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Proneural genes such as Ascl1 are known to promote cell cycle exit and neuronal differentiation when expressed in
neural progenitor cells. The mechanisms by which proneural genes activate neurogenesis—and, in particular, the
genes that they regulate—however, are mostly unknown. We performed a genome-wide characterization of the
transcriptional targets of Ascll in the embryonic brain and in neural stem cell cultures by location analysis and
expression profiling of embryos overexpressing or mutant for Ascl1. The wide range of molecular and cellular
functions represented among these targets suggests that Ascl1 directly controls the specification of neural
progenitors as well as the later steps of neuronal differentiation and neurite outgrowth. Surprisingly, Ascl1 also
regulates the expression of a large number of genes involved in cell cycle progression, including canonical cell
cycle regulators and oncogenic transcription factors. Mutational analysis in the embryonic brain and manipulation
of Ascl1 activity in neural stem cell cultures revealed that Ascl1 is indeed required for normal proliferation of
neural progenitors. This study identified a novel and unexpected activity of the proneural gene Ascl1, and revealed
a direct molecular link between the phase of expansion of neural progenitors and the subsequent phases of cell

cycle exit and neuronal differentiation.
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The generation of new neurons in the developing brain is
a complex process that requires neural progenitors to
progress through a succession of distinct cellular states.
Important advances have been made in imaging the
development of neural lineages, including the cell di-
visions of progenitor cells and the differentiation and
migration of newborn neurons (Kriegstein and Noctor
2004; Shioi et al. 2009). In contrast, there is still little
known of the genetic programs that guide these different
steps of neurogenesis.
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Different types of progenitor cells have been identified
in the embryonic telencephalon, the rostral-most divi-
sion of the forebrain. Radial glial cells in the ventricular
zone (VZ) have characteristic features of neural stem (NS)
cells, as they self-renew by asymmetric division and have
the potential to generate both neurons and glial cells
(Gotz and Huttner 2005). Some radial glial cells directly
give rise to post-mitotic neurons, while others generate
intermediate progenitors that divide symmetrically be-
fore they produce neurons (Haubensak et al. 2004; Miyata
et al. 2004; Noctor et al. 2004). Radial glial cells divide
at the apical surface of the VZ, while intermediate pro-
genitors, also called basal or non-surface-dividing pro-
genitors, divide away from the apical surface in the
subventricular zone (SVZ). The dorsal telencephalon,
which generates the projection neurons of the cerebral
cortex, contains a relatively small population of basal
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progenitors (at least in rodents) (see Smart et al. 2002),
while the ventral telencephalon, which generates pro-
jection neurons of the basal ganglia as well as cortical and
basal ganglia interneurons, has a larger SVZ (Smart 1976;
Sheth and Bhide 1997). Telencephalic progenitors can be
expanded in vitro as nonadherent “neurospheres” or as
adherent NS cells, which can be maintained as prolifer-
ating and undifferentiated progenitors in the presence of
mitogens or differentiated into neurons, oligodendro-
cytes, and astrocytes when the mitogens are withdrawn
(Reynolds and Weiss 1992; Johe et al. 1996; Conti and
Cattaneo 2010).

Neurogenesis in the embryonic brain is regulated pri-
marily by proneural transcription factors (TFs), including
Mash1/Ascll and Ngnl/2/Neurogl/2. Extensive genetic
analysis in the mouse has shown that these factors
promote cell cycle exit and neuronal differentiation in
diverse progenitor populations (Bertrand et al. 2002; Ross
et al. 2003). For example, overexpression of Ascll in NS
cell cultures results in rapid differentiation of transduced
cells into functional neurons (Berninger et al. 2007b;
Geoffroy et al. 2009). Conversely, loss of Ascll results
in a severe loss of basal ganglia neurons and cortical
interneurons in the telencephalon (Casarosa et al. 1999;
Horton et al. 1999; Marin et al. 2000; Yun et al. 2002).
Proneural factors have been shown to regulate early steps
of neurogenesis, including the neuronal commitment,
subtype specification, and cell cycle exit of progenitors
(Farah et al. 2000; Fode et al. 2000; Nieto et al. 2001;
Nakada et al. 2004), as well as later steps such as the
migration of post-mitotic neurons and the oriented growth
of their axons (Seibt et al. 2003; Hand et al. 2005; Ge et al.
2006). In contrast to the understanding of the develop-
mental functions of proneural factors, little is known of
the molecular pathways that mediate their activities. Both
Ascll and Neurogl1/2 are known to activate Notch signal-
ing by directly inducing expression of the ligands Delta
and Jagged, thereby inhibiting neurogenesis in adjacent
cells (Castro et al. 2006; Henke et al. 2009). In addition,
Ascll confers a GABAergic neurotransmission phenotype
to ventral telencephalic neurons at least in part through
direct regulation of the homeobox genes DIx1 and DIx2
(Schuurmans et al. 2004; Poitras et al. 2007). A few ad-
ditional targets of Ascll, including the genes encoding the
zinc finger protein Insm1 and the ubiquitin ligase Fbxw7,
have been discovered by their association with conserved
binding motifs for Ascll and its coregulators, Brnl and
Brn2 (Castro et al. 2006). Because of the paucity of in-
formation on their transcriptional targets, it is unclear
whether Ascll and other proneural genes control most
aspects of neurogenesis directly or via a downstream tran-
scriptional cascade. For example, it is not known how
proneural proteins promote cell division arrest, although
induction of cyclin-dependent kinase (Cdk) inhibitors has
been proposed (Farah et al. 2000). Several TFs and chro-
matin-modifying enzymes—including N-Myc, Bmil, Tlx,
and FoxM1—are known to maintain NS cell divisions in
the embryonic or adult brain (Molofsky et al. 2003; Fasano
et al. 2007; Schuller et al. 2007; Zhao et al. 2009; Qu et al.
2010). Whether proneural factors interact with such fac-
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tors to inhibit cell proliferation and promote neurogenesis
remains to be addressed.

The goal of this study was to characterize on a genomic
scale the transcriptional targets of Ascll in order to better
understand how this factor regulates neurogenesis and
possibly discover new functions that have eluded genetic
analysis. We combined genomic location and expression
profiling analyses to identify Ascll targets in the embry-
onic telencephalon and cultured NS cells. This study
showed that Ascll regulates a large number of target
genes with diverse molecular functions and with poten-
tial involvement in a broad range of cellular processes,
suggesting direct control of both early and late phases of
neurogenesis. Unexpectedly, as this had not been identi-
fied by functional analysis, Ascll activates a large num-
ber of positive cell cycle regulators, and loss-of-function
(LOF) analysis in the embryo and NS cell cultures con-
firmed that Ascll is indeed required for normal pro-
genitor divisions. Our results therefore demonstrate that
Ascll plays a major role in coordinating the program of
neurogenesis by controlling the progression of neural
progenitors through the successive phases of prolifera-
tion, cell cycle exit, and differentiation.

