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Temporal patterning of apical
progenitors and their daughter
neurons in the developing neocortex
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INTRODUCTION: The cerebral cortex is a
cellularly heterogeneous structure whose neu-
ronal circuits underlie high-order cognitive and
sensorimotor information processing. Neocor-
tical neuronal diversity emerges from interac-
tions between intrinsic genetic programs and
environment-derived signals, but how these pro-
cesses unfold and interact in the developing
brain is still unclear. During embryogenesis,
distinct subtypes of glutamatergic neurons
are sequentially born and differentiate from
progenitors located in the ventricular zone
below the cortex. The aggregate neurogenic
competence of these ventricular zone progen-
itors (i.e., apical progenitors) hence progresses
as corticogenesis proceeds, and temporal mo-
lecular patterning is thought to be a driving
force for this process. Such temporal pattern-
ing is an evolutionarily conserved strategy to
generate neuronal diversity, but in contrast to
Drosophila, in which key molecules of tempo-

Temporal molecular
patterning in the mouse
neocortex. Evolutionarily con-
served, temporally patterned
genes drive apical progenitors
from internally directed to
exteroceptive states. The PRC2
complex epigenetically drives
this progression (not shown).
Embryonic age—dependent
molecular marks are
transmitted from apical
progenitors to newborn
neurons as successive ground
states, onto which essentially
conserved differentiation
programs are applied,
together with later-occurring
environment-dependent signals.
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ral specification have been identified, how this
occurs in mammals remains poorly understood.

RATIONALE: Although the cell type diversity
of the adult neocortex is increasingly well char-
acterized, how pre- and postmitotic develop-
mental molecular programs unfold and interact
during development remains unknown. This
in part reflects our limited ability to assess
molecular states at defined time points and
in specific cell types with high temporal reso-
lution. Here, we overcame this obstacle by com-
bining FlashTag, a method to pulse-label
isochronic cohorts of ventricular zone-born
neurons and their mother cells, with single-
cell RNA sequencing. Using this approach, we
traced the transcriptional trajectories of suc-
cessive generations of apical progenitors and
their respective daughter neurons in mice from
embryonic day 12 to day 15, as layer 6, 5, 4, and
2/3 neurons are successively generated.
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RESULTS: Using temporal analysis of apical
progenitor molecular states, we identified a
core set of evolutionarily conserved, temporally
patterned genes that sequentially unfold during
development. These dynamically expressed genes
drive apical progenitors from internally directed
(“introverted”) to more exteroceptive (“extraverted”)
states. Initially, cell cycle-related and nucleus/
chromatin-related processes are prominent ac-

tivities. Later in develop-
ment, the susceptibility of
Read the full article apical progenitors to envi-
at http://dx.doi. ronmental signals increases,
org/10.1126/ as highlighted by increased
science.aav2522 expression of membrane
.................................................. receptors, cellcell signaling-
related proteins, and excitability-related proteins.
Temporally patterned genes are transmitted from
apical progenitors to their neuronal progeny as
successive ground states, onto which essentially
conserved early postmitotic differentiation pro-
grams are applied. This process is evolutionarily
conserved, because in human embryos, the tran-
scriptional dynamics of the orthologs of this
gene set are recapitulated in apical progenitors
and their daughter neurons.

Whereas acquisition of ground states by
daughter neurons is largely environment-
independent, cell-extrinsic processes come into
play at later stages to sculpt final identity, as
demonstrated by the progressive loss of apical
progenitor-derived molecular birthmarks and
the emergence of input-dependent transcrip-
tional programs. This was particularly striking
for differentiating layer 4 neurons, whose post-
natal development strongly depends on syn-
aptic input, suggesting that environmental
sensibility may be prefigured prior to sensory
experience. Finally, using a loss-of-function
approach, we demonstrate that the temporal
progression in apical progenitor states is epi-
genetically regulated by the Polycomb repres-
sor complex PRC2, such that loss of PRC2 leads
to an acceleration of apical progenitor neuro-
genic competence, as revealed by precocious
generation of normally later-born cell types.

