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SUMMARY
Intermediate progenitor cells (IPCs) are neocortical neuronal precursors. Although IPCs play crucial roles in corticogenesis, their molec-

ular features remain largely unknown. In this study, we aimed to characterize themolecular profile of IPCs.We isolated TBR2-positive (+)

IPCs and TBR2-negative (�) cell populations in the developing mouse cortex. Comparative genome-wide gene expression analysis of

TBR2+ IPCs versus TBR2� cells revealed differences in key factors involved in chromatid segregation, cell-cycle regulation, transcriptional

regulation, and cell signaling. Notably,mutation ofmany IPC genes in humanhas led to intellectual disability and caused a wide range of

cortical malformations, including microcephaly and agenesis of corpus callosum. Loss-of-function experiments in cortex-specific mu-

tants of Esco2, one of the novel IPC genes, demonstrate its critical role in IPCmaintenance, and substantiate the identification of a central

genetic determinant of IPC biogenesis. Our data provide novel molecular characteristics of IPCs in the developing mouse cortex.
INTRODUCTION

In developing cerebral cortex, intermediate progenitor cells

(IPCs) are transit-amplifying cells that express the T-box

transcription factor (TF) TBR2 (Hevner, 2019). IPCs are

basal derivatives of the multipotent radial glial progenitor

cells (RGCs) in developing cortex, and they exclusively

differentiate into glutamatergic neurons. Although IPCs

are known to give rise to the majority of cortical neurons

(Haubensak et al., 2004; Kowalczyk et al., 2009; Miyata

et al., 2004; Noctor et al., 2004), the molecular factors

that drive or maintain the transient proliferative capacity

and neurogenic properties of TBR2-positive (TBR2+) IPCs

in the subventricular zone (SVZ) niche remain incom-

pletely explored. The identification of the gene expression

program that governs the genesis andmaintenance of IPCs

would improve our understanding of cortical development

and provide possible protocols to culture IPCs in vitro or

generate these cortical progenitors by cell reprogramming

from other cell sources. Moreover, a description of the mo-

lecular features of IPCs can provide insights into the genes

implicated in the etiology of pertinent neurological distur-

bances caused by defective IPC genesis.

To understand the molecular signatures of cell types in

developing cortex, researchers have employed single-cell

RNA sequencing (scRNA-seq) analyses to provide the mo-

lecular identity of cell subtypes, including IPCs in mouse

(Kawaguchi et al., 2008; Li et al., 2020; Loo et al., 2019;
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Telley et al., 2016) and human cortex (Fan et al., 2018; Li

et al., 2018; Nowakowski et al., 2017; Pollen et al., 2015;

Zhong et al., 2018). However, due to the threshold of

high-throughput scRNA-seq, profiling cell-type-specific

gene expression is challenging. Comparisons between

transcriptome analyses from purified cell populations

have contributed additionally insightful molecular infor-

mation about cortical cell subtypes (Albert et al., 2017;

Amamoto et al., 2020; Arlotta et al., 2005; Molyneaux

et al., 2015; Pinto et al., 2008).

In the present study, we used an antibody to label intra-

nuclear TBR2 in single-nuclei suspensions isolated from

embryonic day 16.5 (E16.5) mouse cortex and then sorted

the TBR2+ cells (taken as IPCs) from the TBR2� cells (taken

as non-IPCs). We then identified the expression of IPC-en-

riched genes by RNA-seq. Using high-throughput in situ

hybridization (ISH) (Visel et al., 2004), we confirmed the

so far SVZ-restricted expression of 392 novel IPC genes.

The in situ expression of these genes is freely available on-

line in an interactive database (https://gp3.mpg.de). A

comparison of mouse IPC transcriptome and human

phenotype annotations suggests that these IPC-enriched

genes play important roles in cortical development in hu-

mans, as such patients with mutation variants display a

wide range of cortical malformation and intellectual

disability. Comparative genome-wide gene expression

analysis of TBR2+ IPCs versus TBR2� cells revealed changes

in key factors for chromatid segregation, cell-cycle
hor(s).
ecommons.org/licenses/by-nc-nd/4.0/).
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regulation, transcription regulation, and chromatin re-

modeling. Among them, establishment of sister chromatid

cohesion N-acetyltransferase 2 (ESCO2) was selected for

confirmative studies. The cortex-specific mutagenesis for

Esco2 caused a massive depletion of the IPC population,

thus validating that we identified a central genetic determi-

nant of IPC maintenance.
RESULTS

Sorting and Transcriptome Profiling of Intermediate

Progenitor Cells in Developing Mouse Cortex

To compare the transcriptome profile of TBR2+ IPCs and

TBR2� cells in mouse developing cortex (Figure 1A), we iso-

latednuclei and established an intranuclear immunofluores-

cent staining and fluorescence-activated cell sorting (FACS)

protocol (Figure 1B).We used intranuclear TBR2antibody la-

beling in single-nuclei suspensions isolated from E16.5

mouse cortices followed by cell sorting (Figure 1C) (Sakib

et al., 2021). Sorting gates were adjusted to purify TBR2+

IPC and TBR2-cell nuclei. Unlike unsorted nuclei suspen-

sions, sorted nuclei suspensions were highly enriched (i.e.,

>99%) in the desired cell type (Figures 1C and 1D).