Results

Identification of the genetic program regulated
by Ascll in the embryonic telencephalon

As a first step toward defining the genetic program ac-
tivated by Ascll during telencephalon development, we
performed an unbiased genome-wide study combining
chromatin immunoprecipitation (ChIP) with promoter
microarrays (ChIP—chip) to define the repertoire of Ascll-
binding sites in the embryonic telencephalon in vivo. We
performed ChIP with an antibody against Ascll and
chromatin prepared from the mouse ventral telencepha-
lon at embryonic day 12.5 (E12.5), a stage when Ascll is
highly expressed in this brain region (Fig. 1A). ChIP-chip
experiments were carried out with oligonucleotide micro-
arrays tiling ~8 kb of proximal promoter regions associ-
ated with >17,000 genes (see the Materials and Methods).
The result of this genome-wide location experiment re-
vealed that Ascll is recruited to 1265 sites in 1222 pro-
moters (with a false-positive rate of <10%), representing
7.2% of the promoters on the array (Fig. 1B; Supplemental
Fig. S1; Supplemental Table S1). The majority of the sites
(77%) were found within 1 kb of the transcription start
sites of genes (Fig. 1F). All of the known Ascl1-binding sites
tiled in the genomic array (Castro et al. 2006) were bound
by Ascll in this study (Fig. 1C). Ascll binding to known
sites outside of proximal promoters (i.e., in regulatory
elements for Stk33, Fbxw7, and DIx1/2) (Castro et al.
2006; Poitras et al. 2007) could not be detected in this
study, as these were not tiled on the microarray.

To identify DNA sequence motifs that are overrepre-
sented in the promoters of Ascll telencephalic targets
and might therefore be recognized by Ascll, we used the
Trawler algorithm (Ettwiller et al. 2007; Haudry et al.
2010). The only position weight matrix (PWM) found to
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Figure 1. Characterization of the transcriptional pro-
gram regulated by Ascll in the ventral telencephalon.
(A) Expression of Ascll (green) in E12.5 mouse ventral
telencephalons detected by immunohistochemistry
is confined to the proliferative zones (VZ and SVZ;
their border is marked with a white dashed line).
Labeling for EAU (red) 6 h after administration marks
progenitor cells in G2/M phases of the cell cycle. The
MZ, which contains post-mitotic neurons, is outside
the enlarged area, as shown with the white arrow.
All nuclei are labeled with DAPI (blue). The red
rectangle in the left drawing indicates the area of the
ventral telencephalon documented. The white square
in the Ieft panel indicates the area enlarged in the right
panels. Bar, 150 pm. (B) DNA segments bound by
Ascll in the ventral telencephalon were identified
by ChIP with an Ascll-specific antibody and hybrid-
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ization to a promoter microarray (ChIP-on-chip). (C)
Ascll binding to known target genes. The plots dis-
play ChIP enrichment ratios for Ascll (red) and control
(black) samples for all probes in target promoters.
Genes are shown to scale above the plots (exons rep-
resented as boxes and introns represented as lines)
and genomic regions below the plots. Arrows indicate
the transcription start site and direction of transcrip-
tion. Red stars show the positions of previously vali-
dated Ascll-binding sites. (D) Venn diagram showing
the overlap between genes associated with Ascll-
binding events (red), genes deregulated in Ascll GOF
experiments (green), and genes deregulated in Ascl?
LOF experiments (blue). The number of genes in
each section of the diagram is indicated. (E) Motif
enriched in Ascll-bound segments from a de novo
search using Trawler software. (F) Plot representing
the fraction of Ascll-binding events located at consec-

utive 0.5-kb intervals away from the transcription start site of target genes (red dots and line). A plot for a randomized sample of

binding events is shown as control (black dots and line).

be overrepresented in the data set corresponded to the
consensus CAGCTGC (Fig. 1E), which is very similar to
the consensus sequences reported previously for Ascll
binding (CAGCTG) (Bertrand et al. 2002; Hu et al. 2004;
Castro et al. 2006) and binding of its Drosophila orthologs
Asense (Southall and Brand 2009) and Achaete/Scute
(GCAGGTG) (Supplemental Fig. S2; Singson et al. 1994).

To assess the impact of Ascll promoter binding on the
regulation of the corresponding genes, we used genome-
wide expression profiling data sets that we had generated
previously using embryonic ventral telencephalons that
were either overexpressing or mutant for Ascll (Sup-
plemental Tables S2, S3; Gohlke et al. 2008; C Parras,
unpubl.). Intersection of the lists of Ascll-bound genes
and of genes deregulated in these Ascll LOF and gain-of-
function (GOF) experiments identified 339 likely direct
targets of Ascll (Fig. 1D). Of these target genes, 220 were
positively regulated and 101 were negatively regulated by
Ascll, with 18 showing conflicting regulation (Supple-
mental Fig. S3).

We used the unbiased identification of Ascll targets
as a tool to examine the functions of Ascl? in telenceph-
alon development. A survey of the functional annotations
of Ascll direct targets by Gene Ontology (http://www.
geneontology.org) revealed a wide spectrum of biological
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activities (Fig. 2; Supplemental Table S4). Biological pro-
cesses significantly enriched in this data set correspond to
diverse phases of neurogenesis, including early steps of
lateral inhibition (e.g., “Notch signaling pathway”), cell
fate decisions (e.g., “cell fate commitment”) and control
of cell proliferation (e.g., “regulation of cell cycle”), and
later steps of neuronal differentiation (e.g., “neurotrans-
mitter biosynthetic process”) and neurite outgrowth (e.g.,
“cell projection morphogenesis”) (Fig. 2A). Ascll targets
also display a diverse range of molecular functions, in-
cluding transcriptional activity (48% of Ascll targets),
signal transduction (36 %), transporter activity (14%), and
cytoskeletal activity (11%) (Fig. 2B).

Systematic analysis of expression patterns using pub-
licly available in situ hybridization data (http://www.
genepaint.org) further showed that Ascll targets are
expressed during different phases of neurogenesis in the
ventral telencephalon (Supplemental Fig. S4; data not
shown). A first set of targets is transcribed exclusively in
the VZ, where radial glial stem cells are located (n = 112);
genes in a second set are expressed only in the SVZ, where
intermediate progenitors are found (n = 24), while genes
in a third set are expressed mainly in the mantle zone
(MZ) (n = 35), which contains post-mitotic and differen-
tiating neurons. Genes in a fourth set present a more