CONCLUSION: Our work provides a func-
tional account of molecular programs at play in
apical progenitors and their daughter neurons
during corticogenesis in mice, and reveals that
epigenetically regulated temporal molecular birth-
marks in apical progenitors act in their post-
mitotic progeny as seeds for neuronal diversity.
Conserved differentiation programs, together
with later-occurring environment-dependent
signals, then act on these sequential ground
states to drive newborn neurons toward their
final, cell type-specific identities.
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During corticogenesis, distinct subtypes of neurons are sequentially born from ventricular
zone progenitors. How these cells are molecularly temporally patterned is poorly understood.
We used single-cell RNA sequencing at high temporal resolution to trace the lineage of the
molecular identities of successive generations of apical progenitors (APs) and their daughter
neurons in mouse embryos. We identified a core set of evolutionarily conserved, temporally
patterned genes that drive APs from internally driven to more exteroceptive states. We found
that the Polycomb repressor complex 2 (PRC2) epigenetically regulates AP temporal
progression. Embryonic age—dependent AP molecular states are transmitted to their progeny
as successive ground states, onto which essentially conserved early postmitotic differentiation
programs are applied, and are complemented by later-occurring environment-dependent
signals. Thus, epigenetically regulated temporal molecular birthmarks present in progenitors

act in their postmitotic progeny to seed adult neuronal diversity.

dult neuronal diversity emerges from the

interaction between progenitor-derived ge-

netic information and environment-derived

signals, but how these processes unfold

and interact in the developing brain is still
unclear. In the neocortex, whose neurons are
required for high-order cognitive and sensori-
motor information processing in mammals, the
temporal molecular patterning of progenitors is
thought to be a driving force for their progres-
sion in neurogenic competence (I-3). Such tem-
poral patterning is an evolutionarily conserved
strategy to generate neuronal diversity, but in
contrast to Drosophila, in which key molecules
of temporal specification have been identified
(4), the manner in which this occurs in mammals
remains poorly understood. Although the single-
cell diversity of the neocortex is increasingly well
characterized (5-1I), it remains unknown how
temporally progressing pre- and postmitotic pro-
grams in APs and neurons interact to give rise to
the neuronal diversity of the adult neocortex.
One reason for this has been the lack of a tech-
nique allowing the precise dissection of temporal
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transcriptional states in specific cell types. Here,
we overcame this limitation by using FlashTag
(FT), a high-temporal resolution method to pulse-
label APs and their daughter neurons (72, 13) and
trace the transcriptional trajectories of succes-
sive generations of progenitors and isochronic
cohorts of their daughter neurons from embry-
onic day (E) 12 to E15, as layer (L) 6, L5, L4, and
L2/3 neurons are successively generated (3).

Identifying dynamic transcriptional
states in APs and neurons

After microdissection of the putative somato-
sensory cortex, we used fluorescence-activated
cell sorting (FACS) to collect FT™ cells after 1 hour,
as APs are still dividing; after 24 hours, as
daughter cells are transiting through the sub-
ventricular zone; or after 96 hours, once daugh-
ter neurons have entered the cortical plate (Fig.
1A and fig. S1, A to C). We performed single-cell
RNA sequencing at each of these three differ-
entiation stages at four embryonic ages (E12,
E13, E14, and E15), which yielded a total of 2756
quality-controlled cells across 12 conditions for
analysis (fig. S1, C and D, and supplementary
materials).

Analysis of cellular transcriptional identities
by t-distributed stochastic neighbor embedding
(t-SNE) dimensionality reduction revealed that
cells were organized on the basis of collection
time (i.e., differentiation status): 1-hour-old, 1-day-
old, and 4-day-old cells formed three main groups
of cells that corresponded essentially to (i) APs,
(ii) basal progenitors (BPs) and 1-day-old neu-
rons (N1d), and (iii) 4-day-old neurons (N4d),

as indicated by the combined expression of cell
type-specific markers (Fig. 1B) (12). At each of these
differentiation stages, cells born at successive
embryonic ages tended to cluster together, form-
ing chronotopic maps, which were particularly
apparent for APs and 1-day-old daughter cells
but were less striking, although still discernible,
in 4-day-old neurons. This suggests that birthdate-
related transcriptional features are strong deter-
minants of AP and of initial neuron identity, but
also that non-birthdate-related programs are im-
plemented during differentiation.