To understand the gene-regulatory difference in these

cell populations, we generated RNA-seq libraries with three

biological replicates for each cell populations. As antici-

pated, a high expression of canonical IPC genes was

observed in the IPC population consistent with known

in vivo expression patterns (Figures 1E, 1F, and S1A–S1C; Ta-

ble S1). Comparing the expression of housekeeping genes,

which locate on chromosome X (Xist, Pgk1, Hprt, Eif2s3x)

and chromosome Y (Ddx3y, Eif2s3y), revealed their compa-

rable expression level in samples from TBR2+ IPCs and

TBR2� cells (Figure S1C). The data suggest that TBR2+ and

TBR2� cell populations were derived from a similar number

of female and male embryos.
Figure 1. Cell Sorting and Gene Expression Profiling of Mouse TBR
(A) Micrograph showing the E16.5 mouse cortex immunostained with
phenylindole (DAPI).
(B) An illustration of the experimental design used to sort out TBR2
scriptional profile of IPCs in mouse.
(C) Representative images of pre- and post-sorted cell suspensions fr
done with DAPI.
(D) Representative plot showing sorting gates for TBR2+ and TBR2� c
(E and F) Volcano plot (E) and heatmap (F) showing the enrichment o
(G) Pie chart showing proportions of the enrichment score of the top
(H) Micrograph of immunohistochemical (IHC) staining showing the E
with ESCO2, TBR2, and PAX6 antibodies. Cortical area with high magni
expressing ESCO2 but not PAX6.
(I) Composite bar graph showing the quantitative proportion of ESCO2
E15.5 mouse cortex. n = 6 experimental replicates.
Scale bars, 100 mm (A) and 50 mm (C and H).
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Next, we sought to identify genes with significant differ-

ences in expression level between the two cell populations

and used these expression estimates to identify clusters.

Cuffdiff2 was used to identify 1,119 enriched IPC genes

(1,050 protein-coding RNAs and 69 long non-coding RNAs

[lncRNAs]) and 1,714 enriched non-IPC genes with signifi-

cant differential expression between the cell types (p <

0.01 and |fold change| (FC) > 1.0, Figures 1E and 1F). The

IPC-enriched geneswere annotated intodifferent functional

categories (Figures 1G, S1D, and S1E; Table S2; see experi-

mental procedures). The significance of suchpredominating

gene clusters was analyzed and is discussed later.

The reliability of our analyses was ensured by validating

the expression pattern of the identified IPC-enriched genes

in developing mouse cortex. ISH for 392 of such genes

confirmed their restricted expression in SVZ in the E14.5

cortex, which is consistent with their RNA expression pro-

files (Table S3). To further validate the quality of our RNA-

seq data, we performed immunohistochemical analysis of

the E15.5 mouse cortex for ESCO2 as one of novel IPC fac-

tors. ESCO2 protein expression wasmainly observed in the

germinative zone of the developing cortex, especially the

basal aspect (Figure 1H). Quantification revealed that

most of the cells expressing ESCO2 also expressed the IPC

marker TBR2, but to a lesser extent in cells in the transition

stage between RGC-IPC (PAX6+/TBR2+) and in RGCs

(PAX6+) (Figure 1I).

Previous studies, which have characterized the transcrip-

tion profiles of single cells isolated from the developing

mouse cortex, have generated a repository of genes en-

riched in each of the murine cortical cell types (Kawaguchi

et al., 2008; Li et al., 2020; Loo et al., 2019; Telley et al.,

2016). To identify novel IPC genes thatmight play essential

roles in the development of this cell type, we compared the

list of mouse IPC genes from those scRNA-seq experiments

and from sorted TBR2+ IPCs (this study) and found that our

list of IPC-enriched genes contains most of the previously
2+ IPCs
TBR2 antibody. Counterstaining was done with 40,6-diamidino-2-

-labled IPCs and subsequent nuclear analysis to compare the tran-

om mouse cortex stained with TBR2 antibody. Counterstaining was

ells from mouse and human cortex.
f IPC and non-IPC genes in corresponding sorted cell populations.
ten functional annotation clustering in IPCs.
15.5 wild-type mouse cortex at low and high magnification stained
fication is indicated by a white box. Arrows point to TBR2+ IPCs co-

+ cells co-expressing PAX6 or TBR2 or both in germinal zone of the



identified IPC genes (Figure S1E). Intriguingly, 961 out of

the 1,121 IPC-enriched genes from this study (Figure S1D)

were not present in any of the gene lists of the aforemen-

tioned studies. Gene ontology (GO) analysis indicated

that these novel IPCs encode for proteins belonging to

different families of factors, such as chromatin/epigenetic

factors, DNA- and RNA-binding factors, and post-transcrip-

tion/-translation modification factors (Table S2 and

Figure S1E).

Together, these results demonstrate an efficient isolation

of mouse TBR2+ IPCs, which allow adequate molecular

profiling.

Predominance of Mitotic Cell-Cycle-Related and

Mitotic Chromatid-Segregation-Related Gene

Signatures in IPCs

Previous studies revealed that IPCs are transient cortical

progenitors that actively undergo mitotic cell divisions

(Hevner, 2019). Consistent with these features of IPCs,

many of the genes in the top GO pathways belong to

cell-cycle- and cell-division-related categories (Figure 2A).

Remarkably, our gene expression profiling revealed that

genes encoding for many cyclin and cyclin cofactors are

highly expressed in IPCs (Figures 2B and 2C; Table S4). Ex-

amination of these cell-cycle-regulation genes in subtypes

of IPCs might offer a yardstick for distinguishing neuro-

genic IPCs from proliferative IPCs.