Ascll promotes progenitor proliferation

A Figure 2. Ascll directly regulates different
neurotransmitter biosynthetic process | 3 steps in the neurogenic program. (A) Enrich-
Notch signaling pathway | 5 ment of Gene Ontology biological process
axon guidance | 8 terms in Ascll target genes. Number of
regulation of cell cycle | 1 target genes in each category is shown. (B)
cell-cell adhesion | 11 p value Enrichment of Gene Ontology molecular
cell fate commitment | 1 | <i0° function terms (GO Slim) in Ascll target
neuron differentiation  —— oG <107 genes. (C) Ascll dirfectly binds and r.egulates
axonogenesis | 11 & <0 genes assocmt.ed with all of the major steps
cell projection morphogenesis | 12 e of neurogenesis.
chromatin modification | 12
transmission of nerve impulse 13 <10°
neurogenesis —— 7
nervous system development _ 42
cell morphogenesis in differentiation | 12
regulation of transcription (RNA Pol I1) 7:— 30
0 1 2 3 5
fold enrichment (log2)
B C

nucleic acid binding

signal transduction |
kinase activity
transporter |

Notch signalling

Ascl1

_E/'/J\

el

neurite morphogenesis

——————————
transcription regulation  IEEEEEG—_—

I

I

T

|

|

enzyme regulation | I" r’
cytoskeletal regulation cell fate specification neuronal differentiation
cell proliferation

% Ascl1 targets

uniform or complex expression pattern (n = 65) or their
expression is not detected in the embryonic telencepha-
lon (n = 23), while expression of 80 targets has not been
documented. Together, these results suggest that Ascli
promotes neurogenesis by directly regulating a large num-
ber of genes that contribute to all phases of the neurogenic
program (Fig. 2C).

Ascll promotes progenitor divisions in the
embryonic telencephalon

Although Ascll expression has been shown to arrest
progenitor divisions at the onset of neurogenesis, like
other proneural proteins (Farah et al. 2000; Nakada et al.
2004), the genes that promote cell cycle exit downstream
from Ascll are not known. We therefore scanned the list
of Ascll targets for genes implicated previously in cell
cycle regulation. As expected, we identified several genes
that have been shown to inhibit cell cycle progression
and/or promote cell cycle arrest in neural progenitors or
other cell types, including Btg2 (Park et al. 2008), CcnG2
(Arachchige Don et al. 2006), Ebf3 (Zhao et al. 2006),
Gadd4bsg (Ying et al. 2005; Huang et al. 2010), Hipk2 (Wei
et al. 2007), and Prmt2 (Fig. 3; Supplemental Table S5;
Yoshimoto et al. 2006). More surprising, we also found
among Ascll targets a large number of positive cell cycle
regulators (Fig. 3; Supplemental Table S5), suggesting that
Ascll may have a previously unreported role of pro-
moting cell proliferation. This group of targets included
E2f1, the main transcriptional activator of genes pro-

moting G1/S transition (Helin 1998); its coactivator,
Ep400 (Tyteca et al. 2006); and one of their targets, Cdca7
(Goto et al. 2006). Other genes in this group included the
TFs Teadl and Tead? and their coactivator, TAZ, which
have been shown to promote the proliferation of neural
progenitors (Cao et al. 2008) and are inhibited by the
Hippo pathway (Ota and Sasaki 2008); the oncogene
FoxM1, which promotes the G2/M transition in cerebel-
lar granule cells and other cell types (Schuller et al. 2007);
and the transcriptional inhibitors Id1, which promote cell
proliferation and block differentiation by inhibiting the
activity of the Retinoblastoma protein (Ruzinova and
Benezra 2003). Binding of Ascll to these positive cell
cycle regulators in ChIP-chip and ChIP-PCR experiments
was very robust overall compared with Ascll-binding
events as a whole (Fig. 3; data not shown). Analysis of
Ascll-bound elements in a transcription assay in P19
cells identified eight elements with Ascli-inducible en-
hancer activity, including six associated with cell cycle-
promoting genes (E2f1, Gpcl, Id1, Taz, Teadl, and Tead2)
and two with cell cycle arrest genes (Ceng2 and Gadd45g)
(Supplemental Fig. S5). Most of these positive cell cycle
regulators are activated by Ascll, as shown by their
down-regulation in Ascll mutant embryos and/or up-
regulation in embryos overexpressing Ascll (Fig. 4E;
Supplemental Table S5). These results suggest that Ascll
actively promotes cell proliferation during telencephalic
development, and that it acts by directly regulating a large
number of genes that control cell cycle progression at
different phases of the cycle (Fig. 3C).
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The regulation by Ascll of genes promoting cell pro-
liferation might result in cell cycle defects in the absence
of Ascll. To address this possibility, we examined cell
proliferation in the ventral telencephalon of Ascll-null
mutant embryos (Guillemot et al. 1993). Cells in S phase
of the cell cycle, labeled with an antibody against the
nucleoside analog EdU after a 1-h EdU pulse, were re-
duced by 32% in the SVZ of E14.5 Ascll mutant embryos
when compared with wild-type embryos, but were not
significantly reduced in the VZ (Fig. 4A,B). Cells in G2/M
phase, labeled with an antibody against pHH3 or with the
EdU antibody after a 6-h EdU pulse-chase, were also
much less numerous in the mutant than the wild-type
ventral telencephalic SVZ (reduced by 53% or 44%,
respectively), while dividing stem cells in the VZ of Ascl1
mutant embryos were again unaffected (Fig. 4A-D).
These results thus indicate that the null mutation of
Ascll results in a loss of cycling intermediate progenitors
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Figure 3. Illustration of Ascll target genes with
a predicted role in the regulation of progenitor
cell divisions. (A) Promoter regions and expres-
sion patterns of selected Ascll targets that are
expected to promote (names in blue) or inhibit
(names in green) cell proliferation. The plots
display ChIP enrichment ratios for Ascll (red)
and control (black) samples in promoter regions.
Black arrows indicate the transcription start site
and direction of transcription. Blue arrowheads
indicate the position of primers used for ChIP-
PCR validation. The expression patterns on sag-
ittal sections of an E14.5 mouse telencephalon
are from the public in situ hybridization database

S\
. GenePaint (http://www.genepaint.org). Note that
f }, many Ascll targets are expressed throughout the
il

telencephalon but are likely to be regulated by
Ascll only in the ventral telencephalon. (B)
. Validation of Ascll-bound segments by ChIP-
pie g PCR on immunoprecipitated material from an
E12.5 ventral telencephalon. ORF1-3 are nega-
tive control regions described in the Supplemen-
tal Material. Mean = SEM; quantification in
triplicate from at least two immunoprecipita-
tions. (C) Ascl1 target genes promote progression
through multiple phases of the cell cycle. The
genes listed include Ascll targets in both embry-
onic telencephalon and NS5 cells. Genes in black
and red encode TFs and other types of proteins,
respectively. Arrowheads indicate the main cell
cycle checkpoints (G1, G2, and metaphase).
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in the SVZ of the ventral telencephalon. In agreement
with this finding, the expression of Ascll targets that
encode components of the E2F1 and FoxM1 pathways is
strongly reduced in the SVZ of mutant embryos (Fig. 4E),
although expression of other targets is reduced also in the
VZ (e.g., Sox9 expression) (data not shown), suggesting
additional roles of Ascll in VZ stem cells.

