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Transcription factors Bcllla and Bcll11b are required for
the production and differentiation of cortical projection
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The generation and differentiation of cortical projection neurons are extensively regulated by interactive programs of transcriptional
factors. Here, we report the cooperative functions of transcription factors Bcll1la and Bcl11b in regulating the development of cortical
projection neurons. Among the cells derived from the cortical neural stem cells, Bcllla is expressed in the progenitors and the
projection neurons, while Bcl11b expression is restricted to the projection neurons. Using conditional knockout mice, we show that
deficiency of Bcllla leads to reduced proliferation and precocious differentiation of cortical progenitor cells, which is exacerbated
when Bcl11b is simultaneously deleted. Besides defective neuronal production, the differentiation of cortical projection neurons is
blocked in the absence of both Bcllla and Bcll1b: Expression of both pan-cortical and subtype-specific genes is reduced or absent;
axonal projections to the thalamus, hindbrain, spinal cord, and contralateral cortical hemisphere are reduced or absent. Furthermore,
neurogenesis-to-gliogenesis switch is accelerated in the Bcl11a-CKO and Bcll1a/b-DCKO mice. Bcllla likely regulates neurogenesis
through repressing the Nr2f1 expression. These results demonstrate that Bcllla and Bcl11b jointly play critical roles in the generation

and differentiation of cortical projection neurons and in controlling the timing of neurogenesis-to-gliogenesis switch.
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Introduction

Cortical projection neurons, or pyramidal neurons, con-
stitute approximately 70-80% of the neuronal population
in the mammalian neocortex, the precise development
of which is quintessential for sensory information inte-
gration, motor coordination, and cognition (McConnell
1989; Molyneaux et al. 2007; Greig et al. 2013). Cortical
neurogenesis begins with the proliferation of neuroep-
ithelial cells which produce cortical radial glial cells
(RGCs) located in the ventricular zone (VZ). RGCs divide
symmetrically to expand the progenitor pool, or asym-
metrically to produce cortical projection neurons (direct
neurogenesis) or intermediate progenitor cells (IPCs) that
migrate to the subventricular zone (SVZ), where they
divide to generate cortical projection neurons (indirect
neurogenesis). The projection neurons sequentially
populate the cortical layers in an inside-first, outside-
last sequences (McConnell 1989, 1995; Leone et al. 2008;
Juric-Sekhar and Hevner 2019). As the projection neurons
are generated, their subtype identities are established
by transcriptional repressors that act in the postmi-
totic neurons to repress alternate subtype identities

(Alcamo et al. 2008; Chen et al. 2008; McKenna et al. 2011,
2015; Tsyporin et al. 2021). At the end of cortical neuro-
genesis, cortical RGCs switch from generating excitatory
projection neurons to producing inhibitory olfactory bulb
interneurons and cortical glia, in a process controlled
by Shh signaling (Zhang, Liu, et al. 2020; Li et al.
2021).

Recent single-cell RNA-seq analyses (scRNA-seq)
have segregated cortical projection neurons into many
clusters based on gene expression of individual cells
(Tasic et al. 2018). However, cortical projection neurons
can also be classified into three broad classes based on
axonal projections. The subcerebral neurons that extend
their axons into the midbrain, the pons, the medulla
oblongata and the spinal cord are located in the layer V.
The corticothalamic neurons project their axons into the
thalamus. They are located in layer VI. Corticocortical
projection neurons extend their axons to other cortical
areas either in the ipsilateral (associative projection
neurons) or contralateral (commissural projection
neurons) hemispheres, and they are distributed across
layers 1I-VI (Molyneaux et al. 2007; Leone et al. 2008;
Greig et al. 2013).
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A few transcription factors have been identified that
are essential for subtype specification and differentia-
tion of cortical projection neurons. For example, Sox5
regulates the migration and identities of corticofugal
projection neurons residing in deep cortical layers, and
it does so by directly repressing Fezf2 expression (Kwan
etal. 2008; Lai et al. 2008; Shim et al. 2012). Tbrl promotes
layer VI corticothalamic neuron subtype identity and
represses layer V subcerebral neuronal fate by directly
repressing Fezf2 and restricting corticospinal tract out-
growth (Hevner et al. 2001; Bedogni et al. 2010; Han
et al. 2011; McKenna et al. 2011). Fezf2 is expressed in
both layer V subcerebral neurons and in layer VI corti-
cothalamic neurons and regulates the identities of both
subtypes. It promotes the subtype specification of layer
V subcerebral neurons and regulates their axon target-
ing in part by inhibiting Tbrl and Satb2 expression, the
high-level expression of which leads to corticothalamic
and corticocortical neuron identities, respectively (Chen
et al. 2005, 2008; Molyneaux et al. 2005; Eckler et al.
2014). Recently, it has been shown that in layer VI corti-
cothalamic neurons, Fezf2 recruits a transcriptional co-
repressor, Tle4, to repress the expression of genes associ-
ated with layer V subcerebral neuron features (Tsyporin
et al. 2021). The DNA-binding protein that is involved in
chromatin remodeling, Satb2, is required for the subtype
specification and differentiation of multiple cortical pro-
jection neuron subtypes. In the callosal neurons, Satb2
represses the high-level expression of genes associated
with subcerebral neuron identity such as Bcl11b (Alcamo
et al. 2008; Britanova et al. 2008). In the layer V subcere-
bral neurons, Satb2 is required for Fezf2 expression in
these neurons, and the mutual regulations between Satbh2
and Fezf2 ensure that the subcerebral neuron identity is
established, as evidenced by the facts layer V subcerebral
neurons and axons are missing in mice deficient in either
gene (Chen et al. 2008; McKenna et al. 2015).

Zinc-finger transcription factor family Bcl11 proteins
(Bcllla and Bclllb) share 55% identity at amino acid
level. They were first identified by their functions in the
immune and hematopoietic systems (Lessel et al. 2018;
Liu et al. 2018; Simon et al. 2020). In the central ner-
vous system, they are mainly expressed in the cerebral
cortex, olfactory bulb, striatum, and dorsal spinal cord
(Leid et al. 2004). BCL11A (also known as CTIP1) has been
implicated in neocortical dysplasia, autism spectrum dis-
orders, neuropsychiatric disorders linked with intellec-
tual deficiency, epileptic encephalopathy, dyspraxia, and
hypotonia in human patients (Sanders et al. 2015; Soblet
et al. 2018; Yoshida et al. 2018). BCL11B (also known as
CTIP2) has been linked to a number of neurodegenerative
disorders including Alzheimer’s disease, Huntington’s
disease, schizophrenia, and amyotrophic lateral sclerosis
(Lennon et al. 2016, 2017).

Recent studies have reported that Bcl1la and Bclllb
are expressed in nonoverlapping populations of neu-
rons in the murine cerebral cortex and have distinct
functions (Arlotta et al. 2005; Wiegreffe et al. 2015;

Greig et al. 2016; Woodworth et al. 2016). Bclllb is
expressed in layer V subcerebral neurons and is essential
for the fasciculation, refinement, and elaboration of the
axonal projections to the spinal cord (Arlotta et al. 2005).
Bcll1la is expressed in projection neurons in all cortical
layers. Within the deep cortical layers, it is not expressed
in the Bcl11b™ layer V subcerebral neurons (Woodworth
et al. 2016). Bcllla is critical for the migration of upper
layer projection neurons by repressing the expression of
Sema3c and regulates the morphology of these neurons
in a mechanism independent of Sema3c (Wiegreffe et al.
2015). In the deep cortical layers, Bcllla promotes the
acquisition of corticothalamic and callosal subtype
identities and represses the layer V subcerebral identity
(Wiegreffe et al. 2015; Woodworth et al. 2016). In addition,
Bcllla regulates cortical arealization by driving sensory-
specific differentiation, including gene expression,
output connectivity, and formation of topographic maps
(Greig et al. 2016). Taken together, these studies indicate
that these two related transcriptional factors control
distinct development processes of cortical projection
neurons, but whether they have joint functions in cor-
tical neurogenesis and projection neuron differentiation
remains to be addressed.

Here, we show that Bcllla is expressed in RGCs
and intermediate progenitors, and it regulates the
proliferation and differentiation of cortical progenitor
cells, as well as the timing of neurogenesis and gli-
ogenesis switch. We show that Bcllla binds to and
likely directly represses the transcription of Nr2fl, a
transcription factor previously shown to inhibit the
proliferation and promote the differentiation of cortical
progenitor cells (Faedo et al. 2008). We discover that
beyond their own unique and seemingly antagonizing
functions in specifying corticothalamic and deep-layer
callosal versus layer V subcerebral neuronal subtype
identities, Bcllla and Bclllb redundantly promote
cortical projection neuron subtype specification and
differentiation: In the Bcllla and Bcl11b double mutant
mice, expression of cortical projection neuronal genes,
especially of the corticothalamic and layer V subcerebral
neuronal genes, is severely reduced or almost absent;
and consistent with these cellular and molecular defects,
the corticothalamic axons are completely missing in the
thalamus and the subcerebral axons fail to reach the
pyramidal decussation.