During cell division, chromosomes need to be segregated

and evenly distributed among daughter cells to ensure ac-

curate passing of genetic information to the next genera-

tion. In addition to the alterations inmRNA levels for genes

involved in cell-cycle regulation, high expression of genes

related to DNA replication, repair, and chromatid segrega-

tion were observed (Figure 2A and Table S4). Particularly,

expression of genes encoding for subunits of the chromo-

some segregation machinery is highly enriched in IPCs,

e.g., Cohesin complex (Sgol1, Sgol2, Smc3, Rec8, Cdca5,

and Wapal), Condensin complex (Ncapd2, Ncapd3, Ncapg,

Ncaph, Smc2, and Smc4), Minichromosome maintenance

complex (Mcm2, Mcm3, Mcm4, Mcm5, Mcm6, Mcm7, and

Mms22l), and Smc5-Smc6 complex (Smc5, Smc6, Nsmce2,

andNsmce4a) (Figures 2D and 2E; Table S4). Single gene fac-

tors (e.g., Esco2, Spag5, Ncapg) involved in chromosome

segregation were also identified in IPCs (Figure 2D and 2E).

The results shown here indicate that the expression of

many cell-cycle and chromatid-segregation genes is associ-

atedwith, and supportive for, the highly active cell division

of IPCs.

Many IPC-Enriched Genes Belong to Signaling

Pathways

Pathway enrichment analysis revealed that several brain-

regulating signaling pathways are significantly enriched
in IPC genes, including the p53-Caspase cascade, Hippo,

Notch, FoxO, PI3K-Akt, Axon guidance, and Fanconi ane-

mia signaling pathway (Figure 3A). Corroborating the re-

sults from the transcriptomics analysis, we confirmed an

enrichment of several genes belonging to these signaling

pathways in the SVZ (Figures 3B–3Q). The identified

signaling pathways may play unique roles in the prolifera-

tion, differentiation, and/or survival of IPCs during cortical

development.

Cell lineage tracing experiments with TBR2-CreER indi-

cated that the majority of IPC derived clones (�66%)

generate one daughter cell as neuron and another as

apoptotic cell, indicating asymmetric cell death (Mihalas

and Hevner, 2018). The observed remarkable abundance

of apoptosis of IPC daughter cells is in accordance with pre-

vious findings of a high level of cell death in the SVZ

(Blaschke et al., 1996; Thomaidou et al., 1997). These out-

comes are congruent with our GO analysis, which revealed

that many genes belonging to the p53 signaling cascade

and caspase signaling pathway, which lead to apoptosis,

are enriched in IPCs (Figures 3B‒3E and Table S5). Indeed,

immunohistochemical analysis indicated a large propor-

tion of CASP3+ cells immunoreactive with TBR2 in the

developing mouse cortex at E16.5 (Figure S2), corrobo-

rating the finding that more than half the progenies of

IPCs undergo apoptotic cell death in the normally devel-

oping cortex (Mihalas and Hevner, 2018).

Hippo signaling is necessary for determination of cell fate

and organ size (Zheng and Pan, 2019). Emerging evidence

shows the involvement of the Hippo signaling alone or

cooperatively with other signaling pathways in brain

development (Ouyang et al., 2020). As shown in our tran-

scriptomic analysis, genes involved in the Hippo signaling

pathway are prominently expressed in IPCs (Figures 3F and

3G) and likely are critical for the regulation of cortical size

via control of IPC genesis (Kostic et al., 2019). Other

signaling pathways such as the Delta-Notch (Figures 3H

and 3I), FoxO (Figures 3J and 3K), PI3K-Akt (Figures 3L

and 3M), Axon guidance (Figures 3N and 3O), and Fanconi

anemia (Figures 3P and 3Q) were also identified to be en-

riched in IPCs. These signaling pathways may play critical

roles in the normal progression of brainmorphogenesis via

modulation of IPC biogenesis.

Together, the enrichment of signaling pathway genes in

the sorted IPCs is indicative of their necessity in sustaining

the neuronal progenitor properties of IPCs in the SVZ niche

and to permit their function in cortical morphogenesis.

Identification of New IPC-Specific Transcription and

Epigenetic Regulators

Many of the genes identified in IPCs were found to partic-

ipate in the regulation of transcription, chromatin remod-

eling, and other epigenetic processes (Figure 4A). We first
Stem Cell Reports j Vol. 16 j 968–984 j April 13, 2021 971



Figure 2. Expression of Many Cell-Cycle and Chromatid-Segregation Genes Are Enriched in IPCs
(A) Graphical representation of gene ontology analysis with terms related to cell cycle and segregation of chromatids.
(B and D) List of the genes identified in IPCs that functionally fall under cell-cycle- and chromosome-segregation-related processes,
respectively.
(C and E) Respective array of micrographs showing in situ hybridization of examples of the identified genes (highlighted red in B and D)
with distinctive expression in the developing mouse cortical subventricular zone, and related to cell-cycle and chromosome-segregation
events. Magnified cortical region is shown by a red box in (C). Scale bar, 100 mm.
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looked for epigenetic and chromatin regulators, which are

highly expressed in IPCs. We found enrichment of epige-

netic genes in the sorted IPCs: a total of 66 genes, 25 of

which were validated by ISH (Figures 4B and 4C; Table

S6). Such epigenetic genes include Deacetylase genes,

genes related to the PRC2 complex, and genes encoding

for Methyltransferase domain-containing proteins.