The absence of an overt proliferation defect in the VZ of
the ventral telencephalon could be due to the activation
of a compensatory pathway that sustains cell divisions in
VZ stem cells in the absence of Ascll. To address this
possibility, we deleted Ascll acutely by electroporation of
the Cre recombinase together with GFP in the ventral
telencephalon of embryos homozygous for a conditional
mutant allele of Ascll (Ascl17°%¢d) (Pacary et al. 2011).
Embryos electroporated at E12.5 received an injection of
BrdU at E13.5, and the phenotype of electroporated cells
was analyzed at E14.5. Triple labeling for Ki67, BrdU, and
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GFP showed that the fraction of electroporated progeni-
tors (GFP*) that had divided at E13.5 (BrdU") and stopped
cycling at E14.5 (Ki67~) was significantly increased in
both the VZ and SVZ of Cre-electroporated embryos
compared with control (GFP electroporated) embryos
(by 146% and 76%, respectively) (Fig. 5A-C). The rate
of cell cycle exit of GFP™ nonelectroporated cells, how-
ever, was not increased, indicating that the cell cycle exit
phenotype of Ascll mutant cells is cell-autonomous (data
not shown). Since caspase 3 labeling did not show any
increase in cell death (data not shown), we conclude that
a large fraction of ventral telencephalic progenitors in both
the VZ and SVZ exit the cell cycle prematurely when
Ascll is acutely eliminated. Triple labeling of the same
brains for GFP, BrdU, and the neuronal marker HuC/D
indicated that Ascll mutant cells differentiate into neu-
rons as efficiently as control cells (Supplemental Fig. S6).
Double labeling for pHH3 and GFP also showed that acute
loss of Ascll impaired progenitor divisions in the SVZ,
although VZ cell divisions were unaffected (Fig. 5D,E).

Altogether, our genomic and genetic analyses showed
that Ascll regulates a large number of cell cycle progres-
sion genes, and that this activity is required to maintain
ventral telencephalic progenitors in cycle.

Ascll activates cell proliferation genes in NS
cell cultures

ChIP—chip and the expression profiling experiments de-
scribed above showed that Ascll activates two sets of

Ascll promotes progenitor proliferation

Figure 4. Depletion of intermediate progenitors
in the ventral telencephalon of Ascll-null mu-
tant embryos. (A) Immunolabeling of progenitor
cells in E14.5 wild-type (WT) or Ascli-null mu-
tant (Ascll~/~) embryos. Cells having incorpo-
rated EAU 1 h (S phase) or 6 h (M/early G1) after
administration are labeled in red in the top and
bottom panels, respectively. Cells expressing
pHH3 (G2/M) are shown in green in the bottom
panel. White dotted lines show the border be-
tween the VZ and SVZ, and small white rectan-
gles show the areas enlarged in the insets. The
red rectangle in the drawing below indicates the
area of the ventral telencephalon illustrated. Bar,
50 wm. (B-D) Quantification of the fraction of
cells having incorporated EQU 1 h (B) or 6 h (C)
after administration or expressing pHH3 (D) in
the VZ and SVZ of the ventral telencephalon in
Ascl1-null mutant (gray bars) and wild-type (black
bars) embryos. Mean = SEM; (***) P < 0.001; (**)
P<0.01; (*) P<0.05 with Student’s t-test; n > 3000
cells for each condition; quantification from at
least three sections from at least three embryos.
(E) Expression of selected Ascll target genes with
a predicted role in regulation of neural progenitor
divisions, analyzed by in situ hybridization on
frontal sections of ventral telencephalon from
E14.5 wild-type and AsclI-null mutant embryos.
Arrowheads point to the domains of gene expres-
sion in the SVZ present in the wild-type and
absent in the mutant embryo. Bar, 500 pm.

Ascll -
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target genes in the embryonic brain, with opposite roles
in cell cycle control. Because the embryonic tissue used
in these experiments contains a mixture of cells at
different stages of the neurogenic process, it is unclear
whether these two sets of target genes are regulated
simultaneously or sequentially during neurogenesis.
Although the distribution of their transcripts suggests
that at least some of the Ascll targets that promote and
inhibit the cell cycle are expressed sequentially (Fig. 3A),
the low resolution of in situ hybridization data and the
lack of information on the distribution of the protein
products leave open the question of when, exactly, the
different categories of Ascll target genes are active.

To focus our analysis on Ascll targets in cycling pro-
genitors, we turned to a model of NS cells in culture. NS
cell cultures contain homogenous populations of pro-
genitors that divide indefinitely in the presence of EGF
and FGF2 and differentiate into neurons and glial cells
when these mitogens are withdrawn from the culture
medium (Conti et al. 2005; Conti and Cattaneo 2010).
The NS5 cell line dividing in the presence of mitogens
expresses Ascll, albeit in a heterogeneous manner due to
temporal fluctuations in its expression levels (Fig. 6A;
Supplemental Fig. S7). To identify Ascll target genes in
these cycling cells, we characterized the genome-wide
repertoire of Ascll-bound promoters by performing ChIP-
chip experiments with the same antibody against Ascll
and the same promoter microarrays as before. This anal-
ysis showed that, in NS5 cells, Ascll is recruited to 617
sites corresponding to 603 promoters (with a false-positive
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electroporation of a control GFP vector (top
panel) or a plasmid expressing Cre recombi-
nase (bottom panel) together with GFP into
the ventral telencephalon of E12.5 embryos
carrying a conditional AsclI-null mutant allele
(Ascl1™x¢d) followed by BrdU administration
at E13.5 and coimmunolabeling at E14.5 for
GFP (green), BrdU (red), and Ki67 (blue). White
dotted lines show the border between the VZ
and SVZ, white arrowheads point to GFP*/
BrdU*/Ki67~ cells, and white rectangles show
the areas enlarged in the insets. The design of
the experiment is shown above the panels. Bar,
100 pm. (B) Ilustration of an electroporated
embryo labeled for GFP (green) showing exten-
sive electroporation of the ventral telencepha-
lon. (C) Quantification of the rate of cell cycle
exit, corresponding to the fraction of electro-
porated cells cycling at E13.5 (GFP*/BrdU")
that are not dividing at E14.5 (GFP*/BrdU*/
Ki677), in the VZ and SVZ of control and Cre
Cre electroporated embryos. Mean + SEM; (**) P <

0.01 with Student’s t-test; n > 300 for each

condition; quantification from at least three

sections from at least three embryos from
. three different litters. (D) Same experiment as
in A, except that electroporated brain sections
were colabeled for pHH3 and GFP. White
arrowheads point to double-labeled cells. Bar,
50 wm. (E) Quantification of the fraction of

GFP* coexpressing pHH3 in the VZ or SVZ of control (black bars) or Cre electroporated (gray bars) embryos. Mean + SEM; (*) P < 0.05 with
Student’s t-test; n > 1400 cells for each condition; quantification from four sections from at least three embryos from three different litters.

rate of <10%) (Fig. 6B; Supplemental Fig. S8; Supplemen-
tal Table S6). A large proportion of these sites is also
occupied by Ascll in the embryonic telencephalon (362
or 59%) (Fig. 6E), and Ascll-binding profiles are very
similar in the two cell types (Fig. 6C). Analysis of the
promoters bound by Ascll in NS5 cells with Trawler
produced a PWM almost identical to that obtained in the
embryonic telencephalon (cf. Figs. 6D and 1E and Sup-
plemental Fig. S2).