Materials and Methods

Mice

Bcl11aFox/Flox (Liy et al. 2003; Yu et al. 2012), Bcl11pFlox/Flox (14
et al. 2010), Emx1-cre*/~ (Gorski et al. 2002), and ISFlox/Flox
(He et al. 2016; Li et al. 2021) mice were previously
described. These mice were maintained in a mixed
genetic background of C57BL/6] and CD1. The date of
vaginal plug detection was designated as embryonic day
0.5 (E0.5) and the day of birth was designated as postnatal
day O (PO). All animal experiments described in this



study were approved in accordance with institutional
guidelines at Fudan University Shanghai Medical College.

5-Bromo-2'-deoxyuridine/5-Ethynyl-2'-
deoxyuridine Labeling

For cell cycle length analysis, timed pregnant females
were intraperitoneally injected with 5-bromo-2'-
deoxyuridine (BrdU) (50 mg/kg in 0.9% NaCl) at E13.5
or E15.5; 5-ethynyl-2’-deoxyuridine (EdU) (10 mg/kg in
DMSO) was intraperitoneally injected 1.5 h after BrdU
injection. Embryonic brains were collected 30 min after
EdU injection, followed by immersion fixed for 8 h in
4% PFA, cryoprotected in 30% sucrose for at least 24 h,
frozen in the embedding medium, and sectioned at
12 pum using a cryostat. EAU was detected using the
Click-iT EQU Cell Proliferation Kit (Thermofisher, USA),
following the manufacturer’s instruction (Zhang et al.
2020). Briefly, the sections on slides were fixed in 4%
PFA for 15 min, followed by washing in 1x phosphate
buffered saline (PBS) twice and permeabilization with
0.5% Triton X-100 for 20 min at room temperature.
Reaction cocktail was prepared freshly according to
manufacturer’s instruction. The permeabilization buffer
was replaced with reaction cocktail and the slides were
incubated for 30 min at room temperature, protected
from light. We removed the reaction cocktail, washed
with 1x PBS, performed the BrdU immunocytochemistry,
and proceeded to imaging and analysis.

For analysis of production of deep-layer projection
neurons, female mice were given single intraperitoneal
injections of BrdU at E13.5. Brains were collected at PO
and processed for BrdU immunocytochemistry.

Tissue Preparation

Postnatal mice were perfused transcardially with 1x
PBS (pH 7.4), followed by 4% paraformaldehyde (PFA)
in 1x PBS. Postnatal brains were dissected and postfixed
overnight in 4% PFA; embryonic brains were immersion
fixed for at least 12 h in 4% PFA, cryoprotected in 30%
sucrose for at least 24 h, frozen in the embedding
medium, and cryosectioned at 8, 12, or 20 um using a
cryostat (CM1950, Leica, USA).

Histology

The sections on slides were fixed in 4% PFA for at least
10 min, washed in double distilled water twice, followed
by staining in a cresyl violet solution (Beyotime, C0117)
for 1-5 min at room temperature. After cleared in dis-
tilled water, the slides were serially dehydrated in 70%,
80%, and 95% and two passes in 100% ethanol (3 min for
each step). All slides were then given two 5-min passes in
100% dimethylbenzene and coverslips were applied with
neutral balsam (Wang et al. 2018).

Immunohistochemistry

For BrdU detection, 8- or 12-um-thick coronal sections
were treated with 2 N HCI at room temperature for an
hour, neutralized in 0.1 M borate buffer (pH 8.6) for
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10 min twice, and washed in 1x PBS twice. The sections
were incubated overnight at 4°C with a rat anti-BrdU
antibody (1:200, Accurate Chemical, OBT0030s) (Li et al.
2018).

For Bcl11a, Bcl11b, Pax6, Eomes, Tuj1, Aldh1l1 immuno-
histochemistry, sections on slides were boiled in 10 mM
sodium citrate briefly for antigen retrieval. The sections
were permeabilized with 0.05% Triton X-100 for 30 min
and incubated in a blocking buffer (5% donkey serum
and 0.05% Triton X-100 in 1x PBS) for 2 h. The blocking
buffer was removed, and the sections were incubated
overnight at 4°C with the following primary antibodies
diluted in the blocking buffer: rabbit anti-Pax6 (1:2000,
MBL, PD022), mouse anti-Pax6 (1:400, BD Pharmingen,
561664), mouse anti-Bcllla (1:1200, Abcam, ab19487),
rat anti-Bcl11b (1:1500, Abcam, ab18465), rabbit anti-
Eomes (Tbr2, 1:300, Abcam, ab23345), rat anti-Eomes
(Tbr2, 1:500, Thermo Fisher, 12-4875-82), rabbit anti-
Dcx (1:2000, Abcam, ab18723), mouse anti-Tujl (1:500,
Covance, MMS-435P-256), rabbit anti-Tbr1 (1:500, Abcam,
ab31940), rabbit anti-PH3 (1:500, Sigma-Aldrich, 06-570),
rabbit anti-KI67 (1:500, Vector Labs, VP-K451), mouse
anti-NeuN (1:1000, Millipore, MAB-377), rabbit anti-
Cleave Caspase-3 (1:500, Cell Signaling, 9616), goat anti-
Foxp2 (1:500, Santa Cruz, sc-21069), rabbit anti-Aldh111
(1:1500, Abcam, ab87117), rabbit anti-Gfap (1:2000, Dako,
70334), goat anti-Egfr (1:500, R&D, AF1280), rabbit anti-
Olig2 (1:1000, Millipore, MAB9610), and goat anti-Sox10
(1:300, R&D, AF2864).

The sections were incubated with secondary anti-
bodies against the appropriate species for 90 min
at room temperature (all from Jackson, 1:500-1:600).
Fluorescently stained sections were then washed, coun-
terstained with 4/,6-diamidino-2-phenylindole (DAPI)
(Sigma, 200 ng/mL) for 2-5 min, and coverslipped with
Gel/Mount (Biomeda, Foster City, CA).

In Situ RNA Hybridization

All in situ RNA hybridization experiments were per-
formed using digoxigenin riboprobes on 20-um cryostat
sections as previously described (Guo et al. 2019; Liu et al.
2019). Riboprobes were made from cDNAs amplified by
PCR using the following primers:
Cnrl Forward: AGAGCTATGGCATACAGGAGTGGTG
Cnrl Reverse: GACTTGATTATTAGTAGGCGCCCAC
Plk2 Forward: GAGTAGGGAGAGAGACTGGTGCTCG
Plk2 Reverse: ATCTGGAACTGTGTGGCAACAGCT
Rorb Forward: GCCAATGTTCAGAATGTGCTAGGA
Rorb Forward: CTGGGATGTAACCTGCTTGATTGA
Satb2 Forward: AGTTCTTGAACCACCCACCCATTC
Satb2 Reverse: GAGCCTTCCTCACTGTCATTCTCCT
Cux1 Forward: CAAGATGAGAGCGAACAGTCCAGA
Cux1 Reverse: CTACTTCTAGGCTGGATCGGGTCA
Tle4 Forward: CTGTGGCAAATGGTTTGTAAGCA
Tle4 Reverse: AGTTGCCCAAATAGACTCAAAGGAA
Ppp1rlb Forward: ATGAGCCCCAGAGAGATGGAAACT
Ppplrlb Reverse: ATTACAGCGTAGGAGGGGTTCAGG
Sox5 Forward: ACATCAAGGAAGAGATCCAGGCTG
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Sox5 Reverse: CAAACACAGGCTCTTGTTTTCCTCT
Foxpl Forward: ACACTCTAGGGACATGGCAGATTCA
Foxpl Reverse: TGGTTCCATTGCCTACATAGTCTGC
Nr2f1 Forward: GAAAACAGCAGGAACCACAACAA
Nr2f1 Reverse: TGAAGAACAGCCTCGACAACATATA
Shtnl Forward: GAAAACAGGAGAGACGGACAGTTCC
Shtnl Reverse: GCAGTGAAGGGAGAAAAACAATGTG
Dync1il Forward: CACTGTCTCTACCGATGGCAAAATG
Dynclil Reverse: AAGATGCCACGGGGATACTGATACA
Otx1 Forward: TCAATTTCAACTCTCCCGACTGTC
Otx1 Reverse: TGGACGCTAAAACAAGAGAGATGC
Nfe213 Forward: TGATTTAGGTGCTGTAGGAGGCTG
Nfe213 Reverse: GGAACATGTGGATTCTCCCAACTT

Image Acquisition and Analysis

Bright field images (in situ hybridization) and some
fluorescent images were imaged with Olympus VS120
slice scanning system using a 4x, 10x, or a 20x objective.
Other fluorescent images were taken with Olympus
FV1000 confocal microscope system using a 10x, 20x,
or a 40x objective. Z-stack confocal images were
reconstructed using the FV10-ASW software. All images
were merged, cropped, and optimized in Photoshop CC
without distortion of the original information.

