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Multipotent progenitor cells of the cerebral cortex balance self-
renewal and differentiation to produce complex neural lineages in
a fixed temporal order in a cell-autonomous manner. We studied
the role of the polycomb epigenetic system, a chromatin-based
repressive mechanism, in controlling cortical progenitor cell self-
renewal and differentiation. We found that the histone methyl-
transferase of polycomb repressive complex 2 (PCR2), enhancer of
Zeste homolog 2 (Ezh2), is essential for controlling the rate at
which development progresses within cortical progenitor cell
lineages. Loss of function of Ezh2 removes the repressive mark of
trimethylated histone H3 at lysine 27 (H3K27me3) in cortical
progenitor cells and also prevents its establishment in postmitotic
neurons. Removal of this repressive chromatin modification results
in marked up-regulation in gene expression, the consequence of
which is a shift in the balance between self-renewal and differen-
tiation toward differentiation, both directly to neurons and in-
directly via basal progenitor cell genesis. Although the temporal
order of neurogenesis and gliogenesis are broadly conserved under
these conditions, the timing of neurogenesis, the relative numbers
of different cell types, and the switch to gliogenesis are all altered,
narrowing the neurogenic period for progenitor cells and reducing
their neuronal output. As a consequence, the timing of cortical
development is altered significantly after loss of PRC2 function.
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Multipotent progenitor cells of the cerebral cortex generate
complex neuronal and glial lineages in a fixed temporal

order during embryonic development (1–3). The multipotency of
neural progenitor cells is linked with the fundamental problem of
maintaining the balance between progenitor cell self-renewal and
neurogenesis. Several chromatin-modifying complexes regulate
renewal and differentiation of a range of stem cell types, including
ES cells and hematopoietic stem cells (4–6). The polycomb
chromatin-modifying system (7) is of particular interest in this
context. Studies in ES cells have found that loss of function of
polycomb components compromises pluripotency and the ability
of ES cells to generate differentiated progeny (8–10). Loss of
polycomb function in the developing skin alters epithelial stem cell
proliferation and accelerates the timing of skin development (11).
In vertebrates there are two distinct polycomb protein com-

plexes with completely different constituents, polycomb repressive
complex 1 (PRC1) and polycomb repressive complex 2 (PRC2)
(12). PRC2, containing the histone methyltransferase enhancer of
Zeste homolog 2 (Ezh2), represses gene transcription by modify-
ing the tail of histone H3 via methylation of lysine 27 (H3K27me3)
(13, 14). PRC2 provides a substrate for PRC1 recruitment but also
has repressive activities independent of PRC1 in several systems
(12, 15). Both polycomb complexes repress expression of func-
tionally diverse gene sets, including developmentally important
transcription factors, several classes of cell-cycle regulators, and
genes involved in mitochondrial function and the generation of
reactive oxygen species (16–18).

Knockout of the Bmi1 subunit of PRC1 has little effect on
progenitor cell self-renewal during development but is essential for
neural stem cell maintenance in the adult CNS (19). However,
acute deletion of Bmi1 by RNAi does compromise cortical pro-
genitor cell self-renewal (20). Furthermore, removal of Ring1B, an
ubiquitin ligase component of PRC1, from the developing cortex
during neurogenesis lengthens the period of neurogenesis and
delays the onset of gliogenesis (21). Deletion of Ezh2 at the same
developmental stage appears to produce the same phenotype (21).
We report here that deletion of the histone methyltransferase of
PRC2, Ezh2, in mouse cortical progenitor cells before the onset of
neurogenesis changes the balance between differentiation and self-
renewal, significantly altering developmental timing in this system.

Results
Deletion of the Histone Methyltransferase Ezh2 Alters Cortical
Neurogenesis. Ezh2 is highly expressed in progenitor cells of the
cortex, with little protein expression in cortical neurons (Fig. 1A
and Fig. S1). Notably, Ezh2 levels in cortical progenitor cells
decrease over the period of neurogenesis, from high levels at the
onset of neurogenesis to very low levels at the end of neuro-
genesis and onset of gliogenesis (Fig. S1). Ezh2 is absent from
the Pax6-expressing progenitor cells in the remnant of the ven-
tricular zone (VZ) at birth (Fig. S1). We deleted Ezh2 in cortical
progenitor cells before the onset of neurogenesis using mice car-
rying conditional (floxed) alleles of Ezh2 (22) crossed with an
Emx1-Cre line that drives cortex-specific Cre expression from
embryonic day 9.5 (E9.5) (23). Cortex-specific deletion of Ezh2
resulted in the disappearance of Ezh2 protein by E12 (Fig. 1 A–E).
Importantly, in the developing Ezh2-null cortex trimethylation of
H3K27 (H3K27me3) was absent both from neural progenitor cells
and from the neurons they generate (Fig. 1 C and D).
Cortex-specific Ezh2-null mice are born in expected numbers,