To identify the promoters that are actively regulated by
Ascll in cultured NS cells, we transfected NS5 cells with
a construct containing the basic helix-loop-helix (bHLH)
domain of Ascll fused to the repressor domain of the
Drosophila engrailed gene, which exerts a dominant-
negative effect over wild-type Ascll (DN-Ascll) (Fig.
7A). Expression profiling of DN-Ascl1-expressing NS cells
isolated by fluorescence-activated cell sorting (FACS) 24
h after transfection identified 1004 significantly regulated
genes, of which 518 (52%) were up-regulated and 486
(48 %) were down-regulated (Supplemental Table S7). Of
the 603 Ascll-bound genes identified by location analysis
in NS5 cells, 65 (11%) were regulated in this experiment
(Fig. 7B; Supplemental Table S7). Among these direct
targets, we found nine genes with well-described roles in
cell cycle control, including four targets already identified
in the embryonic telencephalon (Cdca7, E2f1, FoxMl,
and Id1) (Fig. 7C; Supplemental Table S8). Three addi-
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tional proliferation targets in NS cells (Birc5, Cdk2, and
Id3) were also bound by Ascll in the embryonic telen-
cephalon, although their expression was not significantly
regulated in Ascll GOF or LOF experiments in vivo.
Importantly, all cell cycle targets of Ascl in NS5 cells are
known to promote cell proliferation. In contrast, the cell
cycle arrest genes regulated by Ascli in the telencephalon
were induced only when overexpression of Ascll drove
NS5 cells out of the cell cycle (Supplemental Fig. S9; data
not shown). Therefore, Ascll expressed in dividing pro-
genitors regulates cell cycle progression genes and not
cell cycle exit genes.

To directly examine the role of Ascll in NS cell
proliferation, we exposed DN-Ascl1-transfected and con-
trol GFP-transfected NS5 cells to EAU 24 h after trans-
fection and measured the fraction of GFP*-transfected
cells having incorporated EdU and that had thus pro-
gressed through S phase. Expression of DN-Ascl1 resulted
in an 83 % reduction in the fraction of EAU* NS5 cells (Fig.
7F). To confirm this result, we performed a partial knock-
down of Ascll in NS5 cells by adenoviral administration
of an Ascll shRNA or a control shRNA, which resulted in
a 38% reduction of EdU incorporation 24 h later (Supple-
mental Fig. S10). Ascl1 is therefore an important regula-
tor of cell cycle progression in cultured NS cells.

We next investigated the mechanisms that promote
the switch of Ascll targets between proliferating and
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Figure 6. Genome-wide location analysis of Ascll in
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differentiating cells. First, we differentiated NS5 cells
into neurons using an efficient procedure described in
Spiliotopoulos et al. (2009), and we examined how ex-
pression of Ascll and its targets changed as NS5 cells
differentiate. Ascll remained expressed at similar levels
in differentiating NS5 cells as in proliferating cells
(Supplemental Fig. S11), but expression of numerous
Ascll targets changed significantly, including a down-
regulation of cell cycle progression genes (including
Cdk2, E2f1, and FoxM1) and an up-regulation of the cell
cycle arrest genes Ccng2 and Gadd45g and the neuronal
gene Tubb3 (Fig. 7G). We next examined whether Ascll
binding to its target genes was affected by NS5 cell dif-
ferentiation. Ascll binding was indeed reduced at the
Foxm1 locus and increased at the Ccng?2 locus (Fig. 7H).
However, binding to other targets did not change signifi-
cantly (e.g., Cdk2, E2f1, Gadd45g, and Tubb3) (Fig. 7H),
suggesting that other mechanisms that change binding site
occupancy contribute to the changes of Ascll target gene
expression between proliferating and differentiating cells.

We next considered the possibility that Ascll interacts
with different TFs on promoters active in proliferating
cells versus promoters active in differentiating cells. To
address this possibility, we searched for DNA sequence
motifs that are differentially represented in the vicinity of
Ascll-binding events in the promoters of Ascll targets
promoting cell cycle progression (18 genes) (Supplemen-
tal Table S5) and the promoters of targets promoting cell
cycle exit or expressed in differentiating neurons (18

genes) (Supplemental Fig. S12) using the algorithm Cis-
finder (Sharov and Ko 2009). As expected, the PWM
GCAGCTG, corresponding to the consensus Ascll-binding
motif, was enriched in the two data sets, but another PWM,
CTGGGAAC—matching closely the consensus binding
sequence GTGGGAA for the DNA-binding nuclear adap-
tor protein from the Notch signaling pathway, CBF1/RBPj
(Tun et al. 1994)—was overrepresented only in the pro-
moters of cell cycle progression genes (Supplemental Fig.
S12). This finding therefore suggests a model whereby
coregulation of the cell cycle progression targets of Ascll
by Notch signaling results in their expression in proliferat-
ing progenitors where Notch signaling is active, and their
repression in differentiating neurons where Notch signaling
is inhibited and the CBF1/NotchICD-activating complex is
replaced by a CBF1/corepressor complex (Kao et al. 1998).

Discussion

In this study, we characterized the genetic program regu-
lated by Ascll in the embryonic brain by combining location
analysis of Ascll-bound sites in the embryonic telencepha-
lon and NS cell cultures with expression profiling of genes
deregulated by overexpression or deletion of Ascli. This is
the first genome-scale analysis of the transcriptional pro-
gram activated by a mammalian proneural factor. We chose
to perform this study by ChIP—chip (hybridization of immu-
noprecipitated DNA to promoter oligonucleotide arrays)
rather than ChIP-seq (high-throughput sequencing of the
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2 fected cells. (D) Validation of Ascll-bound
segments by ChIP-PCR on immunoprecipi-
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immunoprecipitations. (E) Changes in expres-
sion levels of cell cycle target genes 24 h
after transfection of NS5 cells with a control
(black) or DN-Ascl1-expressing vector (red),
quantified by real-time PCR. Mean + SEM;
n = 3. (F) Proliferation of NS5 cells expressing
a control vector or DN-Ascll measured by
the rate of EAU incorporation among trans-
fected cells following exposure for a period of
9 h, 24 h after transfection. The pictures
above the graph show labeling for EdU (red)
and GFP (green) to mark cells transfected
with the control vector (left) or Ascll-EnR
(right). Mean = SEM; (***) P < 0.001 with
Student’s t-test; n = 6. (G) Change in expres-
sion levels of AsclI cell cycle targets in NS5
cells 24 and 72 h after induction of neuronal
differentiation compared with proliferating
NS5 cells (control) measured by real-time
PCR. Mean += SEM; n = 3. (H) Changes in
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Ascll binding to cell cycle targets in NS5 cells 48 h after induction of neuronal differentiation compared with proliferating NS5 cells,
measured by ChIP-PCR. Mean + SEM; (**) P < 0.01 with Student’s t-test; n = 6.

immunoprecipitated DNA) to focus on the identity of
target genes and the discovery of novel biological functions
of Ascll rather than its global regulatory activity. An
ongoing location analysis by ChIP-seq has shown that
Ascll is recruited at many genomic sites located at large
distances from transcription start sites and is therefore
difficult to associate unambiguously with target genes
(DS Castro, B Martynoga, and F Guillemot, unpubl.).
This study led to the identification of a novel role for
Ascll in the proliferation of neural progenitors. We
discuss below the nature of the genetic program of
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neurogenesis that we uncovered, and particularly of the
subprogram promoting cell divisions, and we consider the
mechanisms that may promote the switch of Ascll
activity from promoting cell proliferation to triggering
cell cycle arrest and differentiation.