Analyses were done using GraphPad Prism 7.0 and
SPSS Statistics 19.0. Bcllla expression and its colocal-
ization with Pax6 in the E10.5 (31250 um? area from the
VZ) were quantified in three chosen 8-um sections. PH3+,
Eomes*, Pax6™, K167+, and BrdU*/EAU~ cells in the VZ
of E15.5 cortices were quantified in three chosen 12 um
sections for each mouse (n=3 mice). BrdU, NeuN, and
Caspase-3 expression in the cortical plates were quan-
tified in three chosen 20-um sections for each mouse (PO
control, Bcl11a-CKO, Bcl11b-CKO, and Bcllla/b-DCKO mice
were used, n=3 mice for each genotype). We counted
the cell numbers within a 47 610 um? area in the cortical
plate for each section.

Statistical significance was assessed using unpaired
Student’s t-test or one-way ANOVA, followed by a Tukey
HSD post hoc test. All quantification results were sum-
marized as the mean + standard error of mean (SEM). P-
values < 0.05 were considered significant.

RNA-Seq Analysis

RNA-Seq analyses were performed as previously described
(Guo et al. 2019). The E13.5, E15.5 cortical tissue from
Bcl11a-CKO, Bcl11a/b-DCKO mice and littermate controls
(Bcl11a™ox/Flox: Bcl11pFox/Flox) "and PO cortices from Bellla-
CKO, Bcl11b-CKO, Bcllla/b-DCKO mice, and littermate
controls were dissected (n =3 mice/genotype/age).

Total RNA was isolated using an RNeasy Mini Kit (QIA-
GEN) according to the manufacturer’s protocol, quan-
tified using NanoDrop ND-2000 and checked for RNA
integrity using a bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA). RNA-seq libraries were prepared accord-
ing to the Illumina TruSeq protocol. An average of 15
million reads per sample was obtained. The gene expres-
sion level was reported with fragments per kilobase of

exon model per million mapped reads (FPKM) (Trapnell
et al. 2012). A gene was considered to be expressed if it
had an FPKM > 1. Differentially expressed genes were
identified using edgeR. Genes were considered as differ-
entially expressed with a P-value < 0.05. Data from this
experiment have been deposited in the GEO database
(GSE182990).

CUT&Tag-Seq Analysis

CUT&Tag assay was performed using dissected E14.5
neocortices of wild-type mice, and a Bcll11a mouse poly-
clonal antibody as described above, using a previously
published protocol (Skene and Henikoff 2017; Skene et al.
2018; Kaya-Okur et al. 2019). Briefly, the single-cell sus-
pensions from brain tissue were prepared by mechan-
ically disruption, followed by digestion for 15 min at
37 °C with 1.4 mg/mL papain, 3.3 x 1073 mg/mL DNase
I in DMEM cell culture medium. Digested tissue were
filtered and pelleted at 300 g (RCF) for 5 min at room
temperature. Then, 1 x 10° cells were washed with 500 uL
of wash buffer and centrifuged at 600 g for 3 min at
room temperature. Cell pellets were resuspended with
100 L of wash buffer. Concanavalin A-coated magnetic
beads were washed twice with 100 uL binding buffer.
Next, 10 uL of activated beads were added and incu-
bated with the cells at room temperature for 10 min.
Bead-bound cells were resuspended in 50 uL of anti-
body buffer. Then, 1 pg of primary antibody (mouse
polyclonal anti-Bcl11a antibody) or no antibody (negative
control) was added and incubated at room temperature
for 2 h. The primary antibody was removed using a mag-
net stand. A secondary antibody (0.5 ug, goat anti-mouse
IgG, Vazyme, Ab206-01) was diluted in 50 pL of Dig-wash
buffer and cells were incubated at room temperature
for 1 h. Cells were washed three times with Dig-wash
buffer to remove unbound antibodies. The Hyperactive
pG-Tn5 Transposase (Transposase mix, 4 uM, Vazyme)
was diluted 1:100 in 100 pL of Dig-300 buffer. Cells were
incubated with 0.04 uM Transposase mix at room tem-
perature for 1 h. Cells were washed three times with Dig-
300 buffer to remove unbound Transposase mix. Cells
were then resuspended in 300 uL of tagmentation buffer
and incubated at 37 °C for 1 h. To terminate tagmenta-
tion, 10 uL of 0.5 M EDTA, 3 nL of 10% SDS, and 2.5 uL of
20 mg/mL Proteinase K were added to 300 uL of sample
and incubated overnight at 37 °C. DNA was purified using
phenol-chloroform-isoamyl alcohol extraction, followed
by an ethanol precipitation and RNase A treatment. For
library amplification, 24 L of DNA was mixed with 1 uL
of TruePrep Amplify Enzyme (TAE, Vazyme), 10 uL of 5x
TruePrep Amplify Enzyme buffer, 5 uL of ddH,0, and 5 uL
of uniquely barcoded i5 and i7 primers from TruePrep
Index Kit V2 for Illumina (Vazyme). A total volume of
50 uL of sample was placed in a Thermocycler using the
following program: 72°C for 3 min; 98°C for 30s; 17 cycles
of 98°C for 15 s, 60°C for 30 s, and 72°C for 30 s; 72°C
for 5 min and hold at 4°C. To purify the PCR products,
1.2x volumes of VAHTS DNA Clean Beads (Vazyme) were



added and incubated at room temperature for 10 min.
Libraries were washed twice with 80% ethanol and eluted
in 22 uL of ddH,O0.

Libraries were sequenced on an Illumina NovaSeq
platform and 150-bp paired-end reads were generated.
All raw sequence data were quality trimmed to a
minimum phred score of 20 using trimmomatic. PCR
duplicates were removed using Picard MarkDuplicates
vl.107. The reads were aligned to the mm10 mouse
genome using Bowtie2 version 2.3.4 and subsequently
analyzed using MACS?2 software version 2.1.4 to detect
genomic regions enriched for multiple overlapping DNA
fragments (peaks) that we considered to be putative
binding sites. Peaks with a false discovery rate lower than
5% were used for further analyses. Visualization of peak
distribution along genomic regions of interested genes
was performed with IGV.

scRNA-Seq Dataset Used in this Study

Published scRNA-seq data from 33976 cells from the
mid-gestation human neocortex (3 female donors at
GW17, GW17, and GW18, and 1 male donor at GW18)
(Polioudakis et al. 2019) (the accession number is
dbGaP: phs001836) were downloaded from the web-
site https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/
study.cgi?study_id=phs001836.v1.p1. Supplementary
Figure S1 in this study was generated using an online
interface at http://geschwindlab.dgsom.ucla.edu/pages/
codexviewer.

The raw gene expression matrix data obtained with
Cell Ranger software were processed with standard Seu-
rat workflow. Cells with fewer than 500 detectable genes
or with >10% mitochondrial genes were filtered out.
A global-scaling normalization method “Log Normalize”
was applied. Cell cycle genes were regressed out to miti-
gate the effects of cell cycle stage. The first 50 PCs were
used for clustering. Either TSNE or UMAP was used for
dimension-reduction and visualization.

Results

Bcll1a Is Expressed in Cortical RGCs and
Intermediate Progenitors

Previous studies reported that Bcl11a protein is expressed
in the postmitotic projection neurons (Wiegreffe et al.
2015; Greig et al. 2016; Woodworth et al. 2016). We care-
fully evaluated whether Bcl11a protein is also expressed
in cortical RGCs and intermediate progenitors using
immunocytochemistry. At E10.5, we found that 93.5%
Pax6-expressing (Pax6™) cells express Bcl11A, while 92%
Bcllla* cells express Pax6 (Fig. 1A-D). At E12.5, Bcllla
protein is expressed in Eomes* intermediate progenitors
and Dcx immature neurons (Fig. 1E-G). To validate the
expression of Bcllla in cortical RGCs and intermediate
progenitors, we performed immunohistochemistry on
brain sections from cortex-specific Bcllla conditional
knockout mice (Emx1-Cre; Bclllaf/Flox | or Bcll1la-CKO).
While Bcllla protein is detected in the VZ and SVZ
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in the control mice, the expression is not detected in
the VZ/SVZ of the Bcllla-CKO mice (Fig. 1H,I). Thus,
in addition to the cortical projection neurons, Bcllla
protein is expressed in the RGCs, intermediate progen-
itors, and immature projection neurons during cortical
development in mice.