Together, these data reveal two axes of tran-
scriptional organization: (i) a birthdate axis, cor-
responding to the temporal progression in AP
transcriptional states at sequential embryonic
ages, and which also emerged from unbiased
analysis of single-cell trajectories (fig. SIE) (14);
and (ii) a differentiation axis, corresponding to
the birth and maturation of their daughter neu-
rons. These two cardinal processes are thus the
major source of transcriptional diversity in the
developing neocortex.

We used a graph-based cluster analysis to
investigate the diversity of differentiation stage-
and birthdate-specific cells (Fig. 1C) and differ-
ential expression analysis to identify type-enriched
transcripts, whose temporal patterns of expres-
sion were confirmed by in situ hybridization
(Fig. 1, D and E; figs. S2 and S3; and data S1;
see also http://genebrowser.unige.ch/telagirdon/).
Cluster analysis identified four embryonic age-
defined AP transcriptional states, as well as two
embryonic age-defined basal progenitor pop-
ulations also previously reported (15) (Fig. 1C).
Two classes of 1-day-old neurons could be dis-
tinguished, early-born cells (i.e., E12 or E13-born)
and later-born cells (i.e., E14 or E15-born). These
two classes of neurons displayed early-onset ex-
pression of deep- and superficial-layer genes,
which foreshadowed their upcoming lamina-
related identity. Early on, however, classical deep-
layer markers were also expressed by late-born
neurons (fig. S4A), as previously reported (16, 17).
By 4 days of age, however, neurons with mu-
tually exclusive expression of classical lamina-
specific markers such as BelI1b (a L5/deep layer
marker), Rorb (14), and Pou3f2 (L2/3) emerged
(Fig. 1C, right, and fig. S4, A and B). Thus, late-
born neurons initially transiently display some
molecular features of earlier-born neurons, which
they repress as they undergo fate refinement.

Of note, in addition to these ventricular zone
(VZ)-born cell populations, two types of non-VZ-
born cells were detected. First, GABAergic inter-
neurons were primarily detected 4 days after FT
labeling, consistent with migration into the dor-
sal pallium after FT labeling of their progenitors
in the ventral pallium (I8, 19) (Fig. 1C and fig.
S4C). A small fraction of these interneurons (16%)
was detected 1 hour after FT labeling, especially
at late embryonic stages, supporting reports of
inhibitory interneurons migrating radially to
contact the ventricle in the dorsal pallium late
in corticogenesis (20, 21). Second, astrocytes were
exclusively detected 4 days after E15 FT labeling
(i.e., at PO); these likely correspond to ventral
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Fig. 1. Birthdate- and differentiation stage-related cellular diversity in
the developing neocortex. (A) Schematic illustration of the experimental
procedure. M-phase APs were labeled by FT injection performed at E12, E13,
E14, or E15, and isochronic cohorts of APs and daughter cells were collected
1, 24, or 96 hours later. (B) t-SNE representation of the single-cell RNA
sequencing dataset revealing the transcriptional organization of the cells
according to the time at which they were collected (i.e., their differentiation
status) and the day on which the injection was performed (i.e., their birthdate).
Apical progenitors, basal progenitors, and neurons can be distinguished by
their combinatorial expression of key marker genes (n = 20 transcripts).

(C) Cluster analysis reveals transcriptionally distinct and temporally dynamic
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cellular clusters. Cluster nomenclature reflects prevalence of the cluster at

a given embryonic age (early, E12/E13; late, E14/E15). Cells in these clusters
express classical layer and cell type marker genes in accordance with their
birthdate and differentiation status. (D) Expression of the top 10 most enriched
genes per cluster highlights cellular diversity. See also data S1. (E) Spatio-
temporal expression of cluster-specific transcripts with in situ hybridization (ISH)
from the Allen Developing Mouse Brain Atlas. Color-coded images represent
the average expression for representative transcripts (see also figs. S2 and S3).
AP, apical progenitors; Astro, astrocytes; BP, basal progenitors; CP, cortical
plate; DL, deep layer; IN, interneurons; N, neurons; N1d, 1-day-old neurons;

N4d, 4-day-old neurons; SL, superficial layer; SVZ, subventricular zone.

pallium-born astrocytes migrating into the cor-
tex (22, 23) (Fig. 1C and fig. S4D). These two cell
types were not further investigated in this study.
Together, these results indicate that APs tran-
sit through temporally dynamic transcriptional
states during corticogenesis as daughter neu-
rons progressively acquire cell type-specific
transcriptional features.

