit (Zymo, catalog
#R2050) following the manufacturer’'s instructions. The gene expression
level was reported with fragments per kilobase of exon model per million
mapped reads (FPKM) (Trapnell et al., 2012). Genes with a p value < 0.05

would be called as differentially expressed.
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scRNA-Seq library preparation

pCAG-ShhN-Ires-GFP plasmids were electroporated into the cortical
VZ of wild-type mice at E13.5. Three days after ShhN-IUE (E16.5), embryos
were quickly taken, and the brains were immediately removed and
submerged in fresh ice-cold HBSS (GIBCO 14175-095).

E16.5 wild type and ShhN-IUE cortices were carefully dissected
under a fluorescent stereoscope and incubated in 4 ml of papain solution
(final con. 12 U/mL, diluted in DMEM/F-12, Gibco 11330032) for 20 min at
37 °C. The cortical tissues were gently triturated, filtered through a 40-um

cell strainer, and washed with HBSS to obtain the single cell suspension.

scRNA-Seq analysis

High quality sequences (Clean reads) were obtained by removing
low quality sequences and joints. Clean reads were then processed with
Cell Ranger software to obtain quantitative information of gene expression
and cell population classification. The cell statistical results are shown in the

following table.

Group ShhN - IUE Wild - type
Estimated Number of 8538 7834
Cells
Mean Reads Per Cell 50946 55069
Total Genes Detected 18151 18001
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Median Genes Per Cell 2422 2368

Fraction Reads in Cells 90.90% 84.80%
Median UMI Counts Per 6726 6230
Cell

Clustering was performed as previously described. Normalized
counts matrices were log2 transformed, and variable genes were calculated
using default Seurat parameters. Data were scaled in the space of these
variable, and batch was regressed out. Principal component analysis was
performed using FastPCA, and significant PCs were identified using the
formula outlined in Shekhar et al. In the space of these significant PCs, the
k=10 nearest neighbors were identified as per the RANN R package. The
distances between these neighbors were weighted by their Jaccard
distance, and louvain clustering was performed using the igraph R package.
If any clusters contained only 1 cell, the process was repeated with k=11
and up until no clusters contained only 1 cell. Cluster markers and tSNE (t-
Distributed Stochastic Neighbor Embedding) plots were generated with
Seurat package default parameters. Differentially expressed genes for each
cluster were shown in Figures S6 andS7. Cell lineages trajectory was
analyzed using Monocle 2, a computational method based on a machine
learning technique called reversed graph embedding to construct the single-
cell trajectories (Trapnell et al. 2014). Monocle uses the algorithm to extract
the sequence of gene expression changes each cell must go through in
biological processes, therefore, to predict lineage trajectories and
bifurcations by ordering the pseudo-timeline. The pseudo-timeline is a
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developmental tree, that a cell at the beginning of the biological process
starts at the root and progresses along the trunk and choose different path
to finally arrive the leaf. A cell’'s pseudo time value is the distance that it
would have to travel to get back to the root. The lineage trajectory
reconstructed by monocle is referred to as predicted developmental
trajectory. The cluster of RGC serves as the root point. To analyze the
events of lineage switch for cortical progenitors, we extracted the progenitor
cells (including clusters of RGC, OB-IPC, OPC, and tri-IPC) from the Shh-
IUE sample. We pooled all the subpopulations for the following analysis. We
first imported the Seurat object containing cleaned, standardized, and
clustered dataset to the monocle 2. Then, the most dispersed genes to use
for pseudo-time ordering were calculated using the ‘estimate dispersions’
function. R package DDRTree was used to reduce dimensions with selected
dispersed genes. In the meantime, the effects of numbers of UMI, donor,
and library preparation batch were corrected. Finally, visualization function

‘plot_cell_trajectory’ was used to plot the minimum spanning tree on cells.

Quantification and statistical analysis

RNA-Seq data, scRNA-Seq data and analysis are provided in the
above methods sections. Statistical tests were performed using GraphPad
Prism software, Microsoft Excel and R language. No statistical methods
were used to estimate sample size. Number of cells are shown as mean £

SEM and statistical significance was determined using two-tailed Student’s
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t tests. Significance was set as * for p < 0.05, ** for p < 0.01, and *™* p <

0.001.

Data and code availability

Bulk RNA-seq data and scRNA-Seq data have been deposited at the
National Center for Biotechnology Information BioProjects Gene Expression

Omnibus and are accessible through GEO: GSE140817.

In utero electroporation

In utero electroporation (IUE) of wild-type or Gsx2Fro*;|S embryos
was performed at E13.5 or E14.5. Plasmids pCAG-Cre (Addgene #13775),
pCAG-GFP (Addgene #11150), pCAG-ShhN-Ires-GFP,or pCAG-GFP (final
concentration of 1-2 mg/ml, 0.5ml each embryo) were mixed with 0.05%
Fast Green (Sigma), and injected into the lateral ventricle of embryos using
a beveled pulled glass micropipette. Five electrical pulses (duration: 50 ms)
were applied at 31V for E13.5 embryos and 35V for E14.5 embryos across
the uterine wall with a 950 ms interval between pulses. Electroporation was
performed using a pair of 7 mm platinum electrodes (BTX, Tweezertrode
45-0488, Harvard Apparatus) connected to an electroporator (BTX,

ECMB830). Embryos were analyzed at different time points.

