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ABSTRACT

During corticogenesis, distinct classes of neurons are born from
progenitor cells located in the ventricular and subventricular zones,
from where they migrate towards the pial surface to assemble into
highly organized layer-specific circuits. However, the precise and
coordinated transcriptional network activity defining neuronal identity
is still not understood. Here, we show that genetic depletion of the
basic helix-loop-helix (bHLH) transcription factor E2A splice variant
E47 increased the number of Tbr1-positive deep layer and Satb2-
positive upper layer neurons at E14.5, while depletion of the
alternatively spliced E12 variant did not affect layer-specific
neurogenesis. While ChlP-Seq identified a big overlap for E12- and
E47-specific binding sites in embryonic NSCs, including sites at the
cyclin-dependent kinase inhibitor (CDKI) Cdkn1c gene locus, RNA-
Seq revealed a unique transcriptional regulation by each splice
variant. E47 activated the expression of the CDKI Cdkn1c through
binding to a distal enhancer. Finally, overexpression of E47 in
embryonic NSCs in vitro impaired neurite outgrowth, and
overexpression of E47 in vivo by in utero electroporation disturbed
proper layer-specific neurogenesis and upregulated p57(KIP2)
expression. Overall, this study identifies E2A target genes in
embryonic NSCs and demonstrates that E47 regulates neuronal
differentiation via p57(KIP2).

KEY WORDS: Basic helix-loop-helix transcription factor, Cell cycle
regulation, Cortical neurogenesis, Neurite outgrowth, p57(KIP2),
Enhancer, E2A

INTRODUCTION

The mammalian cerebral cortex is a complex six-layered structure
whose cellular composition and organization underlies our highest
cognitive, perceptual and motor functions. During cortical
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development, multipotent embryonic neural stem cells (NSCs),
also referred to as radial glia (RG) cells, span the width of the brain
wall, retaining their cell bodies in the ventricular zone (VZ) (Pinto
and Gotz, 2007). RG cells undergo neurogenic asymmetric
divisions to generate a proliferating RG and a more differentiated
cell, either a neuron or a basal intermediate progenitor (IP).
Immature neurons migrate out of the VZ where they become
functionally integrated mature neurons and contribute to outer layer
formation, while IPs migrate into the subventricular zone (SVZ) and
proliferate to amplify the neurogenic population. RG and IP cells
give rise to six cortical layers in an ‘inside out’ order, from the
deepest layer VI, which contains early-born neurons, to layer II,
which is populated by the latest born neurons (Molyneaux et al.,
2007). During brain development, specification of neuronal identity
is orchestrated by the sequential expression of genes that control
proliferation, cellular migration and neuronal differentiation (Kwan
et al., 2012; Molyneaux et al., 2015; Telley et al., 2016).

Basic helix-loop-helix (bHLH) transcription factors (TFs) play
key roles in self-renewal and fate determination of NSCs during
corticogenesis (Imayoshi and Kageyama, 2014; Lee, 1997; Ross
et al., 2003; Vetter, 2001). bHLH TFs are characterized by a highly
conserved helix-loop-helix domain comprising two amphipathic o-
helices separated by a loop of variable length, which mediates the
formation of homo- or heterodimers (Murre et al., 1994). This
family of TFs contains a second motif of mainly basic amino acid
residues that allows DNA binding to a consensus hexanucleotide E
box sequence (CANNTG) (Murre et al., 1994; Voronova and
Baltimore, 1990). Class I bHLH TFs, called E proteins, have the
ability to function as heterodimers with class I bHLH proteins,
including members of the achaete-scute [e.g. Mashl (Ascll)],
neurogenin (Ngnl and Ngn2) and NeuroD families (e.g. NeuroD1),
for controlling differentiation and specification of NSCs and
IPs during embryonic development (Lee, 1997; Wang and
Baker, 2015).

E proteins are encoded by three genes, namely Tcf3 (E2A), Tcf4
(E2-2) and Tcf12 (HEB). The Tc¢f3 gene codes for the alternative
splice variants E12 and E47. Beside its heterodimer activity with
proneural TFs, E2A can interact with TFs from the Ets and Pax
families and, particularly E47, has been demonstrated to act as a
homodimer during B cell development (Shen and Kadesch, 1995).
E2A target genes during cortical development are unknown;
however, it has been demonstrated that it regulates cell cycle
progression through activation of cyclin-dependent kinase
inhibitors (CDKI), and cadherin-mediated cell adhesion through
transcriptional repression of E-cadherin (Pagliuca et al., 2000;
Pérez-Moreno et al., 2001; Prabhu et al., 1997; Rothschild et al.,
2006). Differential E protein expression patterns during brain
development and exclusive E2A expression in adult NSCs of the
SVZ stem cell niche suggests that E proteins act during orchestration
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of early cortical developmental processes (Bohrer et al., 2015;
Ravanpay and Olson, 2008; Roberts et al., 1993). Initial generation
and characterization of the E2A splice variant E12 and E47
knockout mice revealed that these splice variants fulfill distinct
functions in B cell lineage specification (Beck et al., 2009).
However, the precise contributions of these E2A splice variants and
their target genes to cortical neurogenesis and specification of
neural subtype identities is not known.

Here, we have identified the CDKI gene Cdknlc as a
functional target of E2A during neurogenesis. E47-deficient
mouse embryos had an increase in the number of cortical plate
neurons at E14.5, despite equal cell cycle progression of NSCs.
Overexpression of E47 in embryonic NSCs led to upregulation of
Cdknlc mRNA and inhibition of neuronal differentiation. Upon
E47 overexpression in vivo by in utero electroporation, p57
(KIP2) protein abundance was increased in cortical precursor
cells and neuronal localization as well as neurite outgrowth was
impaired. Our results suggest that the E2A splice variant
E47 controls neurogenesis via the CDKI p57(KIP2) as an
E47-regulated key factor in neuronal specification.
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RESULTS

The E2A splice variants E12 and E47 exhibit comparable
spatiotemporal expression patterns during cortical
development

To investigate the role of the E2A splice variants E12 and E47 in
embryonic NSCs during cortical development (Fig. 1A), we first
examined the temporal expression of E2A around the peak of
cortical neurogenesis. /n situ RNA hybridization analysis showed
Tcf3 expression in cells located in the VZ and SVZ of the cortex at
embryonic day 14.5 (E14.5) (Fig. S1A), consistent with expression
by mitotic embryonic NSCs and progenitors. Quantitative PCR for
the E2A splice variants E12 and E47 on FACS-sorted NSCs (Hes5::
eGFP sorted NSCs) of different developmental stages (E11.5, E15.5
and E18.5) showed highest expression of both splice variants at
E15.5 (Fig. 1B). Immunolabeling for E2A protein at E14.5 showed
variegated E2A expression levels in distinct cell populations in the
developing cortex (Fig. 1C). E2A was expressed by Pax6* cells,
separating this cell population into either high or low E2A-
expressing progenitors, with higher E2A expression in Pax6™ cells
in the apical region of the VZ (Fig. 1D). Most Eomes“*"* (Eomes,

Fig. 1. Expression of the E2A splice variants E12
and E47 in the developing cortex. (A) Structure of
the Tcf3locus. The alternatively spliced E12 and E47
proteins differ only in their DNA-binding region.

(B) Expression of the E2A splice variants E12 and
E47 in FACS-isolated neural stem cells at embryonic
days 11.5, 15.5 and 18.5 in HES5::eGFP mice.
Results are from at least three independent
experiments performed in duplicate.