BCL11A gene has been implicated in human autism
spectrum disorder with impaired neocortical develop-
ment, and it is a candidate for the 2p15-16.1 microdele-
tion syndrome, which is associated with intellectual
deficiency and neocortical dysplasia (Balci et al. 2015;
Sanders et al. 2015; Dias et al. 2016). We examined
BCL11A expression in fetal brains by analyzing published
scRNA-seq data from the mid-gestation human neo-
cortex (GW17-GW18), which provided a high-resolution
transcriptome map of 33976 cortical cells (Supple-
mentary Fig. S1A) (Polioudakis et al. 2019). Similar to
its expression in mice, BCL11A expression is present
in human cortical RGCs where the cluster is defined
by PAX6, SOX2, and SOX9 expression (Supplementary
Fig. S1B-F) and in the EOMES' and NEUROG2" projection
neuron intermediate progenitor cluster (Supplementary
Fig. S1B,G,H). In addition, BCL11A is widely expressed in
human cortical newly generated and mature projection
neurons (Supplementary Fig. S1B]I). BCL11B is mainly
expressed in immature and mature projection neurons
(Supplementary Fig. S1C,I). We noted that BCL11B is also
expressed in some cells in the EOMEST intermediate
progenitor cluster in the human cortex (Supplementary
Fig. S1C,G).

Taken together, our results show that besides its
wide expression in cortical projection neurons, Bcllla is
expressed in RGCs and projection neuron intermediate
progenitors in the developing mouse and human
cortices.

Premature Neuronal Differentiation of Cortical
RGCs in the Bcl11a-CKO Mice

To determine the function of Bcllla in cortical neuro-
genesis, we generated cortex-specific Bcllla knockout
mice using Emx1-Cre (Gorski et al. 2002) and a Bcl11af
allele in which the exon 4 of Bcllla was flanked by
two loxP sites (Liu et al. 2003; Yu et al. 2012). RNA-seq
analyses of the Bcl11a-CKO cortices revealed an efficient
deletion of exon 4, and immunohistochemistry showed
the absence of the Bcllla protein in the mutant cortices
(Fig. 1H,H',]).

We examined the effect of Bcll11a mutations on cortical
neurogenesis. Compared to the littermate control mice,
the density of Pax6t/Eomes*™ was increased at E12.5
after Bcllla depletion (1.9-fold, P<0.01) (Fig. 2A-B',D);
while the numbers of Pax6* cells did not change at
E12.5/E13.5, the numbers of Eomes™ cells were increased
among lateral and medial cortex (medial cortex, 1.6-
fold of control mice, P<0.01; lateral cortex, 1.6-fold
of control mice, P<0.01) (Fig. 2C-C'\E). After Bcllla
depletion, RGCs ectopically expressed Eomes, indicating
premature neuronal differentiation of cortical RGCs.
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Fig. 1. Bcllla is expressed in cortical RGCs at early stages of neurogenesis. (A-B”) Bcllla expression in the mouse cortical VZ at E10.5. Pax6
immunostaining demarcates the VZ. (C, D) Nearly all Pax6™ cells express Bcllla and vice versa (n=3, mean + SEM). (E-F”) Bcl1la expression is detected
in Eomes™ cortical projection neuron intermediate progenitors (arrows). (G,G’) Bcllla is expressed in the Dext immature neurons (arrows). (H,H') Bcllla
expression is not detected in the neocortex of Bcl11a-CKO mice at E12.5. (I) RNA-Seq data show that the exon 4 (red rectangle) of Bcl11la is deleted in the
Bcl11a-CKO mice. LV, lateral ventricle. White dashed lines indicate the LV and VZ boundaries. Scale bars: 200 um in A for A; 60 um in B” for B-B”; 100 um

in E for E, G; 30 um in F” for F-F” and G’; 180 um in H’ for H-H'.

We examined the expression of the pan-neuronal
marker Tujl and early-born neuron marker Tbrl at
E13.5. Increased numbers of Tuj1* and Tbrl* cells were
observed in the mutant cortices than in the control mice
(Fig. 2F-G).

Next, we examined whether Bcllla regulates progen-
itor cell proliferation. Using phosphorylated histone 3
(PH3) antibody staining to label M-phase progenitors, we
observed significantly decreased numbers of PH3* cells
in the VZ of the Bcl11a-CKO cortices at E13.5 and E15.5
(Fig. 2H-T'). The density of PH3" cells was reduced in

the apical VZ at E13.5 and was reduced in the basal
VZ at E13.5/15.5, indicating that the proliferation of
both RGCs and IPCs was reduced in the Bcllla-CKO
cortices (Fig. 2)).

In the Bcl11a-CKO mice, the decreased PH3* cortical
RGCs suggested that the RGC proliferation was reduced.
Meanwhile increased Eomes™ and Tuj1* cells suggested
an accumulation of intermediate progenitors, which
might result from a delay in extinguishment of Eomes
expression or from a premature differentiation of RGCs
into IPCs.
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CKO mice than in the control mice at E12.5. (D) Quantification of Pax6%/Eomes™ progenitors at E12.5. (Student’s t-test, **P <0.01, n=3, mean =+ SEM).
(E) Quantification of Eomes™ progenitors at E12.5 in medial and lateral cortical area respectively (Student’s t-test, **P < 0.01, n=3, mean + SEM). (F-G/)
Increased Tuj1* (F and F') and Tbr1* (G and G’) neurons in the E13.5 Bcl11a-CKO cortices. Arrows indicate precious Tujl expression in the progenitors
adjacent to the LV. (H-I') PH3* cells in the VZ are reduced in the Bcl11a-CKO mice compared to the control mice at E13.5 (H-H’) and E15.5 (I-I'). ())
Quantification of neurons per area expressing PH3 in the apical and basal VZ at E13.5 and E15.5 (Student’s t-test, N.S,, not significant, *P <0.05, n=3,
mean + SEM). LV, lateral ventricle. White dashed lines indicate the LV and cortex boundaries. Scale bars: 100 um in A’ for A-A’; 40 um in C’ for B-C’;
100 um in G’ for F-G’; 40 um in I’ for H-I'.

Bcllla and Bcl11b Are Transiently Co-expressed acid sequences. Previous studies showed that Bcll11lb
in Migrating Cortical Projection Neurons, and expression was increased in layer 6 neurons when Bcl11a
Expression of One Is Increased in Compensation expression was perturbed either by RNAi or by condi-
when the Other Gene Is Mutated tional gene knockout (Canovas et al. 2015; Woodworth

et al. 2016). It is possible that Bcllla and Bclllb com-
Bcllla and Bcl11b are closely related to each other  pensate for each other’s function in the single knockout
and show approximately 55% similarity of amino  mice.
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To test this possibility, we performed immunohisto-
chemistry and confirmed that indeed Bcl11b is mainly
expressed in postmitotic neurons, but not in progenitor
cells in wild-type cortices (Supplementary Fig. S2A-D).
We carefully evaluated whether Bcllla and Bclllb
are co-expressed in the cortical projection neurons
and found that they are co-labeled in nearly all of
the migrating neurons in the intermediate zone (IZ)
and cortical plate (CP) at the mid-stages of cortical
neurogenesis (Supplementary Fig. S2E-F"").

We next investigated how mutations in Bcllla and
Bcl11b affected the expression of the other. In the control
brains, Bclllb was expressed at high levels in layer 5
neurons and at low levels in layer 6 neurons. Its expres-
sion was moderately increased in layer 6 neurons of
the Bcl11a-CKO brains (Supplementary Fig. S2G,G/). It is
possible that Bcl11b compensates for the loss of Bcllla
in layer 6 neurons. We also carefully examined Bcll1lb
expression in the cortical progenitors in the Bcl11a-CKO
mice but did not observe increased Bcl11b expression in
these cells, indicating Bcl11b is unlikely to compensate
for Bcllla function in the progenitors.

We generated cortex-specific Bcl11lb knockout mice
(Emx1-Cre; Bcl11b™¥/Fox or Bcl11b-CKO) by breeding Emx1-
cre mice with mice carrying Bcl11b™* alleles, in which
the exon 4 of Bcl11b was flanked by two loxP sites. Some
Bcl11b™ cells remained in the cortices of Bcl11b-CKO mice
(data not shown), and they were cortical interneurons
that originated and migrated from the ventral forebrain.
Compared to the control mice, the expression of Bcllla
was increased across all cortical layers in the Bcl11b-CKO
mice (Supplementary Fig. S2H,H'). These results indicate
that the expression of Bcllla or Bcl11b is increased in
compensation in the post-migration cortical projection
neurons when the other gene is mutated.

Reduced Progenitor Proliferation and Precocious
Neuronal Differentiation in the Bcll11a/b-DCKO
Cortices

Previous studies showed that Bclllb expression was
restricted to the postmitotic neurons and ablation of
Bcll11b resulted in reduced proliferation and depletion
of neural stem cells in the hippocampus (Simon et al.
2012). They suggested that dentate gyrus postmitotic
neurons could provide feedback signals to regulate the
proliferation and maintenance of neural stem cells,
which were disrupted after Bclllb depletion. During
cortical development, both Bcllla and Bclllb were
expressed in the postmitotic neurons and could regulate
pathfinding or subtype specification, migration, and
area identity of cortical projection neurons (Arlotta
et al. 2005; Wiegreffe et al. 2015; Greig et al. 2016;
Woodworth et al. 2016). It is possible that they function
redundantly to control the development of cortical
projection neurons, which provide feedback signals
to regulate progenitor behaviors. Thus, we performed
Bcllla/b double conditional knockout experiments
(Emx1-cre; Bcll1afo/Fox; Bcl11bFoFox - or Bel11a/b-DCKO)

to investigate whether Bcllla and Bclllb together
regulate progenitor proliferation, maintenance, and
differentiation in the developing cortex.

