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In the developing vertebrate nervous
system, bHLH proneural factors, such
as Ascll, are known to play important
regulatory roles at different stages of the
neurogenic differentiation process. In
spite of the wealth of information gath-
ered on the cellular functions of proneural
factors, little was known of the molecular
basis for their activities and, in particu-
lar, of the identity of their target genes.
The development of genomic approaches
is making possible the characterization
of transcriptional programs at an unprec-
edented scale. Recently, we have used a
combination of genomic location analysis
by ChIP-on-chip and expression profil-
ing in order to characterize the proneural
transcription program regulated by Ascll
in the ventral telencephalon of the mouse
embryonic brain. Our results demon-
strate that Ascll directly controls succes-
sive steps of neurogenesis and provide a
molecular frame for previously described
Ascll functions. In addition, we uncov-
ered an important but previously unrec-
ognized role for Ascll in promoting the
proliferation of neural progenitors. Here
we discuss our recent findings and review
them in light of efforts from other labora-
tories to characterize the transcriptional
programs downstream various proneural
factors.

Introduction

The generation of new neurons by pro-
genitor cells in the developing vertebrate
central nervous system requires a number
of precisely orchestrated steps. As they
undergo their last cell division, progenitors
become committed to their neuronal fate

Cell Cycle

and select a unique neuronal subtype iden-
tity.! Soon after becoming post mitotic,
neurons migrate out of the progenitor
zone along specific routes* and begin to
differentiate. Proneural transcription fac-
tors of the bHLH family are expressed in
proliferating progenitors and are thought
to play a pivotal role in the coordinate
regulation of the neurogenic differentia-
tion program.>* Since their identification
in vertebrates, extensive phenotypic analy-
sis of various mouse mutants in proneural
genes has implicated them in the regula-
tion of multiple steps of neurogenesis,
including the activation of the Notch-
mediated process of lateral inhibition, the
neuronal commitment of progenitors and
their acquisition of neuronal subtype-spe-
cific traits and neuronal migration.>>® In
spite of the wealth of information on their
cellular functions, the molecular mecha-
nisms underpinning the activities of pro-
neural proteins, including the identity of
the genes that they directly regulate, have
remained largely unknown. In particular,
it has been unclear whether they regulate
successive phases of neurogenesis directly
through the activation of multiple effector
genes, or indirectly through the mobiliza-
tion of a transcription factor cascade. In
addition, it has been unclear whether their
functions have been entirely elucidated
by genetic analysis, or whether some new
functions, masked by the complexity of
the proneural mutant phenotypes, have
remained unidentified. A series of recent
studies combining genetics with novel
genomic approaches has finally begun to
provide a much needed molecular frame
for the various roles of this important
family of transcription factors in neural
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Figure 1. Neural bHLH proteins that display proneural function activity in mouse (red), frog (gray)
and fly (blue) can be group into distinct families, based on the similarity in their bHLH domain.
Neural bHLH factors of the NeuroD family that are usually involved in steps of differentiation in
postmitotic neurons, and, therefore, that do not have a proneural function, are not shown. Refer-
ences of the published work discussed here are indicated in the figure.

development and, in some cases, has also
revealed novel functions.

Diverse Components
of the Neurogenic Program
are Directly Controlled by Ascl1

The search for vertebrate transcription
factors with determination functions in
the nervous system led to the identifica-
tion two decades ago of Ascll/Mashl,” a
murine homolog of the Drosophila genes
of the achaete-scute complex which encodes
the first bBHLH proneural factor to be
identified in vertebrates (Fig. 1). In order
to gather novel insights into the molecu-
lar mechanisms underpinning the vari-
ous cellular functions of Ascll, we chose
to perform a genome-wide characteriza-
tion of its transcriptional program in the
developing ventral telencephalon, where
Ascll has been implicated in the gen-
eration and specification of GABAergic
interneurons, the main neuronal popula-
tion produced in that region.®*'® Aiming
at performing a large-scale identifica-
tion of direct targets of Ascll, we used
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chromatin immunoprecipitation of Ascll
from ventral telencephalon tissue dis-
sected at E12.5 of development, followed
by hybridization onto genomic micro-
arrays (ChIP-on-chip), tiling approxi-
17,000

promoter

of  well-characterized
The
genomic location analysis was combined
with expression profiling data of ventral
telencephalon tissue either mutant for,
or overexpressing Ascll, leading to the
identification of 339 Ascll direct targets
defined by their association with Ascll
binding event and their deregulation
when Ascll expression is manipulated.
This strategy, which probably underesti-
mated the total number of genes directly
regulated by Ascll (due to the exclusion of
genes regulated by Ascll binding to a dis-
tal enhancer and to genetic redundancy in
null mutant embryos) allowed for a first
glance at a proneural program directly
governed by Ascll. Functional annota-
tion of Ascll targets by gene ontology
(GO) showed great diversity of functions,
with most phases of neurogenesis being
directly regulated by this proneural factor

mately

roximal regions.!
g
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EXTRAVIEW