(C) Immunolabeling for E2A (green) and Tbr2 (red) in
the cortex in representative sagittal brain sections of
C57BL/6 mice at E14.5. Arrowheads depict high
E2A-expressing cells in the VZ. Scale bar: 45 pm.
(n=3). (D,E) Immunolabeling for E2A (green) in
combination with Pax6 (D, red) or Ki67 (E, red) in
sagittal brain sections of mice at E14.5. White boxes
indicate representative E2A colocalization with Pax6*
(D) and Ki67* (E) cells (high magnification images
are on the right). The graphs show quantification of
E2A immunoreactivity per total E2A*Pax6* cells in
the apical and basal VZ (D, right) or in E2A*Ki67*
cells in the VZ (E, right). Scale bars: 45 um. (n=3).
(F) Immunoblot protein expression analysis for E47
and E12 in embryonic wild-type, E12~/~ and E47~/~
NSCs cultured under proliferation conditions.
Representative western blots are shown from two
(E12) and three (E47) independent experiments.
(G) Immunoblot protein expression analysis for E47
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and E12 in embryonic wild-type NSCs cultured under
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also referred to as Tbr2) IPs and Tuj-1" immature neurons showed a
moderate level of E2A expression (Fig. S1B,C), suggesting that
E2A levels might decrease in differentiating cells. Accordingly,
high E2A expression coincided with proliferating Ki67" cells in the
VZ (Fig. 1E), indicating a role for E2A in embryonic NSC
maintenance and differentiation. In addition, high E2A expression
was also observed in some cells of the upper layer of the cortical
plate (Fig. S1B,C). To elucidate the specific protein abundance of
the E2A splice variants E12 and E47, we first performed western
blotting on E127~ and E477~ NSCs to confirm antibody
specificity (Fig. 1F). The E12 protein abundance increased, while
the E47 protein abundance decreased during the temporal progress
of embryonic NSC differentiation (Fig. 1G), suggesting that both
splice variants might differently regulate neuronal differentiation of
precursor cells in the VZ and SVZ.

E47 deficiency leads to increased numbers of Thr1* and
Satb2* neurons, while E12 has no effect on cortical
neurogenesis

To study the functions of the E2A splice variants E12 and E47 in the
developing cortex, we examined the impact of splice variant-

A WT

E47-/- WT E47-/-

layers layers

specific loss of function on the specification of NSCs and their
progeny. Detailed cortical layer analysis at E14.5 revealed a
significant increase in the total number of Tbr1™ [layer VI; E47-/-,
1.52+0.18-fold (+s.e.m.); P<0.05: Fig. 2A,C] and Satb2™ [layer II-
V; E477/~, 1.60.06-fold (+s.e.m.); P<0.01: Fig. 2B,D] neurons in
E47~/~ embryos compared with wild-type embryos. The number of
Tbrl™ neurons was also significantly, albeit not as drastically,
increased at E18.5; at postnatal day 3 (P3) there was no significant
difference in the number of Tbrl™ cells in E47~~ embryos
compared with wild-type embryos (Fig. S2A-D), while the total
number of Satb2™ early-born neurons was similar at E18.5 and P3 in
E477~/~ embryos compared with wild-type embryos (Fig. S2E,F and
data not shown). E127~ embryos showed no difference in Tbrl*
and Satb2” cells compared with littermate controls at E14.5
(Fig. S2G-J), suggesting that specifically E47 controls neuronal
identities. Bin analysis showed an equal increase in the number of
Tbrl* neurons located in bins 1 to 5 in E47~~ embryos compared
with control (Fig. 2E), illustrating that the increase in Tbr1™" cells in
E477~/~ animals is not due to a shift in the localization of early-born
neurons. Interestingly, Ctip2* cells, which represent subcortical
projection neurons of layer V, were not affected in E47~~ embryos

Fig. 2. E47 regulates Tbr1* and Satb2* neurogenesis at
E14.5. (A,B) Immunolabeling for Tbr1 (A, green) and Satb2
(B, green) in sagittal brain sections of E47~/~ mice compared
with wild-type littermates at E14.5. The radial extent of the
cortical wall was divided into 10 bins of equivalent height.

E % Scale bars: 40 pm. (C,D) Quantification of the number of
= & Tbr1* (C) and Satb2* (D) neurons (n=5 wild-type mice, n=4
E47-- mice, C; n=5 wild-type mice, n=6 E47~/~ mice, D).
(E) Quantification of Tbr1* cells located in each of 10 bins
throughout the cortex in sagittal sections of E47~/~
mice and wild-type litermates at E14.5 (n=4 mice).
C D E - W (F,G) Immunolabeling for Vglut1 (red) in combination with
. 12 SEdes Tbr1 (green) (F), orimmunolabeling for Mash1 (green) (G) in
201 — T £ 3 representative sagittal brain sections of E47~/~ mice
&’ 15 z 2 4 compared with wild-type littermates at E14.5. Nuclei are
Py ©» K] g stained with DAPI (blue). Scale bars: 40 um, top; 17 pm,
g 1.0 8 7 bottom. n=3 mice. (H) Immunolabeling for nestin (green) in
tos ﬁ 2 8 the cortex in representative sagittal sections of E47~/~ mice
g g 18 compared with wild-type littermates at E14.5. Scale bar:
WT E47-/- WT E47-/- 0 5000 10000 40 Hm. n=4 mice. 0] Immunqlabeling for Pax§ (gr.een) in
cells/mm2 sagittal sections of E47~/~ mice compared with wild-type
F G littermates at E14.5. Scale bar: 40 um. (J) Quantification of
WI Eelee Ll i the number of Pax6* radial glial cells in cortical brain sections
of E47-/~ mice and wild-type littermates at E14.5 (n=4 wild-
type mice, n=3 E47~/~ mice). Data are means.e.m.
**P<0.01; *P<0.05 using Student’s t-test. CP, cortical plate;
- T GE, ganglionic eminence; IV/V, cortical layer IV/V; 1Z,
E < intermediate zone; SP, subplate; SVZ, subventricular zone;
>°’ E VI, cortical layer VI; VZ, ventricular zone.
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compared with wild-type littermates, suggesting that E47 regulates
neurogenesis of distinct populations of excitatory cortical neurons
(Fig. S2K,L). bHLH TF Ngnl and Ngn2 have been shown to
specify the properties of early-born neurons and Ngn mutants reveal
a global shift of neuronal phenotype from cortical, glutamatergic to
subcortical, GABAergic neurons (Schuurmans et al., 2004). As E47
has the ability to function as heterodimer with class II bHLH
proteins, including Ngnl and Ngn2, we analyzed whether E47
depletion results in identity changes of Tbr1* neocortical neurons.
Immunolabeling for Vglutl, a marker for glutamatergic neurons,
and Math2, a TF expressed by cortical neurons, revealed that the
population of Tbrl* cells in E47~~ mice had not changed its
identity (Fig. 2F and data not shown). Mashl protein levels were
strongly upregulated in Ngn2 mutants (Schuurmans et al., 2004). In
contrast, Mash1 expression was almost absent in the cortex and was
not further upregulated in E47~~ brain sections (Fig. 2G). Tbrl*
neurons are the source of neurofilament™ corticothalamic axons
(Bedogni et al., 2010) and, in accordance with no identity change of
Tbrl" neurons in E47~~ mice, they appeared with normal shape
(Fig. S2M,N). E2A splice variants are thought to be an essential
heterodimerization partner of the proneural bHLH TFs Mashl and
Ngn2 to facilitate DNA binding. Ngn2;Mashl double-mutant
embryos have a severe disruption of the cortical cytoarchitecture
(Nieto et al., 2001). However, neither E47~/~ nor E12~/~ embryos
had any overt differences in RG cell organization and cortex
cytoarchitecture compared with wild type, as shown by
immunolabeling for nestin (Fig. 2H; Fig. S20). Furthermore,
quantification of Pax6" or Sox2" RG cells in E47~~ embryos and
Pax6” RG cells in 127~ embryos revealed no significant differences
compared with wild-type controls (Fig. 21J; Fig. S2P-S). Loss of E47
did not significantly alter the Tbr2" and Ngn2* IPs and neurogenic
cell population, respectively, nor did it affect the differentiation of
NeuN" neurons or apoptosis at E14.5 (Fig. S3) and E18.5 (data not
shown, cleaved caspase 3). Overall, these results reveal that E47
controls the number of Tbr1™ and Satb2" neurons at E14.5.