While the density of Pax6™ cells and the VZ thickness
were not significantly affected in the Bcl11a-CKO and
Bcl11b-CKO mice, the decreased number of the Pax6™ cells
in E15.5 double mutant cortices (40.7% of control mice,
P <0.001) led to significantly reduced thickness of the VZ
(Fig. 3A-E). Quantification of the numbers of the PH3"
cells in the VZ and SVZ revealed much fewer PH3* cells
in the Bcl11a/b-DCKO mice (E13.5, 76.6% of control mice,
P <0.01; E15.5, 44.5% of control mice, P < 0.01), indicating
reduced progenitor cell proliferation in the absence of
both Bcllla and Bcl11b (Fig. 3F-H).

The reduced progenitor cell proliferation in the
Bcl11a/b-DCKO mice could be due to either accelerated
mitotic cell cycle exit or prolonged cell cycle length. We
performed cell cycle quit fraction analyses and found no
significant differences in the proportion of progenitors
quitting the cell cycle at E13.5 or E15.5 (data not shown).
To examine the cell cycle length, we employed pulse-
chase of BrdU to label S-phase precursors, followed
by an injection of EAU incorporated into proliferative
cells 1.5 h later. We collected the brains 0.5 h after
the EQU injection and utilized the single labeling cell
(BrdU* EAU™) numbers during the internal period to
estimate the cell cycle length. The cell cycle length was
calculated using a published method (Martynoga et al.
2005; Seuntjens et al. 2009; Wang et al. 2016). It was
significantly prolonged in the Bcl11a/b-DCKO precursors
at E13.5 and E15.5 (E13.5, 1.27-fold of control, P <0.05;
E15.5,2.7-fold of control, P < 0.001), which might partially
contribute to the defective proliferation of the mutant
mice (Fig. 3I-N).

Precocious differentiation of cortical progenitors was
observed in the Bcl11a-CKO mice (Fig. 2). We investigated
whether lack of both Bcllla and Bclllb would exacer-
bate the phenotype. The numbers of Eomes™ cells were
increased in the Bcl11a/b-DCKO mice at E12.5 and E13.5
compared to their respective control mice (E12.5, 2.0-fold
of control, P <0.001; E13.5, 2.1-fold of control, P <0.001)
(Fig. 4A-F). Compared to the Bcl11a-CKO cortices, the
number of Eomes™ cells was slightly increased in the
Bcl11a/b-DCKO cortices but did not reach a statistical
significance (Fig. 4G, left). At E15.5, the numbers of the
Eomes™ intermediate progenitors in the Bcl1la/b-DCKO
mice were not significantly different from those in the
control mice (Fig. 4E-G).

Consistent with increased numbers of Eomes™* cells at
E12.5 and E13.5, we observed more Tbrl* neurons in the
Bcl11a/b-DCKO mice at the same stages (Fig. 4H-K'). How-
ever, the number of neurons with strong Tbrl expres-
sion was reduced in the Bcll11a/b-DCKO cortices at E15.5
(Fig. 4L-M"). At PO, Tbr1 expression was virtually invisible
in the motor and somatosensory cortices of the Bcl11a/b-
DCKO mice (Fig. 4N-0'). These results indicate that Bcl11la
and Bcl11b together regulate RGC proliferation and pro-
genitor differentiation in the developing cerebral cortex.
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Fig. 3. Depletion of cortical RGCs in Bcl11a/b-DCKO. (A-D) Pax6 expression in VZ in control
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the VZ/SVZ of controls and Bcl11a/b-DCKO at E13.5 (F and F’) and E15.5 (G and G'), respectively. (H) The numbers of PH3™ cells in the cortical VZ are
significantly fewer in the Bcll11a/b-DCKO mice than those in the control mice (Student’s t-test, **P < 0.01, n=3, mean + SEM). (I-L’) Representative images
of BrdU, EdU, and DAPI stainings in the controls and Bcl11a/b-DCKO at E13.5 (I-J') and BrdU, EAU, and KI67 stainings in the controls and Bcl11a/b-DCKO at
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Lack of Bcllla and Bcl11b Leads to Decreased
Cortical Thickness and Increased Cell Death of
Cortical Neurons
The Bcll1a/b-DCKO mice die at birth. To determine the
long-term effect of mutating both genes on cortical
development, we examined the PO brains from the
control, the Bcl11a-CKO, the Bcl11b-CKO, and the Bcl1la/b-
DCKO mice. Nissl staining showed the decreases in
cortical thickness and enlarged lateral ventricles in the
Bcl11a/b-DCKO mice (Fig. SA-E). The corpus callosum
was normal size in the control and Bcl11b-CKO mice, it
was reduced in the Bcl11a-CKO mice, and absent in the
Bcl11a/b-DCKO mice (Fig. 5A,B,D).

We examined the numbers of cortical neurons
by performing immunohistochemistry for NeuN, a

pan-neuronal marker. Compared to the control mice,
the numbers of NeuN* cells in the cortical plates of the
Bcl11a-CKO and Bcllla/b-DCKO mice were significantly
reduced (Fig. 5F-)).

To investigate whether loss of Bcllla/b affects the pro-
duction and the laminar position of cortical neurons,
we injected BrdU into pregnant females at E13.5 and
collected the brains at PO. The total numbers of BrdU*
cells were not significantly affected in the Bcl11a-CKO
or Bcl11b-CKO mice, but only two-thirds of BrdU™ cells
(67.12% of control brains, P <0.01) were present in the
cortical plates of the Bcl11a/b-DCKO mice at PO (Fig. 5K-0).
We divided the IZ and CP into 10 bins and quantified
the density of BrdU* cells in each bin (Supplementary
Fig. S3A-D’). While BrdU* cells labeled at E13.5 preferred
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Fig. 4. The premature differentiation of cortical projection neuron intermediate progenitors in Bcl11a/b-DCKO. (A-F') In the absence of Bcllla and Bcl11b,
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the numbers of Eomes™ cells in the cortices (left) and the FPKM values of Eomes gene expression based on RNA-seq data at E13.5 (right) (Student’s t-test,
N.S., not significant, *P <0.05, **P <0.001, n=3, mean + SEM). (H-O’) Expression of early-born neuron marker Tbr1 in the control and Bcl11a/b-DCKO
cortices at E12.5 (H-I'), E13.5 (I-K'), E15 (L-M/), and at PO (N-0’). (H-K’) Compared to the control cortices, more neurons in Bcl11a/b-DCKO express Tbr1l at
E12.5 and E13.5. (L-M') Numbers of Tbrl* cells appear increased at E15, but the expression in each cell is lower than the control. (N-0’) Compared to
the control brains at PO, fewer cortical neurons express Tbr1 in the dorsal cortex of Bcll1a/b-DCKO. LV, lateral ventricle; CP, cortical plate. White dashed
lines indicate the LV boundaries. Scale bars: 200 um in M for A-F and H-M; 100 um in M’ for A’-F' and H’-M’; 300 um in O for N,0; 150 um in O’ for N'-0’.

to distribute among bins 3-7 in the control or single
CKO brains, they were evenly distributed in the Bcl11a/b-
DCKO brains. Compared to the BrdU™ cortical cells in the
control and single CKO brains, more BrdU* cells were
ectopically distributed in bins 8-10 just above the SVZ
(Supplementary Fig. S3E), indicating abnormal neuronal
migration and laminar position after Bcl1la/b depletion.
Taken together, these results indicated that the produc-
tion, migration, and laminar position of cortical projec-
tion neurons were affected after Bcllla/b depletion.

We next determined whether mutations in Bcllla and
Bcl11b led to changes in cell viability. Staining of acti-
vated Caspase-3 showed a significant increase in cell
death in the Bcl11a-CKO at PO, and there was a 5-fold
(P <0.001) increase of apoptosis in the Bcllla/b-DCKO
cortices (Fig. 5P-T). The increased Caspase-3* cells were
present both in the VZ/SVZ and the cortical plate. Thus,
Bcllla and Bclllb are required for the survival of the
cortical progenitors and projection neurons.