A set of IPC genes which encode for protein factors that

form complexes to regulate chromatin dynamics was iden-

tified. In all we found 52 such genes markedly expressed in

IPCs, and with distinctive expression in the SVZ for at least

24 of them (Figures 4D and 4E; Table S6). The identified

chromatin-modification-related genes belong to the

following classes of chromatin remodelers: SWI/SNF super-

family-type complex, ISWI-type complex, and NuRD/CHD

complex (Table S6).

Besides epigenetic and chromatin regulators, our data

provided a context to examine the relative contribution

of specific non-coding RNAs (ncRNAs) and TFs to IPC iden-

tity and/or regulation.We identified 69 known lncRNA and

three small nucleolar RNA genes, with significantly higher

level of expression in TBR2+ IPCs compared with TBR2�

cells (log2FC > 1.0, p < 0.01) (Figures 4F and 4G; Table

S6). Among these ncRNAs, ISH analysis confirmed the

restricted expression of three lncRNAs (A930024E05Rik,

5330426P16Rik, and 9630028B13Rik, Figure 4G) in SVZ

of the developing cortex.

We identified 104 IPC genes encoding TFs belonging to

more than four protein families (Figures 4H, 4I, and S3; Ta-

ble S6). C2H2-type zinc finger protein family was the most

enriched protein family, with 47 upregulated genes, fol-

lowed by basic-helix-loop-helix/Myb and homeobox pro-

tein families, with nine upregulated genes each. The LIM

TF family genes were also found in the purified IPCs (Fig-

ures S3A–S3I). The genes encoding for TFs, which were

found to exhibit a high expression in IPCs, included

many known key regulators of neurogenesis such as Eomes

(Tbr2), Ngn1, Ngn2, NeuroD1, and Bag2, as well as many as

yet uncharacterized genes (e.g., Nhlh1, Csrp1, and Mybl2;

Figure 4H) that may prove to be novel regulators of cortical

development.

Next, we determined which of the TFs interact physically

or functionally using the STRING database. This revealed a

highly interconnected network formed by IPC-enriched
Figure 3. IPC-Enriched Genes Encode for Variety of Signaling Pat
(A) Graphical representation of the top-ranked signaling pathways th
(B, D, F, H, J, L, N, and P) List of the genes identified in IPCs that are
guidance, and Fanconi anemia signaling pathways, respectively.
(C, E, G, I, K, M, O, and Q) Respective array of micrographs showing in
linked genes (highlighted red in the adjoining gene list) with distincti
Magnified cortical region is shown by a red box in (C). Scale bar, 100
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TFs. Several TFs formed a network hub. Among them

CBFA2T2, NEUROG2, NEUROG1, STAT3, NEUROD1, and

TCF3 appear to be in the center of the network, as they

interact withmany other TFs (Figure 4J). This raises the pos-

sibility that the components of this TF network are key de-

terminants in IPC biogenesis.

Taken together, our findings indicate that major ele-

ments of the transcriptional and epigenetic machinery

are distinctively present in mouse IPCs.

Gene Expression Profiling Suggests Mutations of IPC-

Enriched Genes Have Implications for Cortical

Neurodevelopmental Disorders in Human

Recent single-cell transcriptomic analysis of the human

developing cortex identified a large set of IPC genes (Fan

et al., 2018; Li et al., 2018; Nowakowski et al., 2017; Pollen

et al., 2015; Zhong et al., 2018) and IPC lncRNAs (Liu et al.,

2016). To further study the developmental and evolu-

tionary origin of the transcriptional signature of IPC cells,

we compared these published scRNAdata for human devel-

oping cortex with those for mouse developing cortex (Ka-

waguchi et al., 2008; Li et al., 2020; Loo et al., 2019; Telley

et al., 2016) and with bulk RNA-seq for mouse TBR2+ IPCs

(this study, Figure S4). The comparisons revealed not only a

remarkable match between the two species but also high-

lighted an expanded gene expression program in human

IPCs (Figure S4).

Mutations of the IPC-specific gene TBR2 cause micro-

cephaly and a wide range of cortical anomalies in both ro-

dent (Arnold et al., 2008; Mihalas et al., 2016; Sessa et al.,

2008) and human (Baala et al., 2007). In addition to

congenital microcephaly, the affected individuals pre-

sented with dilatation of cerebral ventricles, agenesis of

corpus callosum, polymicrogyria, and dysgenic cerebellum

(Baala et al., 2007). The affected children also exhibited se-

vere motor deficits, with hypotonia and intellectual

disability (Baala et al., 2007).

To identify a potential involvement of these common

IPC genes (Figure S4B), which were found both in devel-

oping cortices from mouse (this study) and human (Fan

et al., 2018; Li et al., 2018; Nowakowski et al., 2017; Pollen

et al., 2015; Zhong et al., 2018), in human diseases, we per-

formed systematic human phenotype ontology analysis

(Robinson et al., 2008) (Figure 5A). Mutations of many
hway Factors
at are prominent in IPCs.
involved in the p53, Caspase, Hippo, Notch, FoxO, PI3K-Akt, Axon

situ hybridization of examples of the identified signaling pathway-
ve expression in the developing mouse cortical subventricular zone.
mm.



Figure 4. Identification of Novel IPC-Specific Transcription Regulators
(A) Graphical representation of the total number of newly identified genes and their categorization in IPCs that have the potential to
regulate transcription.
(B, D, F, and H) List of the genes identified in IPCs that are transcription regulators and can be grouped as epigenetic, chromatin, lncRNA,
and transcription factors, respectively.