Image acquisition and analysis
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Images for quantitative analyses were acquired with a Zeiss 880
confocal microscope. Cell counting was performed on single z-slices. The
unpaired t test was used to determine statistical significance. Analyses were
done using GraphPad Prism 8.0, Microsoft Excel and R language.

The numbers of GFP* or/and tdT* cells in the OB, and GFP*
oligodendrocytes and astrocytes in the cortex (0.40 mm2 area for the OB
and 1.10 mm2 area for the cortex) were quantified in 3-4 randomly chosen
30 mm sections for P21 Gsx2Flro*; |S; pCAG-Cre IUE@E14.5 mice. The
numbers of S100b*, GFP* S100b*, OLIG2* and GFP* OLIG2* cells in the
cortex (0.67mm2 area) were quantified in 4 randomly chosen 30 mm
sections for P21 Emx1-Cre; Gsx2FPo*; IS mice. The numbers of GFP*
oligodendrocytes and astrocytes in the cortex (1.78 mm? area) were
quantified in 4 randomly chosen 30 mm sections for P21 Emx1-Cre;
Gsx2flo+ - |S mice, and the percentages of the oligodendrocytes and
astrocytes among all GFP* cells in the cortex were calculated. Gsx2* and
Eomes™ cells in the entire cortex were quantified in 2 randomly chosen 10
mm sections at rostral, intermediate, and caudal telencephalic levels,
respectively, from wild-type mice. The numbers of Gsx2* cells and Sp8*
cells in the P2 cortices were counted in 3 randomly chosen 12 mm sections
for each group of mice. Two or three brains for each genotype at each stage
were used.

10X images taken by Zeiss 880 confocal microscope were used for
quantifying the numbers of Gsx2*, Sp8*, Eomes™, Olig2*, EdU*, Ascl1*,

Egfr, Aldh111%, 1d17, Id3*, Sox10*, Sox9* cells in the cortical VZ/SVZ and
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CTX in the PO and P3 brains. The control brain and mutant brains were
sectioned on the same slide and imaged at the same time under the same
condition. The numbers of cells in a 300 mm width or 1000px width were
counted. Three matched sections from each brain, and three brains for each

genotype at each stage were used.

ChiP-seq

E15 wt cortices cortices(n = 3 each group) were dissected, fixed for
10 min with 1% formaldehyde and neutralized with glycine. Chip-seq were
performed according to the published protocol (Johnson et al., 2007). The
cells were lysed, and the chromatin was sheared into 100~300-bp
fragments. Immunoprecipitation reactions were performed using the Gli3
and Pax6 antibody. Sequencing libraries were generated from the ChlP-ed
DNA and input DNA for control using Ovation Ultralow System V2 kit
according to the manufacturer’s protocol. Sequencing was performed on

Hiseq4000, 100PE platform.

4C-Seq

E16 and PO wt Cortices, LGE/CGE tissues(n = 3 for each sample)
were dissected and used for 4C-Seq according to published protocol
(Krijger et al., 2020). Olig2 and Olig1 promoter were used as viewpoints.
Primers were designed by using Primer3. The following restriction

enzymes(RE) and primers were used in this study. 4C libraries were
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generated with dual index NEB primers (E7780-S). The pooled library has
low complexity and needs about 20% PhiX spike in control. The platform is
NextSeq 150 cycles MID output (PE75). The following pipeline were used
to analyze the data https://github.com/deLaatLab/piped4C(Krijger et al.,

2020).
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Olig2

Cspél

Dpnll

1840-2440

TATTGTCACTGTAGCGTCAG
TACACGACGCTCITCCGATCITATTGTCACTGTAGCGTCAG
CTCCAAAGTGGCTAGGATTT
ACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTCCAAAGTGGCTAGGATTT

Olig2

Dpnll

Csp6l

1840-2440

TATTGTCACTGTAGCGTCAG
TACACGACGCTCTTCCGATCITATTGTCACTGTAGCGTCAG
CTCCAAAGTGGCTAGGATTT
ACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTCCAAAGTGG CTAGGATTT

Olig2

Dpnll

Cspél

1117-1840

CACACACATACAAAGCTGAG
TACACGACGCTCITCCGATCTCACACACATACAAAGCTGAG
CGGACGAGTTTGCAGATT
ACTGGAGTTCAGACGTGTGCTCTTCCGATCTCGGACGAGTTTGCAGATT

Olig1

Dpnil

Cspél

1844-2059

TGTCCTTGTAAAATGTGATC
TACACGACGCTCTTCCGATCTTGTCCTTGTAAAATGTGATC
GATAACCCTCTCTGGCAAC
ACTGGAGTTCAGACGTGTGCTCTTCCGATCTGATAACCCTCTCTGGCAAC

Olig1

Nlalll

Cspél

1731-2059

GGTTGGCTGTTATAAAAATGC
TACACGACGCTCTTCCGATCTGGTTGGCTGTTATAAAAATGC
GATAACCCTCTCTGGCAAC
ACTGGAGTTCAGACGTGTGCTCTTCCGATCTGATAACCCTCTCTGGCAAC
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