The genetic program of neurogenesis in the
ventral telencephalon

Ascll and other proneural genes have the remarkable
capacity to activate an entire program of neurogenesis



when overexpressed in neural progenitors or some non-
neural cells (Farah et al. 2000; Nakada et al. 2004;
Berninger et al. 2007b; Geoffroy et al. 2009; Vierbuchen
et al. 2010). Whether proneural genes act by inducing TF
cascades or regulating effector genes that function at
multiple stages during neurogenesis was not known. This
study provides evidence that Ascll does indeed induce
many TFs, but also many other types of protein. Ascll
regulates a large array of downstream TFs, some of which
were implicated previously in the specification or differ-
entiation of neural cells; e.g., Sox4 (Bergsland et al. 2006),
DIx2 (Anderson et al. 1997; Petryniak et al. 2007), Ebf3
(Zhao et al. 2006), Gli3 (Kuschel et al. 2003), and Nflb
(Steele-Perkins et al. 2005). These results greatly expand
the number of TFs known to act downstream from Ascl1
in the ventral telencephalon (Castro et al. 2006; Poitras
et al. 2007; Farkas et al. 2008) or other cell lineages (Cau
et al. 1997, 2002; Hu et al. 2004). These downstream TFs
must amplify and diversify the initial input from Ascll
expression and, assuming they regulate each other, may
confer stability and robustness to the neurogenic program
(Blais and Dynlacht 2005; Blais et al. 2005; Orkin et al.
2008).

However, most Ascll targets are not involved in tran-
scriptional regulation. Their molecular functions range
from signal transduction (e.g., Cxcr4 and Rgsl6) to cell
adhesion (Itgbl and Cdh8) and cytoskeleton regulation
(Kifla and Pak3), and the cellular activities they regulate
include axonogenesis and neurite morphogenesis (Efnal
and Plxna2), neurotransmitter biosynthesis (Gad2 and
Gripl), and cell cycle control (see below). These results
indicate that Ascll directly controls both early and late
stages of neurogenesis. This finding may hold true for
other proneural proteins such as Neurogenin2, which has
been shown to promote neuronal migration, a late step in
neurogenesis, via direct regulation of a small Rho GTPase
and other effector genes (Ge et al. 2006; Heng et al. 2008).
The direct transcriptional activation of a large part of the
neurogenic program is a unique feature of proneural pro-
teins, which may be largely responsible for the neuronal
reprogramming activity of Ascll in astrocytes (Berninger
et al. 2007a) and fibroblasts (Vierbuchen et al. 2010).

Ascll sequentially activates cell cycle progression
and cell cycle arrest genes

The most unexpected finding from this study is that
Ascll activates a large number of positive cell cycle
regulators in the embryonic telencephalon and NS cells.
Ascll target genes include several canonical cell cycle
regulators that are essential for G1/S transition (e.g., E2f1,
Cdk1, Cdk2, and Skp2) or entry into mitosis (e.g., Cdkl
and Cdc25b, a target identified in a previous study)
(Castro et al. 2006). Other Ascll targets have additional
roles besides cell cycle control. FoxM1 has an important
role in progression of normal and tumor cells through M
phase and also promotes angiogenesis through activation
of vascular endothelial growth factor (VEGF) expression
(Schuller et al. 2007; Fu et al. 2008; Zhang et al. 2008).
Cyr61/Ccnl, a secreted heparin-binding protein, also

Ascll promotes progenitor proliferation

promotes both cell proliferation and angiogenesis (Chen
and Du 2007). Ascll therefore promotes cell cycle pro-
gression at both G1/S and G2/M transitions, and may also
coordinate cell cycle regulation with other aspects of the
biology of neural progenitors. Ascll shares some of its
targets with c-Myc and N-Myc—including Birc5, Cdca7,
Ccnd?2, Foxm1, and the Notch ligand DII3 (Bouchard et al.
1999; Goto et al. 2006; Kidder et al. 2008; Wierstra and
Alves 2008; Zhao et al. 2009)—suggesting that its role in
mitotic progenitors may involve cooperation with Myc
proteins. In the absence of Ascll, Myc proteins may be
able to sustain the division of certain progenitors (e.g., in
the telencephalic VZ).

Direct targets of Ascll in the embryonic telencephalon
also include genes involved in cell cycle arrest—including
Fbxw7, Gadd45g, Ccng2, Hipk2, and Prmt2—thus dem-
onstrating that Ascll regulates two sets of targets with
opposite roles in cell cycle control. Interestingly, several
of the cell cycle arrest targets have distinct spatial and/or
temporal expression patterns from those of cell cycle
progression targets in both the embryonic brain and NS5
cells, suggesting that they are regulated during a later
phase of neurogenesis. Two findings support this asser-
tion. First, cell cycle arrest targets are strongly up-
regulated when NS5 cells are induced to differentiate by
overexpression of Ascll, and they are not affected by
overexpression of DN-Ascll (Supplemental Fig. S5). Sec-
ond, their transcripts are found mostly outside of the VZ
in the embryonic telencephalon (Fig. 3). Gadd45g and
Fbxw7 transcripts are localized to the SVZ (Castro et al.
2006) and may be expressed by progenitor cells that are
going through their last division or are already post-
mitotic. Ccng2 and Prmt2 transcripts are present mostly
in the MZ, where these genes may prevent cell cycle re-
entry of post-mitotic neurons.

Together, our results suggest that Ascll has a role in
both cell cycle promotion and cell cycle termination, and
that the transition between these two functions involves
the coordinated down-regulation and induction of multi-
ple target genes. It is unusual that the same TF promotes
in the same lineage both the expansion of progenitors and
their subsequent division arrest and differentiation. In-
terestingly, Asense, the Ascll ortholog in Drosophila, has
been shown recently to promote neuroblast self-renewal
(Southall and Brand 2009), while earlier studies had
suggested a role of Asense in inhibiting cell divisions of
neuroblast daughter cells (Wallace et al. 2000), suggesting
that this dual activity is an evolutionarily conserved
feature of the Ascll gene family. A selective advantage
may be that it allows for a rapid and efficient switch from
a proliferating progenitor state to a post-mitotic neuronal
state and ensures that the regulatory programs that un-
derpin these two states are mutually exclusive.