APs progress from “introverted” to
“extraverted” transcriptional states

We used two axes of investigation to address the
transcriptional dynamics of differentiating neu-
rons and of APs: (i) the transcriptional differen-
tiation of neurons born on each embryonic day
between E12 and E15 (Fig. 2, A to C) and (ii) the
progression in AP transcriptional states during
this time period (Fig. 2, D to F).

We first examined the transcriptional pro-
grams expressed by differentiating neurons born
at each embryonic age (Fig. 2, A to C). For this
purpose, we used an unsupervised approach in
which single cells were unbiasedly ordered on
alinear path on the basis of their transcription-
al profile (24). This pseudo-time (i.e., pseudo-
differentiation) alignment approach outlined
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successive transcriptional waves driving dif-
ferentiation (12) (Fig. 2A, fig. S5, and data S2).
Remarkably, the sequential unfolding of gene
expression was essentially conserved across em-
bryonic ages, as revealed by closely matching
gene expression dynamics (Fig. 2B and fig. S5,
A to E). Constant gene expression did not simply
reflect the constant activity of a small number of
“pan-neuronal” genes (e.g., Neurod2) but instead
reflected tightly overlapping differentiation pro-
grams, because more than half of the expressed
genes had highly correlated expression dynamics
(R > 0.7; fig. S5C). Accordingly, gene ontologies
were conserved across embryonic ages (Fig. 2C,
fig. S5F, and data S3). Thus, neuronal differenti-
ation programs appear largely conserved across
corticogenesis.

We next addressed the temporal progression
in AP transcriptional states, using the approach
described above. This pseudo-time alignment
approach appropriately ordered E12-, E13-, E14-,
and E15-dividing APs, effectively constituting a
pseudo-birthdate axis (Fig. 2D). This allowed us
to determine individual gene expression dynam-
ics in APs across corticogenesis, which were re-
flected by in situ hybridization temporal series

(Fig. 2E; fig. S6, A to C; and data S4). Clustering of
transcripts based on their expression dynamics
showed how transcriptional programs unfold in
APs (Fig. 2, E and F, and data S4 and S5). Initially
(E12, E13), typically cell-intrinsic (“introverted”)
programs were at play: Transcripts coding for
nuclear proteins (e.g., Rpal, involved in DNA re-
plication or the Top24 DNA topoisomerase) and
cell cycle regulators (e.g., Ccnel, E2f1, E2f8) were
increased, consistent with active cell cycle regula-
tion processes. Similarly, transcripts involved in
the regulation of gene expression and chromatin
structure were prominent [e.g., Hmga2, which
promotes self-renewal of neural progenitors (25),
and Trim27, which interacts with the Polycomb
complex to repress gene expression (26)]. Finally,
cell death modulators (e.g., Sival, Scrib) were
also actively transcribed, suggesting some level of
control over progenitor pool size (27).

Later on (E14, E15), exteroceptive (“extraverted”),
environment sensing-related programs predomi-
nated (Fig. 2F). This included ion transport-related
processes, in line with a bioelectrically controlled
progression of AP competence (28) and consistent
with the increased frequency of calcium waves in
APs later in corticogenesis (29). Similarly, cell-cell
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Fig. 2. Neuronal differentiation programs are
conserved while APs shift from internally
directed to exteroceptive transcriptional
states. (A) Principal components analysis (PCA)
showing spontaneous organization of cells along
a differentiation axis (i.e., from AP to N1d to
N4d). Black line indicates pseudo-differentiation
axis onto which cells were aligned. (B) Clustering
of gene expression kinetics reveals sequential
transcriptional waves. (C) Examples of gene
ontology processes associated with each of