E2A binds to a variety of genes controlling cortical brain
development

To identify E2A target genes during cerebral cortex development,
we performed genome-wide mapping of E2A-bound sequences in
primary NSCs using chromatin immunoprecipitation combined
with  DNA sequencing (ChIP-Seq). As splice variant-specific
antibodies are not suitable for ChIP experiments due to their
selective detection of DNA-bound regions, we used an antibody that
recognizes both E12 and E47, and chromatin prepared from the
mouse dorsal telencephalon at E12.5 (Fig. 3A), a stage when most
cells in the cortex are progenitors and where E2A protein was highly
abundant. Motif analysis of cis-regulatory sequences associated
with E2A protein occupancy revealed that the E protein consensus
DNA sequence (CAGCTG; E-box) was ranked as the top-scoring
motif (Fig. 3B). E2A-bound regions were enriched for Sox family
member and E2f6-binding motifs, suggesting coordinated DNA
binding of E2A with these TFs (Fig. 3B). E2A-binding sites
identified in this study compared with a previously published
enhancer atlas of the developing cortex (Visel et al., 2013) and,
together with H3K4Mel, H3K4Me3 and H3K27Ac histone marks
(Shen et al.,, 2012), revealed that E2A predominantly bound
enhancer regions (H3K27Ac, H3K4Mel"i#", H3K4Me3'*"), which
are partially active as indicated by co-occurrence of p300. Promotor
regions (H3K27Ac, H3K4Mel'*%, H3K4Me3"e") that are bound by
E2A in NSCs show p300 recruitment at later developmental stages
(PO), indicating activity at later developmental time points
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(Fig. S4A). To determine the biological functions of E2A-bound
genes according to enriched gene sets grouped by Gene Ontology
(GO) terms, we used GREAT (Genomic Regions Enrichment of
Annotations Tool). We found enrichment of the GO categories
‘regulation of gliogenesis’, ‘brain development’ and ‘stem cell
maintenance’ (Fig. 3C). Several core genes responsible for the
regulation of cortical brain development, including Foxgl, Pax6
and Sox5 are found within these enriched GO categories, suggesting
that E2A serves as a central player in controlling corticogenesis.
Currently, E2A target genes in embryonic NSCs during cortical
development are unknown. Interestingly, although our ChIP-Seq
did not reveal binding of E2A to previously described binding sites
in the E-cadherin gene (Pérez-Moreno et al., 2001), we confirmed
binding to sites in Cdknla [which encodes p21(CIP1) protein]
(Fig. 3D) (Prabhu et al., 1997). Analysis of E2A occupancy of
related CDKI genes in embryonic NSCs revealed several E2A-
binding sites in the Cdknlb [encodes p27(KIP1) protein] and
Cdknlc [encodes p57(KIP2) protein] loci (Fig. 3E,F). The three
sites of E2A occupancy at the Cdknlc locus in embryonic NSCs
(Fig. 3F), which we termed ‘p57-I’ (intron), ‘pS7-1I" (downstream)
and ‘pS7-1II" (distal intergenic) correspond to a potentially poised
enhancer (H3K4Mel only, p57-I), an active enhancer (H3K27Ac,
H3K4Mel, p57-I) and a Cdknlc promoter (H3K27Ac,
H3K4Me3>H3K4Me, p57-111) (Fig. 3F), suggesting that these
E2A-binding sites in the Cdknlc locus are putative regulatory
elements. Three biological replicates of the ChIP-Seq experiment
showed a high degree of overlap between E2A-bound sites and,
importantly, all E2A-binding sites within the Cdknlc locus were
confirmed (Fig. S4B).

E12 and E47 share binding sites with differential
transcriptional outcome

To obtain genome-wide binding patterns of the E12 and E47 splice
variant of E2A, we performed ChIP-Seq in E127~ and E47~/~
primary embryonic NSCs. Surprisingly, 67% of the identified E2A
peaks were detected in both genotypes and greater than 90% of the
reproducible E2A peaks in wild-type cells were also found by E2A
in both E12- and E47-deficient primary embryonic NSCs (Fig. 4A).
This indicates a high redundancy of E12 and E47 in their ability to
recognize E2A enhancer. Motif analysis as well as GO enrichment
for the overlapping E2A cistrome in these genotypes confirmed the
results obtained in wild type (Fig. 3B,C), pointing out ‘somatic stem
cell maintenance’, ‘gliogenesis’ and ‘neurogenesis’ among the most
enriched pathways. Surprisingly, whole-genome transcriptome
analysis by RNA sequencing (RNA-Seq) revealed astonishing
differences in gene expression between E12~/~ and E47~/~ primary
embryonic NSCs when compared with their respective littermate
wild-type controls (Fig. 4B). Only 60 genes were identified as
commonly differentially expressed in E127~ and E47~/~ cells
(Table S1), emphasizing their distinct functions in this tissue. In
order to identify the genes directly regulated by E12 and/or E47, we
filtered the differentially expressed genes by the occurrence of a
close by E2A peak in wild type (Venn diagram in Fig. 3B). 55.3% of
the differentially expressed genes in E47~/~ cells and 34.6% of the
differentially expressed genes in E127/~ embryonic NSCs were
predicted to be direct E2A target genes. A closer look at the direct
E47 target genes (Table S2) revealed that 181 genes were induced
upon loss of E47, whereas only 50 genes were repressed, indicating
that E47 acts as a repressor in this context. In contrast, E12 target
genes were mostly repressed (85 genes compared with 42 induced
genes, Table S3), predicting an activating function of E12 at these
loci. Besides the differences observed in the regulatory potential of
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A B Fig. 3. Identification of E2A-binding sites in
HOMER de novo motif finder embryonic NSC chromatin using ChIP Seq.
Molif Factor (A) Scheme of one cortical hemisphere at
— - developmental stage E12.5. The red rectangle
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the two E2A splice isoforms, GO enrichment analysis of the
respective target genes revealed distinct functions for E47 and E12
in primary embryonic NSCs (Fig. 4B, right). E47 target genes
induce biological processes as ‘negative regulation of glia cell
differentiation’ (e.g. Hmga2, Notchl, DII3 and Hes5) and ‘negative
regulation of nervous system development’ (e.g. Ednrb and
Lingol). E12 target genes on the other hand represent a variety of
developmental biological processes (e.g. Kit, Myc and Tgfbr2),
including ‘axon development’ (e.g. Arhgef3 and Nfasc) and ‘cell-
cell adhesion’ (Sema4d and Has2). To indicate the E2A binding
pattern in wild-type, E127/~ and E47~/~ embryonic NSCs of one of

the genes differentially regulated by the E2A splice variants, we
choose the Cdknlc gene locus as an example (Fig. 3F, Fig. 4C). In
wild-type NSCs, we observed four peaks upstream of the Cdknlc
gene locus (black boxes in Fig. 4C below wild-type track). These
peaks are bound by E2A in E12~~ as well as in E47~/~ embryonic
NSCs. The strong signal in the E47~~ NSCs in intron 1 of the
Kcnql gene locus on the other hand was not identified as a peak by
MACS and seems to be an artefact as many of the reads mapped here
have identical start and end positions (PCR artefact, Fig. 4C). From
analysis of E2A-binding events in wild-type, E12- and E47-
deficient embryonic NSCs, we conclude that E12 and E47 are able
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A Fig. 4. Overlapping E47 and E12
E12-/- cistromes with distinct
transcriptional outputs. (A) ChIP-
Seq analysis of E2A binding in wild-
type, E12~/~ and E47~/~ primary
embryonic NSCs. The Venn diagram
indicates the proportion of E2A-
binding sites overlapping or
exclusively identified in wild-type,
180(E12-speciﬁc) E12-/- and/or E47-/- NSCS,
(E47-specific)556 276 respectively. The table indicates the
wildtype (wt) identified transcription factor-binding
motifs and functional annotation
| factor motif P_| % |class | other factors GO_Biological Process according to the GO_Biological
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indicates the overlap in genes that are
B differentially expressed (fold
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their respective wild-type littermate
controls and the genes that have an
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bar plots indicate the functional
annotation of the differentially
DE E12-/- *ﬁg expressed genes with a wild-type E2A
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to bind the same sites, but differentially affect gene expression by
recruitment of either differential interaction partners or co-
regulators.