(Table 1). Overrepresented biological
process terms are associated with the early
steps of lateral inhibition (e.g., “Notch
signaling pathway”), cell fate decisions
(e.g., “neuron fate commitment”) and
control of cell proliferation (e.g., “regu-
lation of cell cycle”), but also later steps
of neuronal differentiation (e.g., “neu-
rotransmitter biosynthetic process”) and
neurite outgrowth (e.g., “cell projection
organization”). A large fraction of Ascll
target genes encode transcription factors
or other proteins with transcription regu-
latory activity (48%), but many other
encode signal transduction components
(36%), or structural proteins, such as
cytoskeleton components (11%)." Thus,
Ascll’s role does not rely solely on the
activation of downstream transcriptional
cascades, as many of its functions (includ-
ing late steps in the neurogenic process)
are directly controlled by activation of
downstream effectors. Altogether, this
study provides a useful molecular frame
to better understand previously identified
cellular functions of Ascll.

A Novel Function
for Ascl1 in Proliferation
of Neural Progenitors

Experiments showing that Ascll overex-
pression in vivo or in cultured progenitors
results in a rapid cell cycle exit (sometimes
shown to be associated with the induc-
tion of cyclin-dependent kinase (Cdk)
inhibitors), have provided evidence of an
anti-proliferative function of Ascll.’P
However, the identification of a molecu-
lar link between Ascll and regulators of
proliferation of neural progenitors has
remained elusive and its function in cell
proliferation unclear. In line with earlier
predictions, we did find among Ascll
target genes, candidate mediators of its
anti-proliferative function (e.g., Prmt2,
Cceng2 and Gadd45 g). Surprisingly, and
in apparent contradiction with the afore-
mentioned observations, we also found
that Ascll positively regulates, in both
embryonic and cultured progenitors,
many genes that are known to promote
cell proliferation through various mecha-
nisms. Most notable among those is the
transcription factor E2f1, widely known
for its role in entry and transition through
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S phase of the cell cycle.!® Such a prolif-
eration role of E2f1 has been well-defined
in telencephalic progenitors, where it is
regulated by a physical interaction with
the tumor suppressor retinoblastoma.”
Also among Ascll target genes is FoxM1,
another important regulator of cell cycle
progression in a variety of cell types, which
regulates G,/M transition in cerebellar
ganule neuron precursors (CGNPs)."®
The direct regulation by Ascll of down-
stream targets of both E2f1 (Cdca7)
and FoxM1 (Skp2) and of some of their
interacting partners (Ep400/Prmt2 and
Cdca2, respectively) exemplifies a recur-
rent feature of the Ascll program, which
often contains various members of the
same pathway. Other important media-
tors of proliferation directly regulated by
Ascll in embryonic telencephalon are the
transcription factors Teadl/2 and their
coactivator Taz, downstream mediators
of the Hippo signaling pathway, which
regulates cell proliferation in multiple
contexts, including neural progenitors.”
The large-scale identification of Ascll tar-
get genes, therefore, suggested that Ascll
plays an unanticipated role in promoting
the proliferation of progenitors, a func-
tion further verified by manipulating the
activity of Ascll in both embryonic brain
and neural stem cell cultures. In Ascll
null embryos, decreased expression of
genes that promote proliferation is asso-
ciated with a severe reduction in number
of dividing sub-ventricular zone (SVZ)
progenitors. A more causal link with cell
proliferation was established by acute
deletion of Ascll by in utero delivery of
Cre recombinase in embryos carrying an
Ascll conditional null allele, which results
in premature withdrawal from cell cycle of
a significant numbers of both ventricular
zone (VZ) and SVZ progenitors. Finally,
the acute knock down of Ascll in cultured
neural progenitors resulted in a reduced
rate of proliferation, again uncovering
a pro-division function of Ascll in neu-
ral progenitors. Although the decreased
proliferation associated with the various
Ascll loss-of-function experiments is only
partial and suggests redundancy with
other pathways promoting cell prolifera-
tion, overall the functional data strongly
support the initial prediction drawn from
the identification of Ascll targets.
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Table 1. Selection of enriched Gene Ontology (GO) terms associated with Ascl1 target genes in
ventral telencephalon of developing mouse embryo