the expression waves, along with sample
corresponding genes. Note conserved dynamics
across embryonic ages. See also fig. S5 and

data S2 and S3. (D) PCA of AP transcriptional
identity showing chronotopic organization along a
birthdate axis (i.e., from E12 to E15). (E) Cluster
analysis reveals distinct dynamics of AP gene
expression during corticogenesis. (F) Examples
of gene ontology terms associated with each
expression dynamics, along with select
corresponding genes. See also fig. S6 and

data S4 and S5. (G) Schematic summary of

the findings. (H) APs cycle progressively more
slowly as corticogenesis unfolds. *P < 0.05
(Student t test); n.s., not significant. (I) The
glutamate transporter transcript Sicla3 (Glast)

is expressed by APs late in corticogenesis. Block-
ade of GLAST with TBOA (35) increases extra-
cellular glutamate at late but not early embryonic
ages, as detected by activation of ionotropic
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and cell-matrix interaction-related processes (e.g.,
Bcan) increased, as did lipid metabolism process
(e.g., Fabp7, Acadvl), which has been linked with
progenitor fate in adult neuronal stem cells (30).
In line with the induction of exteroception-
related programs, late APs also expressed genes
typically associated with neuron-related processes
such as synaptogenesis and neurotransmission,
which suggests that corresponding exteroceptive
programs are progressively implemented in suc-
cessive generations of APs and in their postmitotic
neuronal progeny. Finally, glia-related processes
emerged, foreshadowing the upcoming genera-
tion of this cell type later in corticogenesis.
Together, these data suggest that as cortico-
genesis unfolds, APs shift from mostly inter-
nally driven programs to environment-sensing
ones (Fig. 2G).

We used two examples to illustrate the func-
tional correlates of this progression in transcrip-
tional states. First, we investigated the net effect
of the dynamics of cell cycle control-related tran-
scripts (which predominate at early stages) by
measuring cell cycle duration specifically in APs
(SOX2" cells) (Fig. 2H). This revealed a ~50% in-
crease in cell cycle length between E12 and E15
(from 8 hours to 12 hours), confirming and ex-
tending previous results (31, 32). Lengthening of
the cell cycle essentially reflects a lengthening of
Gy, a critical phase for environment sensing and
fate decision (31, 33, 34) (fig. S6D), such that this
progression in cycling dynamics is congruent
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with the overall progression in AP behavior
during corticogenesis.

A second example was provided by the gluta-
mate transporter transcript Slcia3 (Glast), whose
expression increases in APs as glutamatergic
neurotransmission develops in the cortical plate
(Fig. 21). To directly investigate whether increased
Glast transcriptional activity was accompanied
by an increase in glutamate uptake by APs, we
used pr-threo-p-benzyloxyaspartic acid (TBOA)
to block this electrogenic transporter at distinct
embryonic stages (35) and measured evoked cur-
rents using whole-cell patch clamping of APs,
identified as juxtaventricular cells (3). Pharma-
cological blockade of this transporter increased
glutamate levels at late but not early embryonic
stages, consistent with a dynamic bioelectrical
control over AP properties during corticogenesis
(Fig. 2I) (28). Thus, the transcriptional progres-
sion from mostly internally driven processes to
environment-sensing ones is accompanied by a
corresponding functional progression in AP bio-
logical properties.

APs and daughter neurons share
molecular temporal identities

The differentiation programs of daughter neu-
rons are largely conserved across embryonic
ages, despite the distinct identities these daugh-
ter neurons acquire later. How, then, does neu-
ronal diversity emerge? As reported above, the
chronotopic arrangement of APs is also present