E47 directly regulates p57(KIP2) expression in embryonic
NSCs by binding to a distal Cdkn1c enhancer

Next, we performed quantitative PCR using E47~~ embryonic
NSCs to reveal whether E2A-bound CDKI genes were regulated by
E47. Quantitative PCR revealed a halving, albeit not significant
reduction of Cdknlc mRNA expression in E47~~ embryonic NSCs
compared with wild-type littermate cultures (Fig. S5A left), while
Cdknla and Cdknlb gene expression was not altered (Fig. SS5A,

3922

middle, right). Immunolabeling for p57(KIP2) at E14.5 revealed a
significant decrease in the p57(KIP2) expression in E47~/~ embryos
compared with wild-type embryos (Fig. 5A,B), while p57(KIP2)
was not altered at E12.5 (Fig. S5B,C). In addition, no significant
regulation of p57(KIP2) expression was observed in E127/~
embryos compared with wild-type embryos (Fig. S5D,E). To
identify putative regulatory elements in the Cdknlc locus that are
controlled by E47, we cloned each of the identified E2A-binding
regions (p57-I-111, Fig. 3F) upstream of a luciferase gene driven by
the minimal Admlp2 promoter and co-transfected HEK293T cells
with these reporters and increasing amounts of E47. We found that
E47 increased the activity of the ‘p57-I’ element in a dose-
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Fig. 5. E47 directly regulates p57(KIP2) expression in embryonic NSCs.
(A) Immunolabeling for p57(KIP2) (A, green) in sagittal brain sections of E47~/~
mice compared with wild-type littermates at E14.5. Scale bar: 40 pm.

(B) Quantification of the p57(KIP2) immunoreactivity (n=6 wild-type mice, n=8
E47-- mice). (C) Luciferase reporter assay in HEK293T cells using the
indicated Cdkn1c luciferase reporter construct (Cdkn1c enhancer | termed as
intron). Luciferase reporter assay results are of three independent experiments
performed in duplicate. (D) Scheme illustrating mutations of the human E47
protein (mutation positions are indicated by asterisks). The hE47R%%8X_|RES-
eGFP plasmid encodes a hE47 mutant, which can dimerize and interact with
potential co-factors, but cannot bind to the DNA. The hE47A%92D-I59N_|RES-
eGFP plasmid encodes a hE47 mutant, which cannot dimerize with other
bHLH TFs (Voronova and Baltimore, 1990). (E) Expression of Cdkn1c mRNA
in embryonic NSCs 24 h after electroporation with the hE47 plasmid in
comparison with cells electroporated with mutant hE47R%58K.|RES-eGFP and
mutant hE47A592D-1596N_IRES-eGFP plasmid or pPCAGGs-IRES-eGFP control
plasmid determined by quantitative PCR and normalized to Gapdh.
Quantitative PCR results are of two independent experiments performed in
duplicate. (F) Luciferase reporter assay in HEK293T cells using the indicated
Cdkn1c luciferase reporter construct (Cdkn1c enhancer | termed as intron).
Luciferase reporter assay results are from three independent experiments
performed in duplicate. Data are meanzts.e.m. **P<0.01; *P<0.05 by Student’s
t-test (B) and one-way ANOVA (C,E,F). RLU, relative light unit.

dependent manner [human E47 (hE47), 86+21.59-fold (£s.e.m.),
P<0.01; Fig. 5C], whereas E47 did not significantly affect the
activities of the ‘pS7-II" and ‘p57-I1I" regions (Fig. SSF,G). We next
analyzed whether dimerization and DNA binding of E47 is required
for Cdkn I c expression. Therefore, we used either an E47 mutant that
cannot form homo- or heterodimers (A592D_I596N) owing to
mutations in the HLH region (black asterisk) or an E47 mutant that
is able to form dimers but cannot bind DNA (R558K) due to a
mutation in the basic region of the protein (gray asterisk) (Fig. 5D)

(Voronova and Baltimore, 1990). Equal expression of the E47
mutants in embryonic NSCs was validated by western blot analysis
(Fig. SSH). Cdknlc mRNA expression was significantly increased
in cells expressing wild-type hE47 in comparison with control cell
cultures electroporated with an empty vector [hE47, 33+7.26-fold
(£s.e.m.); P<0.01; Fig. SE]. In accordance with the mRNA
expression data of Cdknla and Cdknlb in E47~~ embryonic
NSCs (Fig. S5A, middle, right), hE47 expression in embryonic
NSCs did not alter Cdknla and Cdkn1b gene expression (Fig. S5K).
To test whether E47 interacts with proneural bHLH factors to
regulate Cdknlc, we performed co-immunoprecipitation on lysates
from embryonic neural stem cells. E47 did not interact with any
tested non-bHLH proteins (Limk) nor with bHLH TFs (NeuroD1,
NeuroD2, Math2, Mash1, and Ngn2) in primary NSCs, suggesting a
yet unknown interaction partner for E47 or E47 might primarily act
as a homodimer (Fig. S51). Indeed, overexpression of an E47 forced
homodimer (E47FD) (Sigvardsson et al., 1997) (Fig. S5J, validation
of expression by western blot analysis) increased the activity of the
‘p57-I’ element in a dose-dependent manner (Fig. 5F).

E47 overexpression regulates NSC differentiation and
localization

The E47 regulated CDKI p57(KIP2) has been shown to regulate
cellular processes, including proliferation, cell cycle exit and
differentiation of embryonic NSCs (Mairet-Coello et al., 2012; Tury
etal., 2011, 2012). To determine the role of E47 in these biological
processes, we analyzed cortices of E47~~ embryos and control
littermates for cell proliferation (Ki67" cells) and for cell cycle
dynamics by analyzing cumulative EdU labeling (2-h intervals) in
Ki67* neuronal precursors. We did not detect any significant
differences in cell proliferation and cell cycle length in E47~/~
embryos at E14.5 compared with control littermates (Fig. 6A,B) or
at E12.5 (Ki67" neuronal cell and Edu’Ki67" cells at 2 h after
injection, data not shown). In addition, immunostaining for
phosphohistone H3 (pH3), an indicator of late G2- and M-phase
(Hendzel et al., 1997) revealed no difference in apical and basal
divisions in E47~~ embryos at E14.5 compared with control
littermates (Fig. 6C,D and data not shown). Accordingly, neither
proliferation nor apoptosis of E47~/~ embryonic NSCs was altered
compared with wild-type cells in vitro (Fig. 6E,F; Fig. S6A,B).
However, analysis of E47~/~ embryonic NSCs revealed a difference
in the distribution of the size of neurospheres formed compared with
wild-type embryonic NSCs, with increased numbers of bigger
neurospheres formed by E47~~ compared with wild-type cells
(Fig. S6C). Yet, the total number of single cells within the
dissociated neurospheres did not differ between E47~~ and control
cells (data not shown), suggesting no difference in proliferation, but
possibly differences in single cell size or cell-adhesion properties
(Marthiens et al., 2010). To identify whether E47 regulates NSC
differentiation, we overexpressed E47 in primary embryonic NSCs,
which resulted in a reduced number of cells with neurite outgrowth
[hE47, 23.1+6.3% and control, 75.48+6.8% (+s.e.m.); P<0.01:
Fig. 7A,B] compared with control NSCs (pCAGGs-IRES-eGFP,
referred to as CTRL). Furthermore, overexpression of the E47 non-
DNA-binding mutant (hE47%38K) showed an increased number of
cells with neurite outgrowth compared with wild-type hE47
overexpression (Fig. 7A,B). We next investigated the effect of
E47 on neuronal differentiation and localization in vivo by in utero
electroporation of wild-type embryos at E13.5. E47-overexpressing
cells (GFP") showed reduced neurite outgrowth [hE47, 7.45+4.0%
and control, 50.2244.78% (£s.e.m.); P<0.001: Fig. 7C,D] and had a
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more apical position in the cortex, mainly in the IZ [hE47, 0.22+
0.22, and control, 1.00+0.14 (£s.e.m.); P<0.05: Fig. 7C,E]. E47
overexpressing cells did not differentiate into Tbrl™ deep layer
neurons, as did controls (Fig. 7F). Further characterization of the
E47 overexpression cells revealed that these cells are NeuroD1"
intermediate zone precursor cells (Fig. 7G, Fig. S7). The E47-
regulated CDKI p57(KIP2) has been shown to regulate cellular
processes, including differentiation of embryonic NSCs (Mairet-
Coello et al., 2012; Tury et al., 2011, 2012). To investigate, whether
E47 regulates NSC differentiation via regulation of p57(KIP2), we
overexpressed p57(KIP2) in primary embryonic E47~~ NSCs.
E47~/~ NSCs already had a tendency to have an increased number
of cells with neurite outgrowth when compared with wild-type
NSCs (Fig. 7H,D). Importantly, p57(KIP2) overexpression in
primary embryonic E47~~ NSCs resulted in a reduced number
of cells with neurite outgrowth {mouse p57(KIP2) [mp57
(KIP2)], 23.5+9.5%; control, 43.7+10.4% (+s.e.m.); P<0.01:
Fig. 7H,I}. In line with these results, in vivo overexpression of
E47 resulted in increased p57(KIP2) expression, while p57
(KIP2) protein could not be detected in sections of embryos
electroporated with control plasmid (Fig. 7J,K). Together, these
results suggest that, in embryonic NSCs, increased abundance of
E47 leads to impaired neuronal differentiation and localization
by upregulation of the CDKI p57(KIP2).
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Fig. 6. E47 deficiency does not affect cell cycle
length of embryonic NSCs and intermediate
precursor cells. (A) Immunolabeling for EAU (red) in
combination with Ki67 (green) in the cortex in sagittal