GO Number Biological Process Genes p value
G0:0045449 Regulation of transcription 69 1.8x10°%
G0:0022008 Neurogenesis 27 5.2x107
G0:0042136 Neurotransmitter biosynthetic process 3 9.2x10”
G0:0051726 Regulation of cell cycle 1 9.6 x 10°
G0:0010646 Regulation of cell communication 25 1.1x10*
GO0:0016337 Cell-cell adhesion n 1.1x10*
G0:0030030 Cell projection organization 17 1.2x10*
GO0:0009966 Regulation of signal transduction 22 1.8x10*
G0:0006928 Cell motion 18 2.8x10*
G0:0048663 Neuron fate commitment 6 2.8x10*
G0:0007417 Central nervous system development 16 31x10*
GO0:0007411 Axon guidance 8 3.4x10*
G0:0019226 Transmission of nerve impulse 13 40x10*
G0:0007409 Axonogenesis 1 5.0x10*
G0:0016568 Chromatin modification 12 52x10*
G0:0007219 Notch signaling pathway 6 84x10*
G0:0051960 Regulation of nervous system development 9 8.7x10*
G0:0048667 Cell morphogenesis involved in neuron differentiation 1 8.8x10*

Transcriptional profiling of Ascl1 gain- and loss-of-function, combined with genomic location anal-
ysis using ChIP-on-chip, was used to identify 339 direct Ascl1 trasncriptional targets." Enriched
terms describing biological processes were identified with GoToolbox,? using a hypergeometric

distribution.

Thus, our unexpected findings suggest
that Ascll directly links a cell type spe-
cific developmental program with path-
ways (such as E2f1 and its targets) more
universally used in the control of cell pro-
liferation. It is also tempting to speculate
that the regulation by Ascll of prolifera-
tion genes during embryonic development
may provide a molecular basis for its previ-
ously suggested role in tumors of neuro-
endocrine origin, such as small cell lung
carcinomas.?® Ascll expression positively
correlates with tumorigenic capacity, sug-
gesting a role in cancer development, also
supported by knock down experiments of
Ascl1.22* Future work should thus inves-
tigate to which extent the genetic pro-
gram used to maintain proliferation in
the embryo is used by Ascll in a cancer
context.

The provocative finding that Ascll acti-
vates both genes promoting cell cycle pro-
gression and genes promoting cell cycle-exit
suggests that Ascll might regulate distinct
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genetic modules with opposing activities
with regard to cell proliferation, at dis-
tinct stages of neurogenesis. Interestingly,
this dual role may be evolutionary con-
served, as suggested by the genome wide
characterization of a proneural transcrip-
tional network in the developing CNS of
Drosophila.”® Southall and Brand used
the in vivo expression of transcription fac-
tors tagged with an Escherichia coli DNA
adenine methyltransferase (a technique
named DamlID), to map genome-wide
binding sites of several transcriptional
regulators in the CNS of the developing
embryo. This approach identified a large
number of promoter regions bound by
Asense, a proneural factor expressed in
proliferating neuroblasts and in a subset of
their differentiating daughter cells (called
Ganglion Mother Cells or GMC). The
combination of this approach with expres-
sion profiling of microdissected neuro-
blasts and GMCs from Asense mutants,
led to the identification of a large number
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of Asense target genes in the two cell types.
This elegant work has revealed a dual reg-
ulatory role for Asense in the self-renewal
of neuroblasts and the differentiation of
GMCs, respectively.

Characterization of Additional
Transcriptional Programs
of Neurogenesis

In the developing vertebrate neural tube,
proneural genes are expressed by distinct,
and often non-overlapping, populations
of neural progenitors that generate differ-
ent types of neuronal cells. How divergent
are the transcriptional programs regu-
lated by different proneural proteins and
producing different types of neurons has
remained until recently a matter of specu-
lation.?** A recent study identifying the
transcriptional targets of the proneural
factor Atohl/Mathl
revealed striking similarities in the types
of targets controlled by Ascll and Atohl
in two distinct CNS populations.?® Klisch
and