in their 1-day-old progeny (Fig. 1B). This suggests
that embryonic age-dependent AP transcription-
al programs are transmitted to their progeny to
generate successive initial neuronal identities.
To investigate this possibility, we next deter-
mined how dynamic transcriptional networks
emerge in single cells during corticogenesis. We
used a machine learning strategy to classify cells
based on (i) their birthdate and (ii) their differ-
entiation status, which identified core sets of
genes (n = 100 per model) sufficient to classify
all cells according to these two cardinal features
(Fig. 3A; fig. S7, A to C; and data S6), many of
which have been previously identified as regu-
lators of progenitor and neuronal fate (tables S1
and S2). Birthdate-associated core genes were se-
quentially expressed by APs and their 1- and 4-day
old progeny, revealing a shared temporal pat-
terning of mother and daughter cells (Fig. 3B,
top, and fig. S7D). On the other hand, the dy-
namics of the differentiation gene set were con-
served across embryonic ages, consistent with
a consensus postmitotic differentiation program,
as identified earlier (Fig. 3B, bottom, and fig. S7D).
This process is an evolutionarily conserved one,
because in human embryos, the transcriptional
dynamics of the orthologs of this gene set and the
corresponding temporal patterning of daughter
neurons and their mother cells was conserved in a
large dataset of cortical cells (7) (Fig. 3C). Thus, the
temporal patterning process identified here con-
stitutes a conserved strategy to generate neuronal
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diversity during corticogenesis. Consistent with
the increase in neuron-related ontologies in APs
noted above, expression of the neuronal differ-
entiation gene set progressively increases in APs
as corticogenesis unfolds (fig. S7, E and F); the
latter cells thus become progressively “neuron-
ized” as they give rise to successive generations
of postmitotic daughter cells. Taken together,
these data reveal an evolutionarily conserved
specification process in which neuron type iden-
tities emerge from temporally defined transcrip-
tional ground states present in their mother cell,
onto which essentially conserved postmitotic dif-
ferentiation programs are applied (Fig. 3D).

Role of the environment in refining
neuronal identity

The corresponding temporal birthmarks of new-
born neurons and their mother AP could in prin-
ciple reflect either a lineage-related process (i.e.,
the vertical transmission of a transcriptional state
from mother to daughter cell) or an environ-
mental process in which both cells synchro-

A Birthdate model Differentiation
model

o oF . E12E13E14 E15
— oo ® Nid :

B Birthdate core genes

nously respond to progressing temporal environ-
mental cues. To distinguish between these two
possibilities, we reasoned that if environment
factors were driving daughter neuron temporal
identity, then the temporal patterning of post-
mitotic neurons would be less distinct in vitro
than in vivo. We thus isolated FT* APs at E12
and E15 in vitro and examined the fate of their
daughter neurons. Using combined expression
of CTIP2 (officially called BCL11B, an early-born
neuron marker) and BRN2 (officially called
POUS3F2, a late-born neuronal marker) to molec-
ularly distinguish neurons born from E12 or E15
APs (figs. S4B and S8A), we found that, as was
the case in vivo, the temporal identities of E12
and E15 APs’ progenies remained sharply defined
in vitro (fig. S8). Together with the conserved ability
of cortical progenitors to generate successive pop-
ulations of neurons in vitro (7, 36), these findings
support a largely vertical transmission of tempo-
ral birthmarks from mother to daughter cells.
Although the environment does not appear to
drive the initial identity of newborn neurons,
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programs to generate neuronal diversity. (A) Top

: Machine learning approach used to identify a

core set of genes that can classify cells according to their date of birth (left) and differentiation status
(right). Center: Model performance using actual dataset. Box plots show medians + SEM. Bottom:
Weight of the core genes in predicting birthdate and differentiation status. See also tables S1 and S2
and data S6. (B) Top: Birthdate-associated core genes are temporally dynamic and daughter cells
acquire embryonic stage—specific transcriptional birthmarks. See also fig. S7D. Bottom: In contrast,
differentiation status—associated core genes are conserved across corticogenesis. (C) The transcrip-
tional dynamics of the core gene orthologs (top) and the corresponding temporal patterning of daughter
neurons and their mother cells (bottom) are conserved in human embryonic neocortex [dataset

from (7)]. (D) Schematic representation of the findings. Left: In the classical Waddington epigenetic
model, cellular diversity emerges through distinct developmental trajectories. Right: The current data