% brain sections of E47~/~ mice and wild-type

:’ litermates at E14.5 2 h after EAU injection. Scale

S bar: 40 ym. (B) Quantification of the number of

g proliferating precursors (Ki67*) (n=3 wild-type mice,
2 n=4 E47-'~ mice) and quantification of the number of
= . . .

= proliferating precursors and SVZ precursors in S

phase (Ki67*EdU™ per Ki67*) per area of
quantification (n=1 wild-type mice, n=3 E47~/~ mice,
2 h; n=2 wild-type mice, n=2 E47~'~ mice, 6 h).

(C) Immunolabeling for phospho-histone H3 (green)
in sagittal brain sections of E47~/~ mice and wild-type
litermates at E14.5. Scale bar: 55 ym.

(D) Quantification of the number of phospho-histone
H3* cells (n=5 wild-type mice, n=4 E47~/~ mice).
(E) Immunolabeling for BrdU of E47~/~ and wild-type
embryonic NSCs after a 4 h BrdU pulse (left) and
quantification of immunolabeled BrdU™ cells (right).
Scale bar: 20 um. BrdU labeling results are from four
independent experiments. A minimum of 200 cells
per condition were analyzed. (F) Labeling of E47~/~
and wild-type embryonic NSCs by CFSE and
measurement of CFSE intensity by flow cytometry 0,
24,48 and 72 h after labeling. CFSE labeling results
are from two independent experiments. Data are
meanzts.e.m. P-values were calculated using
Student’s t-test. BrdU, 5-bromo-2’-deoxyuridine;
CFSE, carboxyfluorescein succinimidyl ester; DIC,
differential interference contrast; EdU, 5-ethynyl-2’-
deoxyuridine; CP, cortical plate; 1Z, intermediate
zone; SVZ, subventricular zone; VZ, ventricular
zone; pH3, phospho-histone H3.

DISCUSSION

The T¢f3 locus (E2A) encodes two highly related proteins, E12 and
E47, that arise through mutually exclusive splicing of two
alternative exons and differ only in their DNA-binding region
(Murre et al., 1989). Recently, distinct roles for E12 and E47 in B
cell specification have been demonstrated (Beck et al., 2009). Our
results suggest that the E2A splice variant E47 is required for proper
neuronal differentiation and layer-specific localization, whereas the

E2A splice variant EI12 is likely dispensable for -early
corticogenesis. E2A regulates cell type specification and
differentiation ~ programs, including neurogenesis  during

embryonic development, by dimerization with tissue-specific
class II HLH proteins (Gradwohl et al., 1996; Lee, 1997; Wang
and Baker, 2015). Thus, an important unresolved issue is whether
E2A functions independently of neurogenic class IT bHLH TFs.
Ngn2;Mashl double-mutant embryos have a severe disruption of
the cortical cytoarchitecture (Nieto et al., 2001) and Ngn mutant
embryos show a specification defect of neural precursor cells,
resulting in abnormal localization of early-born deep-layer neurons
during dorsal telencephalon development (Casarosa et al., 1999;
Fode et al., 2000; Li et al., 2012; Nieto et al., 2001; Schuurmans
et al., 2004). In contrast, our data revealed a specific role for E47 in
regulating the population size of Tbrl™ and Satb2® projection
neurons, while neuronal regional identity and the overall cortical
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Fig. 7. See next page for legend.

cytoarchitecture was not affected. Thus, with regard to
heterodimerization with class Il bHLH TFs, Mashl and Ngn are
not strictly dependent on E47. The interaction with Mash1 as a key
TF in ventral telencephalon development is unlikely to mediate
E47-regulated differentiation of projection neurons with dorsal

telencephalon identity (Fode et al., 2000), as it was shown that the
specification of these cells is Ngn dependent. Furthermore, E47
might function independently of Ngn during early neurogenesis, as
Ngn1/Ngn2 are required to specify the cortical, glutamatergic and
laminar characteristics of early-born neurons, while simultaneously
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Fig. 7. E47 regulates NSC differentiation via p57(KIP2). (A) Immunolabeling
for Tuj-1 (red, neurons) and GFP (green, electroporated cells) 2 days after
electroporation of primary NSCs with wild-type hE47 plasmid (hE47WT-IRES-
eGFP) in comparison with mutant (hE47R558K.|RES-eGFP) and control
plasmid (CTRL, pCAGGs-IRES-eGFP) cultured under differentiation
conditions on laminin. Nuclei are stained with DAPI (blue). Arrowhead
indicates a representative electroporated cell per condition. Scale bar: 20 ym.
(B) Quantification of the number of electroporated GFP* cells showing neurite
outgrowth in embryonic NSCs overexpressing wild-type hE47, hE47R558K or
control plasmid. Results are from four different experiments. A minimum of 130
cells per condition was analyzed. (C) In utero electroporation of wild-type mice
at E13.5 with either pCAGGs-IRES-eGFP or hE47WT-IRES-eGFP.
Immunolabeling was performed for Tuj-1 (red, neurons) and GFP (green,
electroporated cells) in sagittal brain sections at E15.5. Enlargements of
regions outlined show inhibition of neurite outgrowth and mislocalization of
cells expressing hE47"T-IRES-eGFP (right) compared with control (pCAGGs-
IRES-eGFP) (left). Nuclei are stained with DAPI (blue). Scale bars: 40 ym
(left); 20 um (right). (D,E) Quantification of the number of GFP* cells showing
neurite outgrowth (D) or located in the cortical plate (CP) (E) in sections of
E15.5 embryos after in utero electroporation (D: n=3 CTRL, n=4 hE47; E: n=6
CTRL, n=5 hE47). (F,G) Immunolabeling for Tbr1 (F, red, deep layer neurons),
NeuroD1 (G, red, intermediate zone cells) and GFP (green, electroporated
cells) in sagittal brain sections at E15.5. Enlargements of regions outlined
show E47-overexpressing cells that are GFP*Tbr1~ cells (right) compared with
control cells that are GFP*Tbr1™ cells (left) (F), and NeuroD1*GFP* cells in the
intermediate zone (G). Nuclei are stained with DAPI (blue).