Bcllla and Bcl11b Jointly Regulate Subtype
Specification and Differentiation of Multiple
Subtypes of Cortical Projection Neurons

It was reported that Bcll1a regulated the balance between
distinct projection neuron subtypes in deep cortical
layers (Woodworth et al. 2016). Loss of Bcllla function
resulted in increased numbers of layer V subcerebral
neuron developmentin the sensory cortex at the expense
of corticothalamic neurons and deep-layer callosal
neurons (Woodworth et al. 2016). Given the co-expression
of Bcllla and Bcl11b in migration neurons when both
deep-layer and upper-layer cortical projection neurons
are generated, the increased expression of Bcllla in
the layer VI neurons of the Bcl11b-CKO mice, and the
increased expression of Bcl11b in cortical neurons in the
Bcl11a-CKO mice, it is possible that these two proteins
function redundantly in regulating projection neuron
subtype specification and differentiation. To test this
possibility, we performed in situ hybridization on E15
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Fig. 5. Defects of cortical structure, production, differentiation, and cell death in the cortices of Bcl11a/b-DCKO mice. (A-D) Nissl staining of cortices in
the control mice (A) and conditional knockout mice (B-D). Note the disorganization of laminar structure and loss of corpus callosum in Bcll1a/b-DCKO
(asterisk in D). (E) Measurement of the cortical thickness at PO. (one-way ANOVA, followed by a Tukey HSD post hoc test; *P <0.05, ***P < 0.001, n=6,
mean =+ SEM). (F-I) Immunostaining of pan-neuronal marker NeuN at PO. (/) Quantification of NeuN* neurons in the cortical plate at PO (one-way ANOVA,
followed by a Tukey HSD post hoc test; N.S., not significant, *P < 0.05, n=3, mean + SEM). (K-N) BrdU is administered at E13.5; BrdU™ cells in the cortices
are analyzed at PO. (O) Quantification of the BrdU™ neurons in the cortical plates at PO (one-way ANOVA, followed by a Tukey HSD post hoc test; N.S., not
significant, **P < 0.01, n=3, mean + SEM). (P-S) Immunostaining of cell death marker Cleaved Caspase-3 (red) at PO. (T) Numbers of Caspase-3* cells are
significantly higher in the Bcl11a/b-DCKO than in the controls (one-way ANOVA, followed by a Tukey HSD post hoc test; N.S., not significant, **P <0.01,
**P <0.001, n=3, mean + SEM). CP, cortical plate; CC, corpus callosum; LV, lateral ventricle. White dashed lines indicate the CP and LV boundaries. Scale

bars: 400 um in S for A-D, F-I, K-N, and P-S.

brain sections. Compared to the control mice, the expres-
sion of early pan-neuronal genes including Cnrl, Plk2,
Shtn1, and Dynclil were reduced in the cortices of both
Bcl11a-CKO and Bcl11b-CKO mice, but their expression
was absent in the Bcllla/b-DCKO cortices (Fig. 6A-B"”,
Supplementary Fig. S4A-B"”), which is consistent with
the RNA-seq data (Fig. 6F,G, Supplementary Fig. S4F,G),
suggesting that Bcllla and Bcl11b redundantly regulate
the differentiation of cortical projection neurons.

We performed RNA-seq analyses of the control, Bcll1a-
CKO, Bcl11b-CKO, and Bcllla/b-DCKO cortices at PO and
found that the expression of many subtype-specific
genes was affected in the single or double mutant
mice. We validated the RNA-seq results by performing

in situ hybridization or immunohistochemistry. RNA-
seq analysis indicated the misregulated expression of
genes that mark callosal neurons, including Satb2 and
Cux1 (Fig. 61))). In situ hybridization confirmed that their
expression was reduced in the cortices of the Bcl11a-CKO,
Bcl11b-CKO, and the Bcllla/b-DCKO mice (Fig. 6D-E").
The decreased Cux1 expression was more severe in the
Bcl11la/b-DCKO mice than in the Bcl11a-CKO and the
Bcl11b-CKO mice. RNA-seq analysis similarly revealed
reduced expression for layer IV granular neuron gene
Rorb in the PO Bcl1la-CKO, Bcll11b-CKO mice (Fig. 6H),
which was exacerbated in the Bcl11a/b-DCKO cortices. In
situ hybridization data confirmed the RNA-seq analysis
results (Fig. 6C-C"").
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the genes based on RNA-seq data at the ages corresponding to the in situ experiments (Student’s t-test, N.S., not significant, *P < 0.05, **P < 0.001, n=3,

mean + SEM). Scale bars: 200 um in B’ for A-B"”; 300 um in E"”" for C-E""’.

We examined whether and how the genes associated
with deep-layer neuronal subtypes were affected in the
mutant mice. A previous study (Woodworth et al. 2016)
reported that layer V subcerebral neurons expanded
at the expense of layer VI corticothalamic and deep-
layer callosal neurons in the Bcl11a-CKO mice. Our
RNA-seq analysis, in situ hybridization, and immuno-
histochemistry confirmed the increased expression
of some layer V subcerebral neuron genes such as
Otx1 (Supplementary Fig. S4C-C’,H) and the decreased
expression of layer VI corticothalamic neuronal genes
such as Tle4 (Fig.7A,A',G), Ppplrlb (Fig.7BB H), and
Foxp2 (Supplementary Fig. S4EE')), in the Bcl11a-CKO
mice. However, our analyses revealed that the expression
of these genes and of many other genes associated
with layer V subcerebral, layer VI corticothalamic, and
subplate neurons was severely reduced or almost absent
in the Bcl11a/b-DCKO cortices (Fig. 7 and Supplementary
Fig. S4). The dramatic reduction or loss of molecular
characteristics associated with deep-layer corticofugal
neurons in the Bcl11a/b-DCKO indicates that these two
genes redundantly promote the subtype identities of
corticofugal neurons.

In summary, both Bcllla and Bclllb functions are
required for the differentiation of cortical projection
neurons, and they redundantly promote neuronal

subtype identities, especially for the layer V subcerebral
and layer VI corticothalamic neurons.

Major Cortical Axon Tracts Are Defective in the
Bcl11a/b-DCKO Mice

Next, we examined whether Bcllla and Bclllb jointly
regulated the axonal projections of the cortical excitatory
neurons. To this end, we bred IS reporter mice (Rosa-
CAG-LSLFrt-tdTomato-Frt-EGFP) (He et al. 2016; Li et al.
2021) with Emx1-cre mice to directly visualize the axons
of cortical neurons. In the control (Emx1-cre; IS) mice,
tdTomato™ corticothalamic axons from layer VI neurons,
subcerebral axons including the corticospinal tract
axons from layer V neurons, and callosal axons were
easilyidentified Fig. 8A—-A".In the Bcl11a/b-DCKO; IS mice,
the corticothalamic axons were absent (Fig. 8A-D”,H-H’,
Supplementary Fig. SSB-B"’). The cerebral peduncle
axons were reduced in the Bcl11b-CKO; IS mice and
no tdTomatot axons were observed extending to the
cerebral peduncle or reaching the spinal cord in the
Bcl11a/b-DCKO; IS mice (Fig. 8A-D",E-G/, Supplementary
Fig. S5C-D"). Similarly, the callosal axons failed to enter
the corpus callosum and to cross the midline in the
Bcl11a/b-DCKO; IS mice (Supplementary Fig. SSA-A").
The much more severe defects in the Bcll11a/b-DCKO; IS
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mice than the single mutant mice indicate that Bcllla
and Bcl11b redundantly regulate the development of all
major cortical axon tracts, including the corticothalamic,
layer V subcerebral, and callosal axons.

Bcllla Promotes RGC Proliferation and Inhibits
Differentiation through Repressing Nr2f1
Expression
We sought to uncover the possible mechanism for Bcllla
and Bcl11b to regulate cortical neurogenesis. Bclll pro-
teins were initially isolated through their interactions
with Coup-Tf family nuclear receptors (also known as
Nr2f nuclear receptors), and Bcl11a can also function as a
transcriptional repressor independent of Coup-Tf family
members (Avram et al. 2002; Simon et al. 2020). Recently,
the protein motifs in the Bcllla protein that mediate the
interaction with members of the Nr2e/f family transcrip-
tion factors have been identified (Chan et al. 2013).
Nr2f1 plays essential roles in promoting differentiation
and repressing proliferation of RGCs in the cortex (Faedo
et al. 2008; Borello et al. 2014). The increased production
of Eomes™ progenitors, and Tuj1*™ and Tbrl* neurons in
the Bcll11a-CKO and Bcl11a/b-DCKO cortices was similar to

the cortices when Nr2f1 was overexpressed (Faedo et al.
2008). We tested whether Nr2f1 expression was affected
in the Bcl11a-CKO and Bcl11a/b-DCKO cortices using in situ
hybridization. In the control cortices, the expression of
Nr2f1 in VZ at E12.5 exhibits caudal ventral high-rostral
dorsal low gradient, consistent with a previous report
(Borello et al. 2014). At E12.5 and E15.5, the expression
of Nr2f1 in the VZ/SVZ was elevated and shifted dorsally
and rostrally in both the Bcl11a-CKO and Bcl1la/b-DCKO
cortices, with the increased expression level and dorsal
shift being more significant in the Bcl1la/b-DCKO cor-
tices (Fig. 9B-G”). At PO, Nr2f1 expression in the cortical
plate was reduced in the Bcl11a-CKO cortices (Fig. 9K-K'),
which is consistent with a previous study that showed
decreased Nr2fl expression in the Bcll11a-CKO cortices
as area identity shifts (Greig et al. 2016). Our RNA-seq
analysis confirmed the increased Nr2f1 expression in the
Bcl11a-CKO and Bcl11a/b-DCKO cortices at early stage and
the decreased Nr2f1 expression at later stage (Fig. 9H-)).