show that instead, in the neocortex, developmental
are temporally dynamic.
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temporal patterning fades with differentiation
(see the partial loss in the chronotopic mapping
in Fig. 1B), which suggests that non-birthdate-
related processes come into play as neurons
mature. To examine how temporal birthmarks
evolve with neuronal differentiation, we applied
the pseudo-time alignment approach used above
to N1d and N4d and compared it with the results
obtained with APs. This revealed an overall fad-
ing of temporal patterning with differentiation,
which was particularly striking for E14-born neu-
rons. These neurons differentiate into L4 neu-
rons, and their final identity strongly depends on
environmental input (37) (Fig. 4A). Consistent with
the progressive implementation of environment-
driven programs, functionally relevant input-
dependent transcripts such as NrnI and Rorb
(12, 37-39) progressively increased in El4-born
neurons as they matured (Fig. 4B). Together with
the temporal progression in AP exteroceptive
programs, these findings suggest that the relative
importance of genetic and environmental factors
shifts toward the latter as neurons differentiate
and corticogenesis proceeds (Fig. 4C).

Mapping dynamic transcriptional
landscapes during corticogenesis

‘We combined the two aforementioned models
to identify birthdate- and differentiation stage-
related patterns of gene expression. On the basis
of the combined expression of the core genes of
the two models, each cell was assigned a birth-
date score and differentiation score. Cells were
then embedded within a two-dimensional matrix,
allowing the display of gene expression profiles
as chronotypic transcriptional maps (Fig. 5A) (7).
This approach revealed a variety of dynamically
regulated transcriptional patterns, including within
single families of genes (Fig. 5B, fig. S9, and
http://genebrowser.unige.ch/telagirdon/). To
identify archetypical features of gene expression,
we performed a t-SNE-based cluster analysis
of all transcriptional maps, revealing canonical
clusters of genes with similar expression dynam-
ics (Fig. 5C and data S7). Genes within each of
these canonical clusters shared common func-
tions, and the distinct clusters were function-
ally specialized (Fig. 5D, fig. S10, and data S8).
This finding suggests that these transcriptional
clusters represent functional units orchestrating
the progression of temporal patterning during
corticogenesis.

To illustrate the functional relevance of these
processes in the temporal patterning of AP and
neuronal identity, we examined the role of chro-
matin organization activity, which predominates
in early APs (Figs. 2F and 5D), as a proof-of-
principle process. Expression of Polycomb repres-
sive complex 2 (PRC2), which regulates histone
methylation and hence chromatin accessibility
(40), provided a point of entry: The main core
subunits of the complex were coexpressed in APs
early in corticogenesis, and the H3K27me3 (tri-
methylated histone H3 Lys>’) signature mark of
PRC2 had corresponding dynamics, demonstrat-
ing temporally gated functional activity (Fig. 6A).
To directly address the role of this complex in the
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Fig. 4. Temporal birthmarks

fade with differentiation

as environment-dependent
programs are implemented.

(A) Pseudo-time alignment of APs,
N1d, and N4d using the birthdate
core genes shown in Fig. 3 reveals
an overall fading of temporal
birthmarks as neurons differentiate,
particularly affecting E14-born,
L4-fated neurons. (B) Environment-
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temporal progression of AP identity, we gener-
ated a cortex-specific knockout mouse for Eed, a
regulatory subunit of PRC2 (Eed cKO mice). Loss
of Eed eliminated PRC2’s signature methylation
mark in APs, consistent with a loss-of-function
phenotype (Fig. 6B). As previously reported in
the absence of another subunit of PRC2 (41), the
thickness of the neocortex was strongly decreased
in Eed cKO mice, consistent with a rapid temporal
progression of APs resulting in a shortened neu-
rogenic period. This possibility was supported by
our observation that decreases in VZ thickness
and increases in cell cycle exit unfolded preco-
ciously in Eed cKO cortex compared to wild-type
mice (Fig. 6, C and D). To directly investigate
whether the neurogenic competence of Eed™~
APs was accelerated, we fate-mapped El4-born
neurons using FT pulse-labeling. In contrast to
wild-type cortex, in which essentially only L4
neurons are generated at this time, neurons with
laminar and molecular features of normally later-
born L2/3 neurons were being generated in the

Telley et al., Science 364, eaav2522 (2019) 10 May 2019

0.05
P value: n.s(—mmm Min

Eed mutant (Fig. 6E). Together, these results
reveal that PRC2 exerts a fine-grained control
over the temporal unfolding of successive states
in APs and their daughter neurons (Fig. 6F).