The processes that select which set of target genes
Ascll regulates in progenitors versus differentiating neu-
rons are not currently known. A differential response of
cell cycle progression genes and cell cycle arrest genes to
different levels of Ascll (e.g., Gaudet and Mango 2002) is
ruled out by our observation that Ascll protein levels do
not increase substantially when NS cells differentiate.
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Other mechanisms, however, can be envisaged. The
differential binding of Ascll to the Ccng2 and Foxm1
promoters in proliferating versus differentiating NS5 cells
suggests that changes in Ascll structure (e.g., post-trans-
lational modifications such as phosphorylation) (Hand
et al. 2005; Ma et al. 2008) and/or Ascl1 regulation (e.g.,
a switch from oscillatory to stable expression) (Kageyama
et al. 2008) control Ascll-promoter interactions and
possibly other aspects of target gene regulation (e.g., Chen
and Greene 2004; Mengel et al. 2010). Other pathways
coregulating Ascll targets may also contribute to the
change in the Ascll transcriptional program as neural
progenitors stop proliferating and begin to differentiate.
The enrichment of a consensus motif for CBF1/RBPj
binding in promoters of cell cycle progression targets
raises the intriguing possibility that coregulation by Ascll
and the Notch pathway results in expression of these
genes in proliferating progenitors where Notch is signal-
ing and their repression in differentiating neurons where
the Notch pathway is inactive. Elucidating the mecha-
nisms involved in the selection of Ascll targets will shed
light on the pathways that control the switch from pro-
liferation to differentiation during neural development.

Ascll promotes cell divisions in the embryonic brain
and NS cell cultures

Prompted by the discovery of positive cell cycle regula-
tors among Ascll targets, we re-examined the phenotype
of Ascll mutant progenitors and found that mutation of
Ascll results in a loss of dividing intermediate progeni-
tors in the ventral telencephalon. Inhibition of Ascll
activity in cultured NS cells also reduced their rate of
divisions. Ascll was well known to terminate progenitor
divisions (Farah et al. 2000; Nakada et al. 2004), but there
was little evidence so far that it also sustains cell pro-
liferation (Yi et al. 2008). Promoting progenitor divisions,
however, may be a general property of Ascli, since de-
letion of Ascll in the adult brain also results in a severe
loss of dividing stem cells and progenitors in the SVZ and
the dentate gyrus (M Lebel-Potter, C Parras, C Hunt, and
F Guillemot, unpubl.).

Some Ascll-expressing neural lineages contain highly
proliferative intermediate progenitors, as in the ventral
telencephalon and the adult SVZ, but other lineages have
intermediate progenitors that divide only briefly (as in the
embryonic cortex and adult dentate gyrus) or have no
intermediate progenitors at all (in the midbrain and spi-
nal cord). Interestingly, in these latter situations, Ascll
expression is quickly followed by that of Neurog2, which,
at least in the cortex, switches off Ascll expression (Helms
et al. 2005; Britz et al. 2006; Kele et al. 2006; Ozen et al.
2007). This suggests that Neurog2 does not share the pro-
proliferative property of Ascll, and that, on the contrary, it
may be involved in suppressing the Ascll-dependent gen-
eration and/or expansion of intermediate progenitors.

The discovery of the role of Ascll in neural progenitor
divisions may have implications beyond brain develop-
ment, particularly in the cancer field. High levels of Ascl1
expression have been observed in a wide range of neuro-
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endocrine tumors, including small cell lung carcinomas
(Ball 2004), prostate tumors (Vias et al. 2008), medullary
thyroid cancers (Chen et al. 2005), and gastroentero-
pancreatic tumors (Shida et al. 2008). A direct role of
Ascll in neurodendocrine tumor formation is supported
by experiments of overexpression of Ascll together with
SV40 Large T Antigen in lung epithelium, which produce
massive neuroendocrine tumors (Linnoila et al. 2000),
and Ascll knockdown experiments, which inhibit pro-
liferation of lung cancer cells both in vitro and in vivo
(Osada et al. 2005; Jiang et al. 2009). Ascl1 is also over-
expressed in several types of gliomas, including grade II
and grade III astrocytomas and a subset of glioblastoma
multiforme (Somasundaram et al. 2005; Phillips et al.
2006; Verhaak et al. 2010). The demonstration that Ascl1
promotes the proliferation of neural progenitors through
regulation of multiple cell cycle control genes—including
a major oncogene in gliomas, E2f1 (Alonso et al. 2008)}—
raises the intriguing possibility that deregulation of Ascl1
is causally linked to the generation of these highly malig-
nant and common forms of brain tumors.

Materials and methods

ChIP

Basal ganglia from E12.5 mouse embryos or cultured NS5 cells
were fixed in 1% formaldehyde for 15 min and lysed in 1% SDS,
10 mM EDTA, and 50 mM Tris. Sonication was performed using
a Bioruptor (Diagenode) at high power settings for 45 cycles (30
sec on/30 sec off). Immunoprecipitations with mouse anti-Ascll
(Pharmingen) or control LEAF-purified mouse IgG1 (Cambridge
Biosciences) antibodies were done as described (Castro et al.
2006) using 80 pg of chromatin per assay. DNA sequences were
quantified by real-time PCR (primers are listed in the Supple-
mental Material) by using a 7500 Real-Time PCR System
(Applied Biosystems) and a SYBR green-based kit for quantitative
PCR (iQ Supermix, Bio-Rad). Quantities of immunoprecipitated
DNA were calculated by comparison with a standard curve gen-
erated by serial dilutions of input DNA. The data were plotted
as means of at least two independent ChIP assays and three
independent amplifications; error bars represent standard error of
the mean. For hybridization onto microarrays, each sample was
obtained from pooling the product of two immunoprecipitations
followed by amplification using a WGA kit (Sigma), as described
previously (O’Geen et al. 2006).

ChIP-on-chip array hybridization and data extraction

Amplified ChIP material and chromatin input DNA were la-
beled by incorporation of Cy3 or Cy5-labeled nucleotides (Bio-
Rad) using the Bioprime array CGH genomic labeling system
(Invitrogen) and hybridized to Agilent mouse promoter 244K
arrays according to the manufacturer’s protocols. Slides were
scanned in an Agilent scanner and data were extracted using an
Agilent Feature Extractor. Data were normalized by Intra-array
Median normalization followed by Intra-array Lowess normali-
zation, and were analyzed with the neighbor error model in order
to calculate the probability scores associated with Ascll binding
to each array oligonucleotide {p[Xbar| and p(X}, all methods im-
plemented in ChIP-Analytics software (Agilent). Binding events
were identified by sliding a window encompassing three probes
across genomic regions. A binding event was called if p[Xbar] <
0.001 and either the central probe has p(X) < 0.001 and at least



one neighboring probe has p(X) < 0.1, or at least one neighbor has
p(X) < 0.005. Consecutive bound probes with maximum 1000-
base-pair (bp) gaps were collapsed into segments. Binding events
from two data sets were considered overlapping if corresponding
segments overlapped by at least 200 nucleotides (nt).