in the cerebellum

colleagues combined chromatin
immunoprecipitation followed by deep
sequencing (ChIP-seq) with transcription
profiling, to characterize the whole range
of genes regulated by Atohl in post-natal
CGNPs, a population that undergoes a
clonal expansion followed by differen-
tiation during the first week after birth.
Similar to our findings with Ascll, Klish
and colleagues found that Atohl directly
controls genes that regulate successive
steps of neurogenesis, such as proliferation,
migration and differentiation. An impor-
tant role of Atohl in progenitor physiol-
ogy was revealed by the high number of
Atohl rtargets controlling cell metabolism
and ribosome biogenesis, presumably
catering for the high energy demands of
cycling cells. Among the many Atohl tar-
gets involved in cell cycle regulation are
both E2f1 and FoxM1, suggesting signifi-
cant overlap with pathways used by Ascll
in the control of cell proliferation.
Inducing cell cycle promoting genes
may be a common activity of all vertebrate
proneural genes, or it may reflect a mito-
genic role shared only by a subset of pro-
neural proteins, in particular factors such
as Ascll and Atohl that are expressed in
neuronal lineages undergoing extensive
progenitor divisions (e.g., in the ventral
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telencephalon and cerebellar primordium,
respectively). To address this question, it
will be interesting to determine whether
members of the Neurogenin family of pro-
neural factors share cell cycle promoting
targets with Ascll and Atohl. Strikingly,
some neuronal lineages undergoing lim-
ited progenitor expansion, e.g., in the
dorsal telencephalon, ventral midbrain or
dorsal spinal cord, express both Ascll and
Neurogenin2 in rapid succession. These
expression patterns together with muta-

tion analyses”?’

suggest that Neurogenin2
does not share the proliferation promoting
activity of Ascll and that its expression
following that of Ascll may counter-
act Ascll mitotic activity and suppress
progenitor divisions. Seo and colleagues
have used a gain of function approach in
Xenopus and mouse cells, together with
an in silico analysis of consensus binding
motifs, to identify downstream targets of
Neurogenin.?® The genes identified in this
screen are predicted to regulate neuronal
differentiation and cell migration rather
than cell proliferation. However, the strat-
egy used in this study may have biased the
type of Neurogenin targets identified and
future genome-wide studies should clarify
whether Neurogenin factors also regulate,
positively or negatively, genes involved in
progenitor cell divisions.

Coordination of Various
Neurogenic Steps
by Proneural Factors

The ongoing genome-wide characteriza-
tion of proneural transcriptional targets
is greatly advancing our understanding
of how proneural factors regulate com-
plex developmental events. The emerg-
ing picture of proneural proteins directly
regulating sequential steps of neurogenesis
provides a mechanistic explanation for
their preponderant role in the coordina-
tion of the neurogenic process. This may
also help explain the unique ability of
ectopically expressed proneural factors to
re-program various cell types into neurons
(e.g., 14 and 29-31). On the other hand,
such studies pose important questions
concerning the molecular mechanisms by
which proneural proteins regulate gene
expression. For example, how can a single
transcription factor expressed at an early
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stage in a developmental program, directly
control differentiation events that take
place much later in time? This issue has
been addressed by a study dissecting the
transcriptional program regulated by the
proneural factor Atonal in the Drosophila
peripheral nervous system, where pioneer-
ing studies had uncovered a role for pro-
neural genes in the specification of sensory
organ identity.**? Cachero and colleagues
have shown that, similar to a vertebrate
proneural factor, Atonal directly regulates
both early events of cell specification and
later differentiation events resulting in the
acquisition of terminally differentiated
neuronal features.® Thus, Atonal regu-
lates a program of cilliogenesis specific
to the mechanosensory neurons of chor-
dotonal organs. Some of this activity is
mediated by intermediary transcriptional
regulators, including Rfx, a well-estab-
lished regulator of ciliogenesis.* However,
Atonal also directly regulates dilatory, a
gene encoding a downstream component
of the ciliogenesis process. Interestingly,
a detailed analysis of the temporal profile
of gene expression in the mechanosensory
neuron lineage showed that the expression
of many differentiation genes, including
genes in the ciliary differentiation path-
way, can be detected much earlier than
previously anticipated, in still proliferat-
ing precursors. This result is reminiscent
of the earlier observation, made in neural
and hematopoietic cell lineages, that some
genes associated with postmitotic func-
tions are already expressed in dividing
progenitors prior to their overt differen-
tiation.**® Pursuing this line of research
should shed light on the mechanisms by
which the early expression of a transcrip-
tion factor governs events that take place
at great distance in time.