are viable, survive to adulthood, mate successfully, and show no
overt neurological or behavioral abnormalities. However, loss of
Ezh2 function in cortical progenitor cells results in a pronounced
cortical growth phenotype: At E12, the Ezh2-null cortex is in-
distinguishable from that of control littermates in overall thick-
ness, in the amount of neuron-containing cortical plate present,
and in the number of cells within the cortical plate (Fig. 1 F, G,
N, and O). Strikingly, by E14 the Ezh2-null cortex is substantially
thicker than in controls, and this thickness is attributable to
a significantly enlarged number of neurons in the cortical plate in
the Ezh2-null cortex (Fig. 1 H, I, N, and O). However, by E16 the
control and Ezh2-null cortices are similar in size, and by birth the
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Ezh2-null cortex is substantially thinner than in littermate con-
trols and has fewer total cells (Fig. 1). Therefore, Ezh2-null
cortical progenitor cells appear to generate inappropriately more
neurons than controls initially but later underproduce neurons to
generate an overall smaller cortex. In parallel with neurogenesis,

the apical Pax6-expressing progenitor cell population in the VZ
is maintained in number from E12 to E14 but by E16 is signifi-
cantly depleted in the Ezh2-null cortex (Fig. 1). However, at
birth, there are similar numbers of Pax6-expressing cells in the
remnant of the VZ in the control and Ezh2-null cortex. An ad-
ditional notable finding in the Ezh2-null cortex is the ectopic
expression of Pax6 in layer 5 CTIP2-expressing corticospinal
motor neurons at E16 and postnatal day 0 (P0) (Fig. 1 K and M
and Fig. S2).

Loss of PRC2 Function Results in Up-Regulated Gene Expression with
Little Down-Regulation. H3K27me3 is a chromatin modification
associated with the repression of gene expression (14); thus loss
of Ezh2 function would be expected to result in marked up-
regulation of gene expression. Expression profiling of the Ezh2-
null cortex during the early stages of cortical neurogenesis
(E12.5), found that 1,080 transcripts showed up-regulated ex-
pression, and only 12 were down-regulated (Fig. 2A and Dataset
S1). Comparison of the intersection between the 1,080 genes up-
regulated following deletion of Ezh2 before the onset of neuro-
genesis and previously reported data on 305 genes up-regulated
2-fold or more in E18 cortical progenitor cells cultured for 3 d
after deletion of Ring1B (21) found a set of 50 genes commonly
up-regulated in both datasets, with the majority of changes unique
to each mutation. Gene Ontology (GO) analysis of the up-
regulated transcripts found significant enrichments for a wide
range of functional classes, including genes involved in neuro-
genesis and neuronal differentiation (Fig. 2B and Dataset S2).
We used the GenePaint mouse in situ hybridization database

(24) to examine the expression of the top 100 up-regulated genes.
Of the 77 of these genes for which data are available, 45 had
cortical expression at E14.5. (A detailed breakdown is given in
Dataset S3.) Notable among the genes significantly up-regulated
at E12.5 in the Ezh2-null cortex are a large set of transcription
factors and other genes specifically expressed in differentiating
cortical neurons (Fig. 2C), such as Neurod6, Mef2c, Myt1l, and
Bcl11b (expressed in all cortical neurons) and genes specifically
expressed in either early-born or later-born cortical neuron types,
including corticothalamic and callosal projection neurons (25):
Reelin (marginal zone neurons); Moxd1 and Tmem163 (subplate
neurons); Tbr1 and Foxp2 (layer 6 neurons), Foxo1 and Pou3f1/
SCIP (layer 5 neurons); Lmo4 and Foxp1 (callosal projection
neurons of layers 3–5); Bhlhb5/Bhlhe22 (neurons in layers 2–5);
Ror-beta (layer 4 neurons); and Satb2 (neurons in layers 2–4) (25–
31). The increase in layer-specific neuronal gene expression at this
early point in cortical development suggested that cortical de-
velopment may be more advanced in the Ezh2-null cortex than in
control littermates.
To confirm the direct regulation of genes up-regulated in the