Expression profiling of Ascll GOF and LOF

Microarray data from Ascl1 GOF have been described previously
(Gohlke et al. 2008). To generate the Ascll LOF data set, basal
ganglia from litters of E13.5 Ascli-null mutant embryos (Guillemot
et al. 1993) were processed for RNA Tryzol extraction as de-
scribed (Schuurmans et al. 2004). Three replicates of Ascll
mutant and control embryos were analyzed, each sample with
tissue pooled from at least three embryos. Expression profiling
was done using Affymetrix MOE430 2.0 arrays. Raw image files
were processed using Affymetrix GCOS and the Microarray
Suite (MAS) 5.0 algorithm and normalization using GCRMA
software (Irizarry et al. 2003). Statistical analysis was performed
using ANOVA with a statistical significance threshold deter-
mined at o =< 0.05 with a P-value correction using the Benjamini-
Hochberg method and a kernel-based false-discovery rate (FDR)
method. The fold cutoff for deregulated genes was set to 1.25.

Motif search and Gene Ontology analyses

To find statistically overrepresented motifs associated with
Ascll-binding events in the genome-wide set of Ascll target
genes, the highest-confidence probe (lowest p[Xbar]) was selected
for each segment. Selected probes were extended by 100 nt in
both directions, and the repeat masked sequence for the corre-
sponding region was obtained. The background sets necessary to
assess motif overrepresentation were generated by computing
continuous regions spanning the full promoters after extending
each probe to a maximum of 1.5 kb in both directions and
merging overlapping regions. Two random sets (covering 10 times
more sequence than the corresponding peak set) of background
regions were selected for NS5 and telencephalon samples.
Trawler was run combining peak and background sets (minimum
motif length = 7; minimum number of occurrence = 15). Gene
Ontology analysis was performed using GOToolBox (http://
genome.crg.es/GOToolBox), using the list of tiled promoters as
the reference data set.

In utero electroporation

In utero electroporation of AsclI floxed embryos was performed
as described (Nguyen et al. 2006). DNA (pClG2 and pCIG2-Cre)
was prepared in endotoxin-free conditions (Qiagen), mixed at 1
wng/pL with 0.05% Fast Green (Sigma), and injected through the
uterine wall into the telencephalic vesicle using pulled borosil-
icate needles (Harvard Apparatus) and a Femtojet microinjector
(Eppendorf). Five electrical pulses were applied at 30 V (50-msec
duration) across the uterine wall at 1-sec intervals using 5-mm
platinum electrodes (Tweezertrode 45-0489, BTX, Harvard Ap-
paratus) connected to an electroporator (ECM830, BTX). The day
following the surgery, pregnant mice were injected with 100 mg/kg
BrdU and sacrificed the next day.

Immunohistochemistry and in situ hybridization

Embryonic brains were fixed in 4% PFA overnight and then
placed in 20% sucrose/PBS overnight. Brains were then embed-
ded in OCT Compound and frozen before sectioning using
a cryostat (Leica). Ten-micron cryostat sections were processed
for in situ hybridization or immunostaining as described in the

Ascll promotes progenitor proliferation

Supplemental Material. EdU incorporation was assessed using
the Click-iT EdU system (Invitrogen) according to the manu-
facturer’s instructions previous to immunostaining (1 mg of
EdU per animal administered by intraperitoneal injection).
Ascll staining was performed using anti-Ascll antibody from
Pharmingen. All images were acquired with a laser-scanning
confocal microscope (Radiance 2100, Bio-Rad), or bright field
(Axioplan 2 imaging, Zeiss). The border between the VZ and SVZ
was defined by the position of abventricular pHH3™ cells in the
same sections or adjacent sections. Cell counts were performed
using MetaMorph software (Molecular Devices). A statistical
analysis was performed using an unpaired two-tailed Student’s
t-test between control and experimental condition (StatView
software, version 5).

Culture and gene expression studies in NS cells

NS5 cells were cultured as described previously (Conti et al.
2005) and were nucleofected using an AAD-1001 nucleofector
device with mouse NS cell nucleofector solution (Amaxa), pro-
gram A-033, and 5 pg of DNA per 5 million cells. Proliferation
assays were done with a 9-h pulse of EdU 24 h after nucleofection
using the Click-iT EdU system (Invitrogen) according to the
manufacturer’s instructions. TagMan gene expression assays
(Applied Biosystems) were performed on ¢cDNA produced with
High-Capacity RNA-to-cDNA Master Mix (Applied Biosystems)
after Trizol RNA extraction. For expression profiling, cells
nucleofected with DN-Ascll (the bHLH domain, residues 115-
173, in-frame with the EngR domain, was cloned upstream of an
IRES and an NLS-tagged GFP in the pCAGGS expression vector)
or empty plasmid were FACS-sorted for GFP expression 24 h
after nucleofection and were profiled using MouseRef8 version
2 beadarrays (Illumina), three replicates used per condition. Lucif-
erase assays were performed as described previously (Castro et al.
2006) after transfection with Lipofectamine Plus (Invitrogen) for
NS5 cells or Lipofectamine 2000 (Invitrogen) for P19 cells.

NS5 cells were induced to differentiate into neurons according
to the protocol described by Spiliotopoulis et al. (2009). Nearly
confluent cultures were trypsinized and plated into laminin-
coated flasks in D1 medium (NS cell basal medium with 1% B27,
0.5% N2, 5 ng/mL FGF2). After 3 d in these conditions, the
majority of cells expressed the neuronal markers MAP2 and
Tujl, with very few GFAP-positive glial cells (data not shown), as
described previously (Spiliotopoulos et al. 2009).

To generate Ascll-GFP NS cells, ventral telencephalons from
E14.5 Ascll-GFP transgenic mice [NIH GENSAT Tg(Ascll-
EGFP)AU176Gsat/Mmnc| (Gong et al. 2003) were dissected,
mechanically dissociated, and cultured according to Conti et al.
(2005) to generate a homogeneous NS cell culture. Cells used in
this study were subjected to 20-30 passages post-derivation, and
Ascl1 promoter-driven GFP was confirmed by fluorescent micros-
copy. Ascl1-GFP NS cells were trypsinized and subjected to FACS
on a FACS ARIA II (Becton Dickinson). The 5% of cells with the
brightest and weakest levels of GFP fluorescence were sorted to
90%-95% purity. Dead cells were excluded by their incorporation
of 7-Aminoactinomysin D (7-AAD; Calbiochem). Cells were
sorted into fresh medium and cultured under normal NS cell
conditions. After recovery and expansion for 7 d, cells were
retrypsinized and subjected to exactly the same FACS protocol,
maintaining all machine settings and analysis gates.
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