We performed a CUT&Tag experiment using a Bcllla
antibody and found that Bcllla binds to the Nr2f1 gene
locus (Fig. 9A), suggesting that it may directly inhibit
Nr2f1 expression in the developing cortex.
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extend through midbrain, pons, and medulla towards spinal cord in the control brains (E and F), whereas these axons are absent in both Bcl11a/b-DCKO
(E’ and F') and Bcl11b-CKO mice (C-C"). (G, G') tdTomato* axons are present in the internal capsule of control mice (G) but rare in Bcl11a/b-DCKO brains
(G). (H, H') tdTomato™ corticothalamic axons are present in the control brains but absent in the thalamus of Bcl11a/b-DCKO brains. i.c., internal capsule;
Th., thalamus. Scale bars: 600 um in D” for A-D”; 300 um in F’ for E-F and E'-F’; 360 um in H' for G-H and G'-H'.

Compared to the Bcllla-CKO cortices, Nr2f1 expres-
sion was further derepressed in the Bcllla/b-DCKO
(Fig. 9B-G”). Since Bclllb expression is restricted to
postmitotic neurons in both control and Bcllla-CKO
cortices, it could not compensate Bcl11a function in RGCs
and progenitors to repress Nr2f1 expression. We showed
above that Bcllla/b were required to specify the deep
layer neurons which might provide feedback signaling to
RGCs. Loss of deep layer neurons in the Bcllla/b-DCKO
cortices would disrupt the feedback signaling and result
in further increase of Nr2f1 expression.

Precocious Neurogenesis to Gliogenesis Switch in
the Absence of Bcl11 Genes

At the end of cortical neurogenesis, cortical RGCs
undergo a major switch to generate cortical oligoden-
drocytes and astrocytes (Li et al. 2021). We investi-
gated whether the neurogenesis to gliogenesis switch
was affected in the knockout mice. During normal
development, the expression of Aldh1ll and Egfr,
genes associated with gliogenesis, is detected in the
cortical VZ/SVZ around E16.5 (Beattie et al. 2017; Zhang,
Mennicke, et al. 2020; Li et al. 2021). Aldhl1l1t cells
were observed in the cortical VZ/SVZ in the E15.5

Bcl11a-CKO and the Bcllla/b-DCKO mice, whereas they
were not observed in the controls at the same gestation
age (Fig. 10A-A"). Further, more Egfrt cells were present
in the cortical VZ/SVZ at E16 in the Bcl11a-CKO and the
Bcl11a/b-DCKO mice (Fig. 10C-C"). Another glial marker,
Gfap, showed increased expression in the VZ/SVZ of
both the Bcl11a-CKO and the Bcl11a/b-DCKO mice at E16
(Fig. 10B-B").

During early stage the cortical RGCs produce Eomes*
IPCs to give birth to projection neurons; during later stage
they produce Olig2*/Egfr* IPCs to produce olfactory bulb
interneurons, cortical oligodendrocytes, and astrocytes.
To further study the possible premature gliogenesis, we
investigated the Olig2, Egfr, Sox10, Aldh1l1 expression in
the Bcl11la/b-DCKO mice. We identified the glia population
as follows: glial progenitors, Olig2*/Egfrt; oligodendro-
cytes, Sox107T; astrocytes, Aldh111* cells in the CP. In the
Bcl11a/b-DCKO mice, we observed increased Olig2*/Egfr+
IPCs at E16 (Fig. 10D-G" L), slightly but not significantly
increased density of Sox10* oligodendrocytes and sig-
nificantly increased density of Aldhll1* astrocytes at
PO (Fig. 10H-K"”,M,N). These results indicate a precocious
gliogenesis at late gestation stage in the Bcl11a-CKO and
Bcl11a/b-DCKO mice.
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Discussion

Bcllla and Bcll11b each play individual and essential roles
in regulating cortical neurogenesis (Arlotta et al. 2005;
Wiegreffe et al. 2015; Woodworth et al. 2016). However,
it remains unknown whether Bcllla and Bclllb share
joint functions and act redundantly to regulate the pro-
liferation and differentiation of cortical progenitor cells,
or the subtype specification of cortical projection neu-
rons. Here, we show that in addition to the postmitotic

neurons, Bcllla is expressed in cortical RGCs and inter-
mediate progenitors, and it promotes proliferation and
represses differentiation in progenitors in part through
directly downregulating the expression of transcriptional
factor Nr2f1. Our data also indicate that Bcl11la and Bcll11b
function redundantly to promote the subtype specifi-
cation of cortical projection neurons, especially for the
deep-layer corticofugal neurons (Fig. 11). Furthermore,
we find that Bcl11a (and possibly Bcl11b) prevents cortical
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progenitors from undergoing precocious neurogenesis to
gliogenesis switch.

Bcllla Regulates RGC Proliferation and
Differentiation through Repressing
Coup-TFI/Nr2f1 Expression

Previous studies reported that in the cerebral cortex,
Bclllais only expressed in postmitotic cortical projection
neurons and some cortical interneurons, and its expres-
sion is excluded from proliferating progenitors of the
cortical VZ/SVZ (Wiegreffe et al. 2015). Our immunohis-
tochemistry showed that the Bcll1la protein was detected
in Pax6™ cells and Eomes™ intermediate progenitors at
the onset of cortical neurogenesis (Fig. 1). Analysis of
previously published single-cell RNA-seq data of E10.5
wild-type cortex confirmed the expression of Bcllla in
cortical progenitors (Di Bella et al. 2021). Similar expres-
sion pattern of BCL11A in the human cortex at mid-
gestation week (GW17-GW18) was also observed (Sup-
plementary Fig. S1). The expression of Bcllla in cortical
progenitors suggests that it may regulate the prolifera-
tion and differentiation of these cells. Indeed, analyses
of the Bcl11a-CKO cortices revealed reduced proliferation
of cortical RGCs, increased Eomes* intermediate progen-
itors, and precocious production of cortical projection
neurons at early stages of cortical neurogenesis. Inter-
estingly, these defects were exacerbated in the Bcllla/b-
DCKO cortices, indicating that Bcl11a and Bcl11b function
jointly to regulate the proliferation and differentiation of
cortical progenitor cells.

Bcllla and Bcll1lb were shown to interact with mem-
bers of Coup-Tfs subfamily (Avram et al. 2000, 2002).
Nr2f1 (also known as Coup-TfI) is expressed in cortical
progenitors and coordinately regulates cortical pattern-
ing, neurogenesis, and laminar fate (Faedo et al. 2008).
Interestingly, similar to the Bcl11a-CKO and Bcllla/b-
DCKO mice, overexpression of Nr2fl in the developing
cortex led to reduced proliferation and increased
neuronal differentiation (Faedo et al. 2008). We found
that the expression of Nr2f1 is increased in the cortical
progenitors of Bcl1la-CKO and Bcl1la/b-DCKO mice and
that Bcllla protein binds to a conserved sequence in
the Nr2fl gene. We speculate that Bcllla promotes
cortical RGC proliferation and prevents precocious
neuronal differentiation through inhibiting high-level
Nr2f1 expression.

The Redundant Functions of Bcl11 Genes in
Specifying Distinct Cortical Projection Neuron
Subtypes

At E14.5, Bcllla and Bclllb are co-expressed in the
postmitotic projection neurons in the cortical plate
(Supplementary Fig. S2). When the cortical projection
neurons have reached their final destination, Bcllla is
expressed in projection neurons in all cortical layers,
while Bcl11b shows highest expression in the layer V
subcerebral neurons and low-level expression in the
layer VI neurons. Consistent with the previous report
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(Woodworth et al. 2016), we observed increased Bcl11b
expression in the layer VI cortical neurons in the Bcllla-
CKO mice. Further, we found that Bcllla expression was
increased in the cortical neurons of the Bcl11b-CKO mice.
These results suggested the possibility that these two
proteins may redundantly regulate the development of
deep-layer cortical projection neurons. Previous studies
have shown that in the Bcll1la-CKO mice, the numbers
of layer V subcerebral neurons were increased at the
expense of corticothalamic neurons and deep-layer
callosal neurons (Woodworth et al. 2016) and that
in the Bcl11b~~ mice, layer V subcerebral neurons,
especially the corticospinal motor neurons, failed to
extend axons at PO, when the mutant mice died (Arlotta
et al. 2005). Our results confirmed these earlier results.
In addition, we discovered that in the Bcllla/b-DCKO
mice, the deep-layer neurons showed much more severe
defects in gene expression and axonal projections than
the summation of the defects observed in the Bcllla-
CKO and those in the Bcl11b-CKO mice. Thus, besides
the high expression of Bcllla in corticothalamic, and
deep-layer callosal neurons promotes these neurons to
differentiate into their distinct subtypes and suppresses
layer V subcerebral neuron identity, and Bcl11b promotes
the extension and fasciculation of subcerebral axons,
in particular the corticospinal tract axons in these
neurons, our results indicate that these two genes might
inhibit the high-level expression of each other in the
differentiating neurons, and that they act redundantly
to promote deep-layer neuron subtype identities.