Discussion

Together, our findings identify a combinatorial
process in which cell type-specific neuronal identity
emerges from the apposition of generic differenti-
ation programs onto embryonic age-dependent,
AP-derived transcriptional states. In this scenario,
neuronal differentiation essentially corresponds
to the implementation of programs coding for
generic neuronal features (e.g., neurites, neuro-
transmission) onto temporally defined initial trans-
criptional states. This process is reminiscent of
how neuron diversity is generated in evolutionar-
ily older brain regions such as the subpallium or
spinal cord (7, 24, 42, 43). In the subpallium, re-
cent data in fact directly support largely conserved
differentiation paths for distinct subtypes of in-
hibitory interneurons (7, 24, 43, 44), with the

DNA repair / transcription

difference that in these regions, distinctions in
initial neuronal states reflect a predominantly
spatial rather than temporal distribution of mo-
lecularly distinct progenitors. These two modes
of generating neuron diversity (i.e., temporal or
spatial patterning) are in fact related, because
the temporally coordinated expression of genes
across adjacent cells is required to delineate mo-
lecularly defined areas. In evolutionary terms,
temporal patterning may have been selected as
the primary mode of neuron production within
neocortical areas because it allows the gener-
ation of a large spectrum of cell types at low
spatial cost.

In the course of corticogenesis, APs progres-
sively become more exteroceptive. This suggests
that extrinsic factors modulate neurogenesis late
in development. Consistent with an increased
receptivity of APs to their environment, their
transcriptional identity shifts toward that of
their neuronal progeny. This progressive acqui-
sition of neuronal transcriptional features could
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Fig. 6. PRC2 regulates the progression of AP temporal identity. (A) Top:
Expression of the main subunits of the PRC2 complex is restricted to early
APs. Bottom: The methylation mark of PRC2 has a corresponding temporal
pattern. Dotted line indicates pial surface. (B) PRC2 function is disrupted

in Eed cKO cortex, as shown by loss of the signature H3K27me3 mark.

(C) VZ thickness is precociously decreased in Eed cKO cortex. (D) Cell cycle

reflect a decreased efficiency of the cyclic re-
moval and insertion of epigenetic marks upon
repetitive cell divisions, or the permeation of
daughter neuron RNA or proteins into the
mother cell.

Transmission of temporal birthmarks from
mother to daughter cell may occur via conserved
local- or large-scale chromatin features, as sug-
gested by the critical role of epigenetic regulation
in temporal patterning identified here. In addi-
tion, the passive transmission of cytoplasmic
RNA and posttranscriptional events may also be
involved (17, 45-48). This temporal birthmark
fades with differentiation as environmental fac-
tors come into play. This process is particularly
striking in developing L4 neurons, which are
the main gateway for sensory input to the cor-
tex, and whose final identity is sculpted by
thalamocortical inputs (3, 37). These environment-
dependent processes may occur in an area-
specific manner and may account for the recently
reported molecular diversity in corresponding
adult neuronal types across cortical areas (10).
It will thus be interesting in future studies to
understand how these environmental factors
complement and eventually override earlier tran-
scriptional processes, culminating in the genera-
tion of the full complement of cells required for
functional cortical circuits.
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Temporal patterning of apical progenitors and their daughter neurons in the developing
neocortex
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Origins of neuronal diversity

Although the main task of a neuroprogenitor is to produce more cells, it may not always produce the same cells.
Some progenitors produce different daughter neurons as an embryo develops. Concurrently, these daughter neurons are
also transitioning through states toward maturation. Telley et al. used single-cell RNA sequencing to survey the
transcriptional identity of cells early in mouse brain development. As a neuroprogenitor transitioned to new states, it
produced daughter neurons that reflect those new states. The neuron's own postmitotic differentiation program is
apparently overlaid onto these parentally supplied programs, driving emergence of specialized neuronal cell types in the
neocortex.
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