(legend continued on next page)
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IPC genes were found to be associated with intellectual

disability phenotype, thus supporting the idea that the

perturbation of many biological pathways in IPCs can un-

dermine cognitive development. To determine possible

convergence of the various molecular pathways on inter-

mediate phenotypes within the scope of intellectual

disability, including brain structure malformations, we

looked for correlated phenotypes among the 134 intellec-

tual disability genes (Figures 5B and 5C; Table S7).We iden-

tified two major associated phenotypes: (1) microcephaly

and (2) corpus callosum agenesis (Figures 5D–5G and Table

S7). This observation supports the findings that IPCs

generate most of the cortical projection neurons, especially

upper layer/callosal neurons, which are necessary for

appropriate cortical size and proper establishment of

cortical neuron connections across the corpus callosum.

In summary, many gene sets encode for components of

the transcriptional, chromatin, and signaling machineries

inmouse IPCs, with known or putative regulatory function

in cell division, proliferation, differentiation, and survival

(Figure 5H). Our data support the possibility that key ele-

ments in the mouse IPC transcriptome may be conserved

in human and play important roles in cortical develop-

ment, and their mutations plausibly underlie cortical mal-

formations and dysfunction in both species.

Uncovering ESCO2 as a Novel IPC-Enriched Gene

Essential for SVZ Formation andCortical Neurogenesis

Among the novel IPC genes, Esco2 is in the top 100 IPC

most-enriched genes (Table S1). GO analysis also revealed

that Esco2 belongs to the top gene categories, including

cell cycles, chromatin segregation, transcription regula-

tion, DNA replication, and chromatin organization path-

ways (Tables S2, S4, S5, S6, and S7). Mechanistically,

Esco2 and its ortholog Esco1, encoding for cohesin acetyl-

transferases, are essential for establishing cohesion be-

tween sister chromatids by acetylating the SMC3 subunit

of the cohesion ring (Nishiyama et al., 2010; Rolef Ben-Sha-

har et al., 2008; Unal et al., 2008). In contrast to a highly

enriched expression of Esco1 in RGCs in the ventricular

zone (VZ) (Figures S5A‒S5C), expression of Esco2 is mostly

restricted to IPCs in the SVZ (Figures 1H and 1I; Figures

S5D‒S5F). This raises a possibility that ESCO1 and ESCO2

play an important role in biogenesis of RGCs and IPCs,

respectively.
(C, E, G, and I) Respective array of micrographs showing in situ hybrid
(highlighted red in the adjoining gene list) with distinctive expressio
cortical region is shown by a red box in (C). Scale bar, 100 mm.
(J) Protein-protein interaction network of the IPC-enriched transcri
database (http://string-db.org/), and the physical or functional inte
were extracted using the default settings. The red and blue nodes re
respectively. The thin lines indicate low interaction score (<0.4) while
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To understand the role of selected IPC-specific genes in

corticogenesis, we characterized functions of Esco2 in IPC

development. Previously it was shown that Esco2 has a crit-

ical role in the formation of cortical layers (Whelan et al.,

2012b), and its de novo mutations cause primary micro-

cephaly in patients with Roberts syndrome (Vega et al.,

2005), suggesting that it might have vital, yet undiscov-

ered, roles in the specification and viability of IPCs and in

orchestrating cortical neurogenesis.

To find out the functional significance of ESCO2 during

cortical development, we ablated Esco2 gene in the early

developing mouse cortex using an Emx-Cre driver (Gorski

et al., 2002; Whelan et al., 2012b). Similar to the gradient

expression pattern of Emx1, Emx1-Cre activity is found

first in the medial-dorsal cortex (MCX and DCX) at E10.5

and extends to the lateral cortex (LCX) from E12.5 onward

(Gorski et al., 2002). Because the Emx1-Cre activity differs

in different cortical areas, we first examined the cortical

phenotype of Esco2cKO (conditional knockout) mutants

in MCX and DCX areas (Figure 6A). At E12.5, the ESCO2-

ablated cortex displayed a notable reduction in thickness

or size compared with control (Figure 6A). A closer exami-

nation revealed a reduction in the population of PAX6+

RGCs in the Esco2cKO cortex compared with controls (Fig-

ures 6A and 6B). Strikingly, the pool of the TBR2+ IPCs is

largely lost in MCX and DCX areas of mutants (Figures

6A and 6B). As indicated by immunostaining for the

apoptotic cell marker CASP3, there was overt cell death in

the E12.5 Esco2cKOmutant cortex in the examined cortical

areas (Figure 6C).

In accordance with the Emx1-Cre activity, the cortical

phenotype of Esco2cKO mutants appeared milder in LCX

than in MCX and DCX (Figures 6A‒6C). Particularly, the

population of PAX6+ RGCs and TBR2+ IPCs were reason-

ably preserved in the cKO LCX (Figures 6A and 6B). In addi-

tion, the CASP3+ apoptotic cells were found mostly in the

basal side of mutant LCX (Figure 6C). Of note, further

differential analysis indicated that majority of the cells un-

dergoing apoptosis in the Esco2cKO LCX were TBR2+ IPCs

(Figures 6C‒6E, empty arrows) and cells in transition stage

between RGCs and IPCs (i.e., PAX6+ and TBR2+) (Figures

6C‒6E, filled arrows), albeit other cortical cell types such

as PAX6+ RGCs andNEUN+ post-mitotic neurons also regis-

tered apoptotic activity but to a lesser extent (Figures 6D

and 6E).
ization of examples of the identified transcription regulation genes
n in the developing mouse cortical subventricular zone. Magnified

ption factors (TFs). The list of TFs were imported into the STRING
ractions between the differentially expressed transcription factors
present IPC-enriched TFs with log2FC > 1.0 and 0.3 < log2FC < 1.0,
the thick lines indicate medium or high interaction score (R0.4).