Ezh2-null cortex, we carried out ChIP for H3K27me3, the re-
pressive mark deposited by PRC2, followed by quantitative,
gene-specific PCR for a set of six genes up-regulated in the Ezh2-
null cortex. To do so, we focused our analysis on genes that have
been described as PRC2-bound in ES cells (32). That analysis
confirmed that all six genes are enriched in H3K27me3 on their
promoters in the wild-type E12.5 neocortex (Fig. 2).
Loss of polycomb function in a variety of cell types leads to up-

regulated transcription of the negative regulators of the cell cycle
encoded by the Ink4/Arf locus (Cdkn2a/Cdkn2b) (11, 33, 34).
Cdkn2a and Cdkn2b are not normally expressed in the de-
veloping cerebral cortex (35–37), and we found the H3K27me3
modification present on the Cdkn2a and Cdkn2b promoters in
the wild-type E12 cortex (Fig. 2). However, Cdkn2a and Cdkn2b
mRNAs were detected at very low levels in the Ezh2-null cortex
(Fig. 2 and Dataset S1). In contrast, the related Ink4 family
members Ink4c/Cdkn2c and Ink4d/Cdkn2d normally are expressed
in the developing cortex from E13.5, Cdkn2c in cortical progenitor
cells and Cdkn2d in differentiating neurons (36). Cdkn2c expres-
sion was increased 2-fold in the Ezh2-null cortex, with no change
in Cdkn2d expression (Dataset S1).

Fig. 1. Deletion of Ezh2 in cortical progenitor cells alters cortical growth. (A–
E) Cortex-specific deletion of Ezh2 in vivo before the onset of neurogenesis
results in undetectable levels of Ezh2 protein in the cerebral cortex at E12.5
(immunofluorescence in A and B; Western blot for Ezh2 and histone H3 in E).
The repressiveH3K27me3 chromatinmodification is almost completely absent
fromprogenitor cells andneurons at E12 (C andD). (F–M) The Ezh2-null cortex
is of normal dimensions at E12 (F,G), but at E14 has a thicker cortical plate (CP)
of postmitotic neurons (Tuj1) than seen in littermate controls (H and I). The
cortical plate is of similar thickness in Ezh2-null and control cortices at E16 in
the Ezh2-null cortex (J andK) but is considerably thinner in Ezh2-null cortex at
P0 (L and M). The Pax6-expressing progenitor cell population in the VZ is of
comparable size in Ezh2-nulls and controls at E12 and E14 (F–I) but is consid-
erably smaller at E16 in the Ezh2-null cortex (J, K). In addition, ectopic Pax6
expression (arrows in K and M) is detected in the nuclei of neurons in the
cortical plate at E16 and P0. Nuclei are visualized with DAPI (blue). (Scale bars:
50 μm A–D and F–M.) (N) The number of neurons in the cortical plate was
analyzed by counting nuclei superficial to the VZ in three control and three
Ezh2-null littermates at four developmental time points. At E14 the Ezh2-null
cortex contain significantly more cells (nuclei in the cortical plate/100 μm
tangential width of cortex) than the control cortex (**P < 0.01). At E16, Ezh2-
null and control cortices have the same number of cells. At P0, Ezh2-null cor-
tices have significantly fewer cells than control cortices (*P < 0.05). (O) At E16
the number of cortical progenitor cells per unit width of cerebral cortex, de-
fined by nuclear Pax6 expression, is significantly lower in the Ezh2-null cortex
than in the control cortex. At all other stages of cortical development, no
significant difference in progenitor cell number was observed.
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Loss of PRC2 Function in Cortical Progenitor Cells Alters Rates of
Neurogenesis in Vivo. At E14, approximately halfway through the
period of cortical neurogenesis, Ezh2-null cortical progenitor cells
have generated twice as many layer 5 and layer 6 neurons as
control littermates (Fig. 3 A–E). At E16, near the end of the

neurogenic period, Ezh2-null and control cortices have equal
numbers of layer 5 and layer 6 neurons, with slightly fewer upper-
layer, Brn2-expressing neurons in the Ezh2-null cortex (Fig. 3 F–
J). By birth (P0), there is a 2-fold reduction in the number of Brn2-
expressing later-born neurons in the Ezh2-null cortex (layers 2–4)