(H) Immunolabeling for Tuj-1 (red, neurons) and GFP (green, electroporated
cells) 1 day after electroporation of primary E47~/~ NSCs with mp57(KIP2)
plasmid [mp57(KIP2)-IRES-eGFP] in comparison with control plasmid
(pCAGGs-IRES-eGFP) cultured under differentiation conditions on laminin.
Nuclei are stained with DAPI (blue). Arrowheads depict a representative
electroporated cell per condition. Scale bar: 10 pm. (I) Quantification of the
number of electroporated GFP™* cells showing neurite outgrowth in embryonic
E47-/- NSCs overexpressing mp57(KIP2) or control plasmid. Results are from
four different experiments. A minimum of 100 cells per condition was analyzed.
(J) In utero electroporation of wild-type mice at E13.5 with either pPCAGGs-
IRES-eGFP or hE47WT-IRES-eGFP. Immunolabeling for p57(KIP2) (red) and
GFP (green) was performed in sagittal sections of the cortex at E15.5.
Enlargements of regions indicated by rectangles show GFP*p57(KIP2)* cells
(right, yellow circle) and GFP*p57(KIP2)~ cells (left, yellow circle). Scale bars:
65 um (left); 10 pm (right). Nuclei are stained with DAPI (blue).

(K) Quantification of the number of p57(KIP2)*GFP* cells in sections of E15.5
embryos after in utero electroporation (n=3 pCAGGs-IRES-eGFP, n=4 hE47-
IRES-eGFP). Data are meants.e.m. ***P<0.001; **P<0.01; *P<0.05 using
one-way ANOVA (B,l) and Student’s t-test (D,E,K). Dotted line indicates the
border between the cortical plate (CP) and 1Z/SVZ area (C,F,G,J). CP, cortical
plate; 1Z, intermediate zone; SVZ, subventricular zone.

repressing an alternative subcortical, GABAergic neuronal
phenotype (Schuurmans et al., 2004). In contrast, E47 regulated
the differentiation of Tbrl-positive deep layer and Satb2-positive
upper layer projection neurons at E14.5, whereas E47 depletion did
not result in an alternative subcortical, GABAergic neuronal
phenotype. At this point a role for E2A as a heterodimerization
partner of neurogenic class II bHLH TFs during early dorsal
telencephalon development cannot be excluded; in E47-deficient
embryos, other E proteins, such as E12, E2-2 and HEB might
compensate for the loss of E47 at specific developmental time
points. Our data revealed overlapping expression of E47 and E12 in
NSCs and our ChIP-Seq identified a big overlap for E12- and E47-
specific binding sites in embryonic NSCs, supporting possible
functional redundancy among individual E proteins at different
developmental time points. However, protein stability in
differentiating cells (Fig. 1G), post-translational modifications
(Teachenor et al., 2012), heterodimerization partner or co-factor
recruitment (Gow et al., 2014) at specific developmental time points
in specific cell populations further adds complexity to the specific
functions of individual E proteins in cortical development. Indeed,
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our RNA-Seq analysis revealed that the splice-isoform E47 acts
mainly as a transcriptional repressor in NSCs, while E12 target
genes are reduced in E127/~ primary embryonic NSCs, pointing
towards a distinct transcriptional regulatory mechanism exploited
by each of the two E2A splice isoforms.

As E47 overexpression in vitro and in vivo showed neuronal
differentiation defects resulting in impaired neurite outgrowth,
another potential interaction partner could be NeuroD due to its
function in neuritogenesis (Bayam et al., 2015; Ince-Dunn et al.,
2006). Indeed, the comparison of our E2A ChIP-Seq data with a
genome-wide NeuroD2 DNA-binding analysis (Bayam et al., 2015)
revealed largely overlapping NeuroD2 binding around E2A peaks,
including the ‘p57-I” intronic enhancer of Cdknlc. We detected no
interaction of E47 with putative binding partners, including
NeuroD1/2 in primary embryonic NSCs, suggesting a potential
role for E47 homodimers. Indeed, our luciferase assays revealed that
E47 homodimers regulate Cdknc expression independently of pro-
neurogenic class Il bHLH heterodimerization partner. Future studies
will show whether E47 might act as a homodimer or in combination
with an as yet unknown TF to regulate the differentiation of Tbr1™
and Satb2" projection neurons.

E2A proteins play key roles in controlling gene expression during
development of many tissues, such as in B and T cell development
(Murre, 2005). Yet, no E2A target genes are known for cortex
development. Target genes have been described for the potential
E2A interaction partners Mashl1, Ngn1/2 and NeuroD. A genome-
wide study for Mashl characterized target genes during ventral
telencephalon development (Castro et al, 2011), whereas a
genome-wide study for NeuroD2 (genes with functions in layer-
specific differentiation and in axonal pathfinding) and target genes
for Ngn2 [Etvl, HuD (Elav4) and Rnd2] have been described for
dorsal telencephalon development (Bayam et al., 2015; Bronicki
et al., 2012; Heng et al., 2008; Kovach et al., 2013). The E2A-
activated transcriptional program described here provides evidence
that E2A indeed induces many TFs and other regulators of
specification and differentiation of embryonic NSCs, e.g. Foxgl
(Martynoga et al., 2005), Pax6 (Warren et al., 1999) and Sox5
(Kwan et al., 2008), suggesting that E2A is actively involved in the
balanced coordination of the neurogenic program in cortical
development.

E proteins are not functionally equivalent as they function
independently, resulting in E protein-specific phenotypes (Beck
et al., 2009) and as they regulate specific target genes in different
immune cell lineages (Lin et al., 2010; Sanda et al., 2012); however,
no E2A splice variant target genes are known for cortex
development. Our genome-wide DNA-binding analysis of E12
and E47 revealed similar binding patterns of both splice variants.
E2A peaks ‘lost’ in splice variant-deficient mice suggest occupancy
of E47 and E12 splice variant homo- or heterodimerzation at E2A
binding sites. We speculate at this point that the two splice variants
of E2A are able to compensate for each other’s loss at the level of
target site DNA binding. In contrast, RNA-Seq analysis of target
gene regulation revealed a unique role for E12 and E47 in regulating
transcription of certain genes. Specifically, our data suggest that
E47 might mainly work by repressing genes, while E12 seems to
work as a transcriptional activator of genes in embryonic neural
stem cells. This is in line with a role for E47 as a transcriptional
repressor of a subset of astrocyte-specific genes in adult NSC
differentiation (Bohrer et al., 2015). E2A binding to the Cdknlc
gene locus was detected in E12- and E47-deficient embryonic
NSCs, albeit expression of Cdknlc was altered only upon deletion
of E47 and remained stable in the absence of E12. Thus, splice
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variant-specific transcriptional gene regulation detected in our study
were in line with phenotypic differences observed in E12~~ and
E47~/~ mice, suggesting that E12 and E47 might have similar DNA-
binding capabilities, but splice-variant specific DNA binding may
result in distinct regulatory mechanisms (e.g. by recruitment of
different co-regulators) that differentially affect gene expression.
This may affect gene expression of various other genes and not only
of Cdknlc during cortical development.

A function for E2A as cell cycle regulator has been proposed and
E2A-binding sites in CDKI genes have been described outside the
nervous system (Pagliuca et al., 2000; Prabhu et al., 1997).
Although our study identified E2A-binding sites in the Cdknla,
Cdknlb and Cdknlc loci, E47 overexpression, knockout
experiments and luciferase reporter assays revealed that, among
those, only the Cdknlc gene is a regulated E47 target gene during
cortical development. A previous study indicated that potential
Cdknlc enhancers are located between +35 and +225 kb from the
Cdknlc transcription start site (John et al., 2001) and a putative
muscle-specific enhancer was recently identified to be localized to a
conserved 686 bp fragment lying ~+59 kb from Cdknlc that is
controlled by the bHLH TF MyoD (Zalc et al., 2014). This muscle-
specific enhancer element corresponds to one site of E12 and E47
occupancy in embryonic NSCs [‘p57-I” (intron)] identified by our
ChIP-Seq data and was classified as a poised enhancer in mESCs by
analyzing histone marks (Shen et al., 2012). Furthermore, E47 was
able to activate transcription from this enhancer, suggesting that it
not only acts as an enhancer in muscle cell differentiation, but might
be developmentally regulated in several tissues. However, here it is
not activated by MyoD, but presumably by E47 heterodimers or
homodimers, and functions as a regulatory element in neuronal
localization and differentiation during corticogenesis.