http://string-db.org/
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Given the reduction in the progenitor pool and death of

differentiated neurons, we found a drastic decrease in the

number of NEUN+ or HuCD+ neurons in the presumptive

Esco2cKO cortex compared with control (Figure S6). Our

observations are consistent with previous studies, which

reported that cortical layers are not formed as a result of

ESCO2 abolishment (Whelan et al., 2012b).

Together, this part of our investigation shows that Esco2

is expressed in a subset of PAX6+ RGCs and TBR2+ IPCs in

the developing cortex. The expression of Esco2 is required

for the viability of these cell populations and their proge-

nies to afford proper cortical histogenesis.

ESCO2 Is Required for Maintenance of the IPC

Population in Developing Cortex

Because the loss of ESCO2 in early cortical progenitors in

transgenic Esco2cKO mutants caused massive apoptosis

and cortical dysgenesis, we were limited in examining

the role of ESCO2 at later stages of cortical development.

Alternatively, an in utero electroporation (IUE) technique

was employed to acutely delete Esco2 from individual

RGCs in the developing mouse cortex. The prominent

expression of ESCO2 in IPCs and cells in the transition

between RGCs and IPCs as well as the massive loss of

these cell types following ablation of Esco2 in the early

developing cortex in Esco2cKO embryos prompted us

to investigate whether ESCO2 influences the cell

viability and generation of TBR2+ IPCs from RGCs in

late corticogenesis.

The brains of Esco2fl/fl embryos at E15.5 were electropo-

rated either with pCIG2-Cre-ires-GFP (Cre-GFP) or control

pCIG2-ires-GFP (GFP) plasmids. The cortices were har-

vested 30 h post electroporation (i.e., at E16.5) and pro-

cessed for immunohistological analyses (Figures 7A and

7C). At mid-gestation, RGCs undergo only one division

in less than 24 h to produce daughter cells, mainly IPCs

in the developing mouse cortex (Noctor et al., 2004). To

study the viability of apical progenitor daughter cells and

the generation of IPCs from RGCs after deletion of Esco2

in the VZ, we performed triple immunostaining for GFP/

PAX6/CASP3 and GFP/TBR2/CASP3 at E16.5 (Figures 7A

and 7C).
Figure 5. Mutation of IPC Genes May Underlie Human Cortical Ma
(A) Graphical representation of human phenotype ontology for TBR2+ I
ranking.
(B, D, and F) List of the genes identified in IPCs with phenotypic i
callosum agenesis, respectively.
(C, E, and G) Respective array of micrographs showing in situ hybridiz
list) with distinctive expression in the developing mouse cortical subve
structure and function. CC, corpus callosum. Magnified cortical region
(H) Schema showing examples of regulatory factors involved in transcr
involved in the cell cycle and chromosome segregation that drive cell
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The electroporated (eGFP+) cells mainly occupied the VZ

and the basal half of the cortical wall (i.e., SVZ and interme-

diate zone [IZ]). In contrast to almost no CASP3+ cells found

in control (GFP) plasmid-injected cortex, many CASP3+

apoptotic cells were seen in Cre-electroporated cortex as ex-

pected (Figures 7A and 7C). In the Cre-injected cortex, the

majority of the GFP+/CASP3+ cells were found to be either

negative (�80.0% ± 11.4%) or low (�17.6% ± 5.4%) for

PAX6 expression (Figures 7A and 7B). On the other hand,

the number of GFP+/CASP3+ cells expressing TBR2 was

much higher (78.0% ± 9.7%) than those without TBR2

expression (Figures 7C and7D). Thefindings further support

the idea that expression of ESCO2 is required for TBR2+ IPC

viability and those of committed RGCs (with low PAX6

expression) to generate IPCs in both early and late cortical

development.

Interestingly, there was no significant difference between

the GFP- and Cre-GFP-electroporated cortex in terms of the

number of transfected cells (GFP+) expressing PAX6 or

TBR2 (Figure 7E). Thus, ESCO2 is dispensable for the differ-

entiation of RGCs, which are low in Esco2 expression (Fig-

ures 7F and S5), into IPCs. This implies that following the

acute deletion of Esco2, IPCs as progenies of PAX6-express-

ing RGCs are likely normally formed but fail to survive. It is

also conceivable that NEUN+ or HuCD+ neurons that

manage to differentiate from the ESCO2-deficient cortical

neural progenitors, especially IPCs, are unhealthy and sub-

sequently die via apoptosis (Figures 7F and S6).