Fig. 2. Loss of PRC2 function results in up-regulation of gene
expression with little down-regulation. (A) Predominantly up-
regulated progenitor cell gene expression following PRC2 loss
of function in the E12 cortex. Cluster diagram of genes show-
ing statistically significant changes in gene expression (signifi-
cance analysis of microarrays, false-discovery rate < 5%) in
three E12 Ezh2-null littermates: 1,080 genes are up-regulated,
and 12 genes are down-regulated. (B) GO analysis of the set of
genes up-regulated in the E12 cortex following Ezh2 deletion.
Statistically significantly (P < 0.005, Benjamini–Hichberg cor-
rected testing) enriched functional groups are shown, com-
pared with the occurrence of each class in the genome,
together with the number of genes in each class found in the
up-regulated gene dataset. (C) Up-regulated expression of
many genes expressed specifically in different cortical layers in
the E12 Ezh2-null cortex (see text for details). All, genes
enriched in expression in all cortical projection neurons; DL,
genes enriched in expression in deep-layer neurons; UL, genes
enriched in expression in upper-layer neurons. Colors denote
layer-specific expression: red, marginal zone; light blue, neu-
rons primarily of layer 2/3 or layers 2–4; green, layers 2–5;
yellow, layer 4; orange, layers 5 and 6; dark blue, subplate;
purple, all cortical neurons. (D) ChIP for H3K27me3 followed by
gene-specific PCR confirmed PRC2 binding to the promoter of
a test set of six genes in the E12 cortex in vivo. Data were
normalized to the background enrichment detected for a con-
trol region without H3K27me3 (SI Materials and Methods).

Fig. 3. Loss of Ezh2 function in cortical progenitor cells alters
rates of neurogenesis in vivo. (A–E) Progenitor cells lacking
Ezh2 overproduce the first classes of neurons generated in the
cortical lineage at an inappropriately early stage of de-
velopment. (E) At E14, at which stage control progenitor cells
have generated a set of layer 5/6 neurons three to four cells
thick (Tbr1/CTIP2-expressing cells), Ezh2-null cortical pro-
genitor cells have generated approximately twice as many
layer 5/6 neurons (**P < 0.01). (F–J) At E16, the numbers of
neurons in each cortical layer do not differ significantly in the
Ezh2-null and control littermate cortices (J). Layer 2/3 Brn2-
expressing neurons show aberrant locations near the VZ as
well as within the cortical plate (I). (K–O) By the end of neu-
rogenesis (P0), Ezh2-null progenitor cells have generated the
correct number of early-generated layer 5/6 neurons (K, L, and
O) but have generated less than half as many later-generated
layer 2/3 (Brn2-expressing) neurons as wild-type controls (M, N,
and O; *P < 0.05). Also, many of the later-generated neurons in
Ezh2-nulls remain deep in the cortex near the VZ (N). Nuclei
are visualized with DAPI (blue). (Scale bars, 50 μm.)
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(Fig. 3 K–O) and in the number of Satb2-expressing outer-layer
neurons (Fig. S3). However, at P0 there are equal numbers of
deep-layer, early-born neurons in the Ezh2-null and control cortex
(Fig. 3 K–O). Therefore, following loss of PRC2, cortical pro-
genitor cells produce early-born, layer 5 and layer six neurons in
the appropriate numbers but on an earlier timescale and sub-
sequently generate significantly fewer late-born neurons. The re-
duction in outer-layer neurons is not the result of cell death,
because there is only a small increase in apoptosis in the Ezh2-null
cortex at all ages studied (Fig. S4).
In addition to the altered production of classes of cortical

neurons, there are alterations in terminal differentiation of spe-
cific subsets of neurons. As described above, layer 5 CTIP2-
expressing corticospinal motor neurons ectopically express Pax6
late in development. The Cux1 transcription factor, normally
expressed in layers 2–4, is weakly expressed in the Ezh2-null cortex
and is almost undetectable in the cortical plate at birth (Fig. S3). It
is likely, therefore, that loss of the repressive H3K27me3 modifi-
cation in neurons leads to cell-specific patterns of abnormal gene
expression in postmitotic neurons.