Coming back to our study of the tar-
get genes of Ascll, some targets expressed
at “late” steps in neurogenesis may have
already begun to be transcribed at an
earlier stage, but a more complex model
involving more intricate regulatory mech-
anisms is likely to be required to explain
the temporal expression profile of many
of the genes contributing to the transcrip-
tional program regulated by Ascll. Results
from a large screen of publicly available in
situ hybridization data suggest that Ascll
targets display very distinct patterns of
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expression and show in particular very
different timings of onset of expression.
While most targets are expressed in pro-
genitors of the ventricular and/or subven-
tricular zone (58%), similarly to Ascll,
others are only expressed at later stages,
for example in differentiating neurons of
the mantle zone (15%)."" These results
have been replicated in a study examining
the temporal profiles of gene expression in
cultured neural stem cells induced to dif-
ferentiate into neurons by overexpression
of Ascll (Drechsel D, Francois G, Castro
DS, unpublished results).

What kind

be involved in the temporal pattern-

of mechanisms could
ing of Ascll transcriptional program?
Functional interactions with other tran-
scription factors co-regulating Ascll tar-
get genes could be involved. In particular,
the fact that many Ascll regulated genes
encode themselves transcription factors
suggests that feed-back and feed-forward
loop motifs, which are common features
of transcriptional networks, may regulate
the timing of expression of direct Ascll
targets. Identification of co-regulators
of Ascll target genes and characteriza-
tion of their own targets will shed light
on how transcriptional networks control
the progression of the gene expression
program operating during neurogenesis.
In addition, chromatin organization at
Ascll target genes could control the effi-
ciency with which Ascll binds to their
regulatory elements and/or activate their
transcription. It will thus be important
to determine the extent to which distinct
parts of the Ascll program depend on
chromatin modifying/remodeling activi-
ties for their regulation. Last, Ascll itself
might be translationally modified over
time, which could result in different tim-
ings of expression for Ascll target genes,
if modified versions of Ascll vary in their
affinities for target promoters. Elucidating
the molecular mechanisms underpinning
Ascll regulatory functions is, therefore, an
important goal, a task made easier by the
large-scale identification of its targets.

Context Dependence
of Proneural Proteins

Each proneural factor is expressed by mul-
tiple progenitor populations, distributed
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in diverse regions of the nervous system
and generating different kind of neurons,
suggesting that its activity might be influ-
enced by regional cues, adding a new layer
of complexity to proneural gene regulatory
functions.**” The idea that the same factor
can regulate distinct targets in different
lineages is supported by the observation
that proneural proteins regulate genes spe-
cific to particular neuronal subtypes, as
best shown recently by Lai and colleagues,
who identified a subset of Atohl targets
that in the dorsal spinal cord are specific
to the dIl population of interneurons.®®
Similarly, we have found among Ascll tar-
gets in the telencephalon, the genes encod-
ing the enzymes Gadl and Gad2, which
are specific of GABAergic neurons. What
fraction of the transcriptional targets of
a particular proneural protein differs, for
example, between regions of the brain or
spinal cord, is however not yet known.
The importance of the cellular context is
of equal relevance in Drosophila, exem-
plified by the different roles of Atonal in
distinct locations. Work by Aerts and col-
leagues have combined expression profil-
ing with in silico scanning of promoter
regions of candidate targets, leading to the
identification of a large number of Atonal
target genes and their regulatory regions
in precursors of R8 photoreceptors.”
Strikingly, most identified Atonal targets
were expressed in all atonal lineages while
others were expressed in subsets of lin-
eages, but none of the targets were specific
to a single sensory organ, suggesting that
subtype-specific differentiation programs
are activated by the expression of differ-
ent combinations of Atonal target genes.
Whether a similar strategy is used in ver-
tebrates to generate diverse proneural pro-
grams remains to be determined.

Concluding Remarks

The study of proneural factors has greatly
benefited from the use of novel genomic
approaches, which have allowed the
genome-scale identification of their tran-
scriptional targets. Identification of these
targets has in turn helped better under-
stand the cellular functions of these tran-
scription factors. Old functions are being
finally provided with a molecular under-
pinning, while previously unrecognized
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activities have been discovered. The com-
plexity of the transcriptional programs
activated by proneural factors, exemplified
by the direct control by Ascll of multiple
steps of neurogenesis, raise intriguing
questions about the mechanisms involved
in their regulation. Addressing these ques-
tions will keep the research community
busy for many years to come.
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