Bcllla and Bcl11b Regulate the Timing of
Neurogenesis and Gliogenesis

While Bcl11b is not expressed in proliferating progeni-
tors during normal development, there are two possible
reasons for the more severe defects in the Pax6™ cells
in the Bcl11a/b-DCKO cortices than the Bcl11a-CKO mice.
The first possible reason is that in the absence of Bcl11a,
Bcl11b expression might be upregulated in the cortical
progenitors and partially compensated for the Bcllla
function in promoting progenitor cell proliferation and
preventing precocious differentiation. The second possi-
ble reason is that mutant cortical projection neurons in
the Bcl11a/b-DCKO mice might fail to send appropriate
feedback signal to the RGCs to regulate their prolifera-
tion and differentiation. Indeed, previous studies have
showed that intermediate progenitors and differentiating
neurons release signaling molecules such as Delta, Jag, or
Fgf9 that signal to the RGCs to regulate the cell fates of
their progenies (Seuntjens et al. 2009; Parthasarathy et al.
2014; Wang et al. 2016). The Wnt7a and Wnt7b molecules
that are expressed and secreted by the other radial glial
cells and differentiating neurons, respectively, function
in a paracrine fashion to promote the intermediate pro-
genitors and newly generated neurons to express Delta
and Jag, respectively, to activate Notch signaling in the
RGCs (Wang et al. 2016). In the Bcl11a/b-DCKO cortices,
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At the end of cortical neurogenesis around E16.5, instead of projection neuron intermediate progenitors.
RGCs undergo a major lineage switch, concurrent with ~ The expression of Egfr in the cortex is a strong indication
their gene expression change. For example, the cortical =~ for the onset of cortical gliogenesis (Li et al. 2021).



Surprisingly, we observed that the expression of Aldh1l1,
Gfap, and Egfr in the Bcl11a-CKO and Bcllla/b-DCKO
cortices at an earlier stage than in the cortices of
control mice (Fig. 10). This strongly suggests that cortical
gliogenesis begins earlier in Bcl11a-CKO and Bcllla/b-
DCKO cortices. Thus, Bcllla regulates the timing of
neurogenesis-to-gliogenesis switch of cortical RGCs, and
Bcl11b may play a joint role. However, currently we do not
know how Bcllla regulates this process.

Bcll1la/b Regulate Gene Expression through
Chromatin Remodeling

Chromatin remodeling is an important mechanism to
control gene expression. It can be carried out either
by covalent modification of DNA and histones or by
ATP-dependent moving, ejecting, or restructuring nucle-
osomes (Ho and Crabtree 2010; Sokpor et al. 2018). Pre-
vious studies suggested that Bcllla/b were involved in
both pathways to remodel chromatin. We will focus on
the possible mechanisms underlying Bcllla/b-regulated
gene expression during cortical development.

Bcllla/b could remodel chromatin through inter-
acting with the ATP-dependent chromatin remodeling
factors such as BAF complex. Bcllla/b (also known as
BAF100a/b, respectively) were identified as subunits
of BRG1/BRM-associated factor (BAF) complex. BAF
complex, the mammalian SWI/SNF complex, hydrolyzes
ATP to mobilize nucleosomes to create nucleosome-
free regions of DNA (Sokpor et al. 2018). BAF complex
comprises 15 subunits, which can be classified into core
subunits and variant subunits. The core subunits include
the BRG1 or BRM catalytic ATPase subunit and several
scaffolding proteins; the variant subunits are cell type-
specific and exchangeable during lineage progression
(Narayanan and Tuoc 2014). In the developing central
neural system, it uses Actl6a/BAF45a/d/SS18 to assemble
into the neural progenitor BAF (npBAF) complex and uses
Actléb/BAF45b/c/CREST to assemble into the neuron-
specific BAF (nBAF) complex (Son and Crabtree 2014).
Both npBAF and nBAF complex include a Bcl1la or Bclllb
subunit. To address the possibility of Bcll1la/b acting as
BAF subunits, we compared the cortical developmental
defects resulted from BAF subunits depletion or from
Bcl1la/b depletion. Defects in proliferation and mainte-
nance of neural stem cells after Bcll1a/b depletion were
similarly reported after depletion of the core ATPase
subunit Smarca4 (Brgl); however, reduction of cortical
size seemed more severe in the Brgl mutants; the
misregulated Shh-driven ventralization of dorsal cortex
in the Brgl mutants (Zhan et al. 2011) was not observed in
the Bcllla and/or Bclllb mutants. In addition, removing
the npBAF subunit Actlaé (BAF53a) also showed reduced
cortical size, premature differentiation of cortical RGCs
into IPCs, and disrupted cortical layer formation; while
deletion of Actla6 led to G2/M arrest of cortical RGCs
(Braun et al. 2021), cell cycle progression seemed normal
in the Bcllla and/or Bcl11b mutants. Taken together, the
similar effects of Bcllla/b and BAF complex indicated
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that Bcllla/b possibly control cortical development as
subunits of BAF complex; the distinct effects of Bcllla/b
and BAF complexes suggested that they may also have
unique functions in cortical development.

Both of Bcllla/b contain the Nucleosome Remodeling
Deacetylase (NuRD) interacting domains and Bcllla/b
possibly function as subunits of NuRD complex to
repress target gene expression. The NuRD complex
couples both ATP-dependent chromatin remodeling
and histone deacetylase activities. It contains mul-
tiple subunits that include the histone deacetylase
proteins HDAC1/2, the chromodomain-helicase-DNA-
binding protein CHD3/4, and the metastasis-associated
proteins MTA1/2/3 (Hoffmann and Spengler 2019). In T
lymphocytes, Bcl11b associated with the NuRD complex
to repress targeted genes (Cismasiu et al. 2005). In
neuroblastoma, Bcllla recruited NuRD complexes to
the promoter region of Cdknlc (also names p57KIP2,
encodes a cyclin-dependent kinase inhibitor which
negatively regulates cell proliferation) and suppressed
its expression (Topark-Ngarm et al. 2006). During early
mouse corticogenesis, deletion of Cdknlc led to increased
proliferation of RGCs and IPCs followed by increased deep
layer neuron production (Hoffmann and Spengler 2019).
Based on our RNA-seq data, Cdknlc mRNA expression
was upregulated after loss of Bcllla/b function (Ctr vs.
DCKO, €13.5, 41.6 vs. 65.5, P <0.001; e15.5, 22.3 vs. 135 .4,
P <0.001). It is possible that Bcllla functions together
with NuRD complex to restrict Cdknlc expression from
RGCs, which allows the normal proliferation of RGCs.
In the other words, the increased Cdknlc expression
resulted from Bcllla/b depletion could reduce the
proliferation of neural progenitors and consequently
reduce the cortical size.

Bcllla/b could also remodel chromatin through
covalently modifying histones. Bcllla/b could interact
directly with the histone deacetylase Sirtuinl (Sirtl)
which deacetylates proteins using NAD+ as a co-
substrate. In vitro, Bcllla recruited Sirtl and deacety-
lated chromatin-associated histones H3/H4, which led
to repression of the target genes in T cells (Senawong
et al. 2003, 2005). But based on scRNA-seq data, Sirtl
mRNA was rarely expressed during cortical development.
Thus, it is unlikely that Bcllla/b regulated cortical
development through recruiting Sirt1.

Taken together, Bcllla/b could regulate target gene
expression through ATP-dependent chromatin remodel-
ing together with NuRD or BAF complex during cortical
development.

Recent reports have revealed that Bclll mutations
are associated with neurodevelopmental disorders in
humans. BCLI1A has been implicated in neuropsy-
chiatric disorders, including intellectual disability and
autism spectrum disorders, while BCL11B was required
for the formation and maintenance of synapses during
development as well as in adulthood, and its deficiency
has been implicated in various neurodegenerative
disorders (Bae and Kim 2017; Simon et al. 2020). Our
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study confirms previously reported unique functions of
Bcllla and Bcll11bin cortical neuron subtype specification
and differentiation for distinct neuronal subtypes. We
also show the novel function of Bcllla in regulating
cortical progenitor proliferation and differentiation, and
the timing of neurogenesis to gliogenesis switch. In
addition, we show that Bcl11a and Bcl11b function redun-
dantly to promote the general subtype specification and
differentiation of cortical projection neurons, especially
for the deep-layer neuronal subtypes.
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