Cortical Progenitor Cells Lacking PRC2 Function Overproduce Basal
Progenitor Cells and Neurons at the Expense of Self-Renewal.
Shortening of the neural progenitor cell cycle would increase
the number of cells exiting cycle in a given time interval. How-
ever, at E12 and E14 we did not observe a difference in the
number of M-phase cells in the Ezh2-null cortex compared with
littermate controls (Fig. 4 A–G), whereas at E16 there was
a large but variable reduction in the number of M-phase pro-
genitor cells in the Ezh2-null cortex (Fig. 4 A–G). To investigate

whether an increased fraction of progenitor cells exited the cell
cycle following Ezh2 deletion, we analyzed the neuronal output
from cortical progenitor cells at E13 in vivo by BrdU pulse la-
beling. Twenty-four hours after BrdU administration there was
a 3-fold increase in the number of heavily BrdU-labeled neurons
in the cortical plate, demonstrating that Ezh2-null progenitor
cells overproduce neurons at the expense of self-renewal (Fig. 4
H–J). There are two routes to neurogenesis in the cerebral cor-
tex: directly from cortical progenitor cells and indirectly via the
basal progenitor cell population (38). Neurogenesis is increased
through both these routes following loss of Ezh2 function at the
peak of neurogenesis: The size of the basal progenitor cell
population is increased by one third in the Ezh2-null cortex at
E14 (Fig. 4 M, N, and Q), demonstrating that at this stage cor-
tical progenitor cells overproduce basal progenitor cells as well
as neurons. However, by E16 the Tbr2-expressing basal pro-
genitor population is almost completely absent (Fig. 4 O, P, and
Q), and the VZ, the Pax6-expressing pool of apical progenitor
cells, is greatly reduced, as described above. Therefore, Ezh2-
null cortical progenitor cells alter the balance between self-
renewal and differentiation toward differentiation both directly
to neurons and indirectly via basal progenitor cells, depleting
both populations of progenitor cells by E16. However, it is
noteworthy that a Pax6-expressing population persists in the VZ
of the Ezh2-null cortex and is approximately equal in number to
the population in the control cortex at P0.
To study the effects of loss of PRC2 function on progenitor

cell self-renewal at single-cell resolution, we cultured primary
cortical progenitor cells isolated from E12.5 cortex at clonal
density, under which conditions they generate complex lineages

Fig. 4. Cortical progenitor cells lacking Ezh2 overproduce
basal progenitor cells and neurons at the expense of self-
renewal early in cortical development. (A–G) Ezh2-null cortical
progenitor cells do not show statistically significant differences
in the number of mitotic progenitor cells in the VZ or sub-
ventricular zone (SVZ) at E12, E14, or E16. pH3, phosphohistone-
H3. A large but variable difference in the number ofmitotic cells
in the VZ and SVZ of the Ezh2-null cortex was observed at E16.
(H–J) The neuronal output from cortical progenitor cells lacking
PRC2 is significantly increased compared with littermate con-
trols at E13 (**P < 0.01). Pulse labeling of neuronal output from
cortical progenitor cells over 24 h by in vivo BrdU administration
demonstrated that Ezh2-null cells generate more than three
times as many BrdU+, Pax6− neurons than do controls. (K–Q)
Cortical apical progenitor cells lacking Ezh2 overproduce basal
progenitor cells early in cortical development, so that there are
50% more Tbr2-expressing basal progenitor cells in the Ezh2-
null cortex than in control cortex at E14 (M,N, andQ). However,
by E16 the Ezh2-null cortex contains fewer than 15% of the
number of basal progenitor cells observed in control cortex
(**P < 0.01). Nuclei are visualized with DAPI (blue). (Scale bars,
50 μm.)
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in a manner similar to that in vivo (39, 40). After 3 d in culture
(approximately six cell cycles), three classes of clones were ob-
served: clones composed of progenitor cells only, of neurons
only, and of mixed neuron/progenitor cell clones (Fig. S5 A–C).
For clones of three or more cells, the relative proportions of each
clone type differed in control and Ezh2-null progenitor cells,
with Ezh2-null progenitor cells producing proportionally more
neuron-only clones (Fig. S5 shows data from three individual
mice of each genotype: 301 clones from control littermates and
163 Ezh2-null clones). Following loss of Ezh2 function, cortical
progenitor cells generate smaller neuron-only clones compared
with control cells and also generate fewer large, complex clones.