Cell cycle and differentiation in the developing forebrain are
intimately connected (Salomoni and Calegari, 2010; Tury et al.,
2011). Blocking the cell cycle induces neural-progenitor
differentiation and migration from the VZ to upper cortical
regions (Calegari and Huttner, 2003; Lange et al., 2009). p57
(KIP2) as a member of CDKIs is able to block the progression of the
cell cycle in embryonic (Furutachi et al., 2015) and adult NSCs
(Furutachi et al., 2013) by predominantly binding and inhibiting
cyclin/CDK complexes of the G1 phase. Surprisingly, we did not
observe functions of E47 for the regulation of cell proliferation and
cell cycle length during early cortical development at E14.5. In
addition to the well-characterized function of p57(KIP2) in
regulating cell cycle progression, it also has been shown to
control NSC migration and differentiation (Mairet-Coello et al.,
2012; Tury et al., 2011, 2012). Cdknlc-deficient mice reveal an
increase in layer V to VI neurons (Mairet-Coello et al., 2012).
Despite E2A and p57(KIP2) expression in SVZ/IZ cells during
early- and mid-corticogenesis (Fig. 1C, Fig. SIC) (Tury etal., 2012,
data not shown), E47 might regulate p57(KIP2) expression in a
defined time window to control Tbr1™ and Satb2™ cortical projection
neuron differentiation at mid-neurogenesis. Indeed, our data
revealed that E47 regulated pS7(KIP2) at a specific developmental
time point during corticogenesis.

Interestingly, p57(KIP2) regulates cell differentiation and
migration via direct interaction with several bHLH TFs, such as
Mashl, NeuroD1/2 and Nex/Math2, and actin cytoskeleton-
modifying enzymes, such as Limkl1/2 (Joseph et al., 2009;
Vlachos and Joseph, 2009). NeuroD2 was recently identified as
an early-onset neuronal transcript with protein expression detected
in newborn apical VZ neurons (Telley et al., 2016) and p57(KIP2)
expression was shown to colocalize with NeuroD1 in postmitotic

cells in the IZ (Tury et al.,, 2012). Our data showed that the
overexpression of p57(KIP2) in E47~~ NSCs inhibited neurite
outgrowth, similar to E47 overexpression in wild-type NSCs,
suggesting a linear relationship between E47 and p57(KIP2)
expression in the differentiating projection neurons during cortical
development. Future studies will determine whether E47
dynamically controls p57(KIP2) expression, which then might
direct neurogenesis of Tbrl™ and Satb2" projection neurons by
abundant p57(KIP2) interacting with NeuroD.

We identified a specific role for E47 in regulating Tbrl1™ and
Satb2" projection neurons via p57(KIP2) during cortical
development, while Ctip2* projection neurons were not affected.
The sequence and pace of neuronal differentiation processes of
different neuronal subtypes 1is instructed by sequential
transcriptional waves (Telley et al., 2016). The birthdates of
cortical neurons are known to correspond to their particular
cortical layer position (Smart and Smart, 1982), as is the case for
layer VI Tbrl™ and layer V Ctip2* subcortical layer projection
neurons. Birthdating experiments revealed that even Ctip2" neurons
in layer V are earlier born than Satb2* callosal projection neurons in
layer V (Hatanaka et al., 2016). Therefore, E47 might control
distinct temporally gated genetic targets and networks in different
cell populations, such as the identified p57(KIP2) target in this
study, that affect distinct neuronal subpopulation localization and
differentiation. Misbalanced neurogenesis is associated with
autism-like features (Fang et al., 2014) and, more specifically,
altered Tbrl expression and function is associated with autism
(Deriziotis et al., 2014; Huang et al., 2014; Notwell et al., 2016). As
E47 is regulating Tbr1* and Satb2" projection neuron cell numbers
during cortical development, it would be very interesting to
investigate whether dysregulated E47 is linked to Tbrl-related
autism spectrum disorders.

Overall, we identified a specific role for E47 in regulating Tbr1*
and Satb2” projection neurons via p57(KIP2) during cortical
development. Beside its function in brain development, p57(KIP2)
has been implicated in adult NSC quiescence and neurogenesis
(Furutachi et al., 2013, 2015), cancer (Borriello et al., 2011,
Guo et al., 2010), and human disorders (Duquesnes et al., 2016;
John et al., 2001; Zhang et al., 1997). The Cdknlic locus has been
implicated in the Beckwith-Wiedemann syndrome, a growth-
regulation disorder characterized by tissue overgrowth and
predisposition to tumors (Zhang et al., 1997), and mutations in
different predicted enhancers have been suggested to contribute to
the formation of the disease (Eggermann et al., 2014). Aberrant p57
(KIP2) expression might be evoked through misbalanced E47
protein activity or mutations in the E47-responsive enhancer. Thus,
the consequent targeting of E47 activity and the direct regulation of
p57(KIP2) by the distant E47-regulated ‘pS7-1" enhancer identified
in this study might offer novel therapeutic opportunities for p57
(KIP2)-associated diseases.

MATERIALS AND METHODS

Animals

C57BL/6J mice (Jackson Laboratory), C57BL/6J-inbred mice deficient for
the E2A splice variant E12 (E1277) or E47 (E4777) (Beck et al., 2009),
Eomes®"" mice (Arnold et al., 2009) and Hes5::CreER"2R0sa26-CAG::
eGFP"" (Rolando et al., 2016) were used. Mouse brains were isolated from
embryos of various developmental stages as indicated. The morning of
vaginal plug was considered as being embryonic day 0.5 (E0.5). All animal
experiments were approved by the Federal Ministry for Nature, Environment
and Consumer Protection of the state of Baden-Wiirttemberg and were
performed in accordance to the respective national, federal and institutional
regulations.
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Immunohistochemistry

Embryonic mouse brains were dissected and fixed in 4% paraformaldehyde
(PFA) in phosphate-buffered saline (PBS) at 4°C overnight. After
cryoprotection by immersion in 30% sucrose solution, brain samples were
embedded in OCT (Tissue-Tek). Immunohistochemistry on sagittal brain
cryostat sections was performed as described previously (Schachtrup et al.,
2015). Details of immunohistochemistry and antibodies used are described
in the supplementary Materials and Methods.

In situ hybridization (ISH)

Nonradioactive ISH was performed on cryosections of wild-type mice using
a Tcf3-specific probe. For details of ISH, see the supplementary Materials
and Methods.

Embryonic NSC culture

Embryonic NSCs from E14.5 embryos were isolated and cultured as
described (Bohreret al., 2015; Reynolds and Weiss, 1992). For differentiation
conditions, embryonic NSCs were plated on laminin (1 pg/ml; Sigma-
Aldrich) in NSC medium without rhFGF-2 and rhEGF. For neurosphere size
measurements, 200 dissociated embryonic NSCs per well were cultured in a
96-well plate (BD) in NSC medium with growth factors for 7 days. The
diameter of at least 200 neurospheres was measured as recently described
(Nam and Benezra, 2009). For proliferation assays, dissociated embryonic
NSCs were cultured in NSC proliferation medium for 24 h, treated with BrdU
(1:100, Invitrogen) for 4 h, followed by cytospin and immunolabeling.
Additionally, proliferation was tested by labeling NSCs with
carboxyfluorescein diacetate succinimidyl ester (CFSE) by incubating
2x10° cells/ml in PBS containing 1 uM CFSE for 10 min at 37°C.
Embryonic NSCs were harvested at different time points, resuspended in
FACS buffer (PBS+1% BSA) containing propidium iodide (1 uM), and
immediately analyzed by flow cytometry. Data were collected with the LSRII
flow cytometer (BD Biosciences) and analyzed with FlowJo software (Tree
Star). For E47 overexpression experiments, wild-type embryonic NSCs were
transfected by electroporation using the Mouse Neural Stem Cell
Nucleofector Kit (Lonza) following the manufacturer’s instructions with
hE47WTIRES-eGFP, hE47R%®K.IRES-eGFP or pCAGGs-IRES-eGFP
control plasmids (1.5 pg). For p57(KIP2) overexpression experiments, wild-
type or E47~/~ embryonic NSCs were transfected by electroporation using the
Mouse Neural Stem Cell Nucleofector Kit (Lonza) following manufacturer’s
instructions with mp57(KIP2)-IRES-eGFP or pCAGGs-IRES-eGFP control
plasmids (1.5 pg).