Taking our data together, we show that ESCO2 expres-

sion is essential for the maintenance of IPCs and proper

neurogenesis during cortical development.
DISCUSSION

Transcriptome analyses of molecularly sorted cells can

enhance the identification of cell-type-specific factors,

which can help us understand the molecular landscape in

cell lineages. In this study, we report the molecular charac-

terization of the evolutionarily and clinically important

IPCs in the developing mouse cortex. We identified distinct

sets of largely uncharacterized genes that exhibit enriched
lformation and Intellectual Disability
PCs genes showing the top ten phenotypes and others that follow in

mplications for intellectual disabilities, microcephaly, and corpus

ation of examples of genes (highlighted red in the adjoining gene
ntricular zone, and whose dysfunction can lead to abnormal cortical
is shown by a red box in (C). Scale bar, 100 mm.

iption regulation, signaling pathways in progenitor cells, and those
ular processes such as proliferation, differentiation, and apoptosis.
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expression in IPCs among other cell types in the developing

cortex. The set of genes were found to belong to transcrip-

tion regulators, chromatin and epigenetic factors, signaling

factors, and chromosome segregation (cell cycle) regulators.

These genes encode critically important molecules for

proper proliferation, differentiation, and maintenance of

IPCs. Even though our understanding of the contribution

of IPCs in cortical development has improved, several key

questions remain enigmatic (Hevner, 2019). Our study rep-

resents the first comprehensive characterization of the mo-

lecular signature of IPCs in developing mouse cortex. The

findings provide hints for future investigation to resolve

the many unanswered questions.

Previous studies indicate that more than half of the IPC

daughter cells undergo apoptosis during corticogenesis (Hev-

ner, 2019; Mihalas and Hevner, 2018). The relevance of this

phenomenon is undetermined; however, it might be associ-

ated with the regulation of the net neurogenic output,

genome quality, neuronal subtype proportions during

cortical development, and cortical evolution (Haydar et al.,

1999; Hevner, 2019). The observed abundance of apoptotic

cells among intermediate progenitor daughter cells harmo-

nizes with previous reports documenting marked cell death

in the SVZ and IZ of embryonic rodent cortex (Blaschke

et al., 1996; Thomaidou et al., 1997). Along the same line of

evidence, our GO analysis revealed that genes belonging to

the caspase cascade in apoptosis are enriched in IPCs.

Remarkably, disruption of the caspase cascade leads to

decreased programmed cell death resulting in neuronal su-

pernumerary, which likely accounts for the expansion and

exencephalyof theforebrain, andcerebralgyrification(Kuida

et al., 1996, 1998). Conversely, dysregulation of chromo-

somal segregation can cause an increase in neural progenitor

cell death, leading to loss of neurons as exemplified in our

Esco2 case study. Thus, thepropercoordinationof thevarious

aspects of the apoptosis signaling pathway, especially during

embryonicneurogenesis, is essential for thedeterminationof

normal cortical size and form.Given the critical contribution
Figure 6. Lack of ESCO2 Causes Apoptosis of Cortical Progenitors
(A) Micrographs showing low and high magnification of the E12.5 con
TBR2. The medial (MCX), dorsal (DCX), and lateral (LCX) aspects of th
(B) Bar graph showing quantification of PAX6+ and TBR2+ cells in the E
box in (A).
(C) Micrographs showing low and high magnification of the E12.5 con
apoptosis marker CASP3. Counterstaining was done with DAPI. The me
indicated. The basal and apical sides of the cortex are shown. Filled
between RGCs and IPCs, undergoing apoptosis (CASP3+), whereas em
(D and E) Bar graph (D) showing quantification of the number of PAX
composite bar graph (E) showing the quantitative proportion of CAS
(marked with white box in C). Error bars are SEM.
*p < 0.05, **p < 0.01, ***p < 0.001. Experimental replicates (n) = 4 (
200 mm (upper panels in A and C).
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ofapoptosis to correctprogressionof corticalmorphogenesis,

it would be of great interest for future investigations to eluci-

date the precisemechanisms that trigger apoptotic cell death

of neural cells during cortical development.

Notably, our validation investigations revealed that lack of

Esco2, one of the identified IPC-enriched genes results in

striking loss of IPCs, leading to the failure of proper forma-

tion of the cortex. By using different model systems such

as yeast, primary mouse embryonic fibroblasts, and human

cells (HeLa and 293T human embryonic kidney cells), previ-

ous studies reported that ESCO2 is crucial for sister chro-

matid tethering (Hou and Zou, 2005; Terret et al., 2009;

Vega et al., 2005; Whelan et al., 2012a, 2012b). It is known

to do so via its catalytic function in cohesin acetylation that

ensures proper cohesion between sister chromatids. Indeed,

dysfunction of ESCO2 has been shown to result in loss of

cohesion at heterochromatic regions of centromeres, lead-

ing to defective localization of cohesin on chromosomes

and apoptosis (Hou and Zou, 2005; Terret et al., 2009;

Vega et al., 2005). In developing mouse cortex, a highly en-

riched expression of Esco1 and Esco2 was found in RGCs in

VZ and in IPCs in SVZ, respectively. This suggests a possibil-

ity that the cohesin acetyltransferases ESCO1 andESCO2 are

key cell viability factors, which act by maintaining the

appropriate cohesion in pericentric heterochromatin in

RGC and IPC populations. Indeed, our findings indicate

that ESCO2 is indispensable for IPC maintenance and

demonstrate the identification of a central genetic determi-

nant of IPC biogenesis in the developing mouse cortex.

In conclusion, our transcriptome data provide a crucial

resource for further investigations aimed at understanding

how IPC-related genetic factors contribute to cortical devel-

opment and their implication for neurological disorders.

Moreover, because IPCs are believed to be responsible for

a large portion of mammalian corticogenesis, and the size

of the IPC-laden SVZ correlates with brain phylogeny,

future studies can look into the role of the identified IPC

genes in cortical evolution.
Leading to Disturbance of Cortical Development
trol (wild-type) and Esco2 cKO cortex immunostained for PAX6 and
e cortex are indicated. Counterstaining was done with DAPI.
12.5 control and Esco2 cKO dorsal cortical area marked with a white

trol and Esco2 cKO cortex immunostained for PAX6, TBR2, and the
dial (MCX), dorsal (DCX), and lateral (LCX) aspects of the cortex are
arrows point to PAX6+/TBR2+ cells, which are in transition stage

pty arrows point to apoptotic (CASP3+) TBR2+ IPCs.
6+, TBR2+, PAX6/TBR2+, or NEUN+ cells undergoing apoptosis, and
P3+ cells co-expressing PAX6 or TBR2 or NEUN in the lateral cortex

B) and 6 (D and E). Scale bars, 50 mm (lower panels in A and C) and



Figure 7. Expression of ESCO2 Is Impor-
tant for Maintenance but Not Generation
of IPCs
(A and C) Micrographs at low and high magni-
fication showing GFP, CASP3, and PAX6 (A) or
TBR2 (C) immunostaining in the E16.5 Esco2fl/
fl mouse cortex electroporated with a GFP-only
plasmid as control and GFP-Cre plasmid to
delete Esco2 in the transfected cells.
(B and D) Composite bar graphs showing
quantitative analysis of the proportion of GFP
and CASP3 positive cells with either no/low/
high PAX6 expression (B) or with/without
TBR2 expression (D).
(E) Bar graphs showing no significant dif-
ference between the total number of cells co-
expressing GFP and PAX6 or GFP and TBR2
when the control (GFP-only) and knockout
(GFP-Cre) cortices are compared. Error bars
are SEM.
(F) Schema illustrating the expression of
PAX6, TBR2, NEUN, and ESCO2 during differ-
entiation of radial glial progenitors to inter-

mediate progenitors and neurons. The loss of ESCO2 in Esco2cKO_Emx1-Cre seems to cause apoptosis in the late radial glial progenitors
(PAX6+/TBR2+), intermediate progenitors (TBR2+), and neurons (NEUN).
NS, not significant. Experimental replicates (n) = 6 (B, D, E). Scale bar, 50 mm.
EXPERIMENTAL PROCEDURES

TBR2+Nuclei Sorting Protocol for TranscriptomicData

Generation from Embryonic Mouse Brain
Cells expressing TBR2 in the E16.5 mouse cortex were isolated by

FACS and profiled using RNA sequencing. The detailed protocol

is reported in Sakib et al. (2021). The experiment was carried out

using three biological replicates.

RNA Sequencing and Bioinformatics Analysis
Sorted nuclei were collected into non-specific binding coated Fal-

con tubes and pelleted via brief centrifugation, and the RNA was

isolated using a TRIzol LS (Invitrogen) protocol alongwith aqueous

phase cleanup using a Zymo RNA Clean & Concentrator-5 kit.

RNA-seq libraries were prepared using a Takara SMART-Seq

v4 Ultra Low Input RNA kit using 1 ng of RNA according to the

manufacturer’s protocol. Base calling, fastq conversion, quality

control, and read alignments were all performed as outlined previ-

ously (Narayanan et al., 2015; Nguyen et al., 2018). Reads were

aligned to mouse genome mm10 and counted using Features-

Count (http://bioinf.wehi.edu.au/featureCounts/). Further de-

scriptions of informatics analyses are provided in supplemental

experimental procedures.

Transgenic Mice and In Utero Electroporation
Floxed Esco2 (Whelan et al., 2012b) and Emx1-Cre (Gorski et al.,

2002) mice were maintained in a C57BL6/J background. Animals

were handled according to the German Animal Protection Law.

IUE was performed as described previously (Tuoc and Stoykova,

2008; Tuoc et al., 2013).
Plasmids and Antibodies
A list of plasmids and antibodies with detailed descriptions is pro-

vided in supplemental experimental procedures.

Immunohistochemistry and In Situ Hybridization

Validation
Immunohistochemistry (IHC) and ISH were performed as previ-

ously described (Bachmann et al., 2016; Tuoc et al., 2013; Visel

et al., 2004). In brief, sections for IHC were incubated overnight

with primary antibody at 4�C after blocking with normal sera of

the appropriate species. Primary antibodies were detected with a

fluorescent secondary antibody (Alexa Fluor, 1:400; Invitrogen).

Sections were later counterstained with Vectashieldmountingme-

dium containing DAPI (40,6-diamidino-2-phenylindole; Vector

Laboratories) to label nuclei.

A detail ISH protocol with different conditions was described

in our previous study (Visel et al., 2004) and can be found in

our online digital atlas (https://gp3.mpg.de). The template

sequence and ISH conditions are described in the webpage for

each gene.

Imaging, Quantification, Statistical Analysis, andData

Availability
Micrographs were obtained by confocal fluorescence microscopy

(TCS SP5, Leica) and analyzed using an Axio Imager M2 (Zeiss)

with a Neurolucida system. Images were processed further using

Adobe Photoshop. The statistical quantification was carried out

as average from at least three biological replicates. Detailed statisti-

cal analyses and descriptions of histological experiments are pre-

sented in Table S8. The in situ expressions of all the identified
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IPC genes are freely available online (https://gp3.mpg.de) in an

interactive database.

Accession Numbers
All RNA-seq data have been deposited in the Gene Expression

Omnibus under accession number GEO: GSE168298.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/

10.1016/j.stemcr.2021.03.008.
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