Immunocytochemistry

Immunocytochemistry was performed as described previously (Schachtrup
etal., 2015) and further details are described in the supplementary Materials
and Methods.

Neurite outgrowth assay

Neurite outgrowth assays were performed as previously described using
electroporated embryonic NSCs (Schachtrup et al., 2010). Details of the
neurite outgrowth assay and analysis are described in the supplementary
Materials and Methods.

RNA isolation and quantitative PCR

RNA was isolated from primary embryonic NSCs and quantitative PCR was
performed as described previously (Schachtrup et al., 2010). Primer pairs
used are described in the supplementary Materials and Methods.

RNA sequencing (RNA-Seq)

RNA isolation from primary embryonic E127~, and E47~~ NSCs and
respective littermate controls at 14.5 was performed as described previously
(Schachtrup et al., 2010). The quality of the RNA was verified using an
Agilent 2100 Bioanalyzer with RNA 6000Nano Reagents (Agilent
Technologies). Library preparation and rRNA depletion was performed
using the TruSeq Stranded mRNA Library Prep Kit (Illumina) starting with
500 ng RNA as input for each sample. Libraries were sequenced on the
[llumina HiSeq4000. Sequencing quality was assessed with FastQC (http:/
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www.bioinformatics.babraham.ac.uk/projects/fastqc/). The reads were
mapped to the mouse genome mm9 (Ensembl build 37.67) and reads per
gene counted using STAR (Dobin, 2013) with the following settings:
—outFilterType BySJout —outFilterMultimapNmax 20 —alignSJoverhangMin
8 — alignSJDBoverhangMin 1 —outFilterMismatchNmax 999 —outFilter
MismatchNoverLmax 0.04 —alignIntronMin 20 —alignIntronMax 1000000
—alignMatesGapMax 100000 —quantMode GeneCounts. The gene annotation
information was obtained from Ensembl (build 37.67). Gene count
normalization and differential expression analysis was performed using
DESeq?2 (Love etal., 2014). For gene annotation, biomaRt was used (Durinck
et al., 2009). Functional enrichment according to gene ontology was carried
out using clusterProfiler (Yu et al., 2012).

Chromatin immunoprecipitation sequencing (ChIP-Seq)

Chromatin immunoprecipitation (ChIP) assays were performed as described
(Beck et al., 2009). Details on the ChIP procedure and antibodies used are
described in the supplementary Materials and Methods. Purified chromatin
was analyzed by high-throughput DNA sequencing on an Illumina HiSeq
3000 as described previously (Uhlenhaut et al., 2013). Reads were aligned
to the mouse mm?9 reference genome using BWA-MEM version 0.7.13 (Li,
2013 preprint) and PCR duplicates removed using Picard Tools version
1.119 (http:/picard.sourceforge.net/). For the visualization of the tracks,
mapped reads were converted to bedGraph using the HOMER software suite
version 4.8.3 (Heinz et al., 2010) and visualized in the UCSC genome
browser (Kent et al., 2002). Peaks were called using MACS2 version 2.1.0
(Zhang et al., 2008) and Gene Ontology analysis performed with GREAT
(McLean et al., 2010). Motif discovery and read distribution analysis around
E2A peaks was conducted with HOMER. The binding profiles of NeuroD2
(GSE67539) (Bayam et al., 2015) and p300 (GSE42881) (Visel et al.,
2013), as well as the H3K4Mel, H3K4Me3, H3K27Ac modification profile
(GSE29218) (Shen et al., 2012), were obtained from GEO (Edgar et al.,
2002).

Luciferase reporter transactivation assays

The luciferase reporter construct was generated by cloning three putative
Cdknlc regulatory elements defined by E2A binding, termed Cdkn ¢ intron
(chr7: 150,587,437-150,587,805), Cdkn1c downstream (chr7: 150,614,405-
150,614,750) and Cdknlc distal intergenic (chr7: 150,623,726-
150,624,250), into the pGL3-Admlp2 plasmid (Sayegh et al., 2003). Each
fragment was isolated by PCR amplification using C57BL/6] mouse
genomic DNA. Details of the luciferase assay procedure and primers used
for cloning of reporter constructs are described in the supplementary
Materials and Methods.

Co-immunoprecipitation

For endogenous co-immunoprecipitation, cell lysates of primary embryonic
NSC cultures were incubated with rabbit anti-mouse E2A antibody (5 ug;
sc-349X, Santa Cruz Biotechnology) bound to A-agarose beads for 4 h at
4°C. Details of co-immunoprecipitation are provided in the supplementary
Materials and Methods.

Immunoblots

For detection of E47 and E12 expression in wild-type, E47~/~ and E127/~
embryonic NSCs, primary cells cultured in proliferation medium were
harvested. To detect E12 and E47 expression in wild-type NSCs under
proliferating and differentiating conditions, primary cells were cultured in
NSC proliferation medium and in NSC differentiation medium for various
times. For expression analysis of E47 and E12 in primary NSCs and human
E47 and GFP in electroporated embryonic NSCs from wild-type mice,
protein extracts were sampled and separated by electrophoresis on 8%
and 10% SDS-PAGE gels as described previously (Schachtrup et al.,
2010). Antibodies used are described in the supplementary Materials and
Methods.

EdU labeling regime
To analyze relative cell cycle length of embryonic NSCs in the cortex, EdU
(30 mg/kg body weight, Thermo Fisher) was injected intraperitoneally into
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pregnant dams at E12.5 or E14.5. Cumulative EAU labeling of E47~~ and
wild-type littermate mouse embryos (C57BL/6 background) at E14.5 was
performed by repeated intraperitoneal injections (2 h intervals) into
pregnant mice as previously described (Calegari et al., 2005). Relative
changes in cell cycle length were assessed by EdU/Ki67 dual
immunolabeling of embryonic mouse brain sections collected 2 h and 6 h
after EAU injection. The total number of EAU'/Ki67" cells was counted
within the VZ and SVZ (Mairet-Coello et al., 2012).

In utero electroporation

Plasmid DNA for electroporation was generated under endotoxin-free
conditions using the EndoFree Plasmid Maxi Kit (Qiagen). In utero
electroporation was performed as previously described (Knuckles et al.,
2012). DNA constructs were injected into the lateral ventricles of each
embryo at E13.5 of pregnancy in C57BL/6] mice and the embryos were
allowed to develop until E15.5 before isolation. Details of the in utero
electroporation procedure are described in the supplementary Materials and
Methods.

Microscopy and imaging analysis

Images were collected using either an Axioplan 2 Imaging epifluorescence
microscope, an Axiolmager.M2 epifluorescence microscope, a TCS SP8
confocal laser scanning microscope or a Leica DM LED Fluo inverted
microscope. Details on microscopy, image processing and quantification are
described in the supplementary Materials and Methods.

Statistical analysis

Data are shown as mean+s.e.m. Differences between groups were analyzed
by one-way ANOVA followed by Bonferroni’s post-test for multiple
comparisons. Differences between isolated pairs were examined using
Student’s #-test.
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