Developmental Timing Is Advanced in Cortical Progenitor Cells
Following Loss of Ezh2. To test whether overall developmental
timing is changed following loss of Ezh2 function, the output of
Ezh2-null and control cortical progenitor cells at E13 in vivo was
studied by BrdU birthdating (Fig. 5; details are given in SI
Materials and Methods), at which time the majority of control
cortical progenitor cells generate neurons destined for layers 5
and 6 (41). Birthdating of E13 progenitor cells showed that,
whereas control cells generate cells destined for layers 5 and 6
(Fig. 5B), Ezh2-null progenitor cells generate cells that populate
the upper layers of the null cortex (Fig. 5C). However, as de-
scribed above, layers 2–4 in Ezh2-null cortex are reduced to
approximately half the size observed in the control cortex, raising
the possibility that the change in laminar positioning of E13-born
neurons may reflect the absence of later-born neuron types or
altered migration to the cortical plate. To test these possibilities,
expression of the layer 2/3 transcription factor Brn2 by all BrdU+

cortical plate neurons was scored, regardless of laminar position.
Although 20% of control neurons born at E13 express Brn2,
≈90% of E13-born cells from Ezh2-null progenitor cells are layer
2/3, Brn2-expressing neurons (Fig. 5J). We conclude, therefore,

that by E13 Ezh2-null cortical progenitor cells already have shifted
to producing upper-layer neurons destined for layers 2/3 at E13.
Given the acceleration in developmental timing that occurs in

the Ezh2-null cortex, we also investigated the timing of the ap-
pearance of astrocyte differentiation in the Ezh2-null cortex. At
E16, in the later stages of the neurogenic period, GFAP-expressing
astrocytes are not normally found in the mouse cerebral cortex.
Unusually, GFAP-expressing cells are found in the VZ of the E16
Ezh2-null cortex (Fig. 5 K–N). By birth (P0), GFAP-expressing glial
cells can be found in the VZ of the control wild-type cortex, with
few if any GFAP-expressing, mature astrocytes within the cortical
plate (Fig. 5 O and Q). In contrast, mature, GFAP-expressing glial
cells are abundant within the Ezh2-null cortical plate at birth (Fig. 5
P and R). Therefore, gliogenesis and glial differentiation occur on
an accelerated timescale from Ezh2-null cortical progenitor cells.

Discussion
We found that PRC2 is essential for controlling the rate at which
development progresses within cortical progenitor cell lineages.
To do so, PRC2 regulates the self-renewal and multipotency of
cortical progenitor cells as well as their neurogenic potential.
Loss of Ezh2 function removes the H3K27me3 repressive mark
in cortical progenitor cells and also prevents its establishment in
postmitotic neurons. Removal of this repressive chromatin
modification results in a marked up-regulation in gene expres-
sion, the consequence of which is a shift in the balance between
self-renewal and differentiation toward differentiation, both di-
rectly to neurons and indirectly via basal progenitor cell genesis.
Although the temporal order of neurogenesis and gliogenesis are
broadly conserved under these conditions, the timing of neuro-
genesis, the relative numbers of different cell types, and the
switch to gliogenesis are all altered, narrowing the neurogenic
period for progenitor cells and reducing their neuronal output.

Fig. 5. Changes in developmental timing in cortical pro-
genitor cells following loss of PRC2 function. (A) Neuronal
birthdating experimental design. BrdU is administered at E13
in vivo and is incorporated by cycling progenitor cells that
subsequently generate strongly BrdU+ postmitotic neurons.
Continued progenitor cell cycling dilutes the label so that later-
generated neurons are weakly BrdU labeled. At this stage in
cortical development, progenitor cells predominantly generate
a mixture of layer 5 and layer 6 neurons. (B–I) Cells born at E13
in control mice populate the middle of the P0 cerebral cortex
(B), superficial to the Tbr1-expressing layer 6 neurons (D) and
deep to the Brn2-expressing layers 2 and 3 (F). Neurons born at
E13 in the Ezh2-null cortex are displaced to the outer half of
the cortex (C), superficial to both the Tbr1-expressing layer 6
neurons (E) and CTIP2-expressing layer 5 neurons (I), but
colocalize with the Brn2-expressing layer 2/3 neurons (G). (J) In
control mice, fewer than 30% of neurons born at E13 express
the layer 2/3-enriched transcription factor Brn2. In contrast,
more than 90% of neurons born at E13 by Ezh2-null pro-
genitor cells express Brn2 (**P < 0.01). (K–R) Astrocytes, de-
fined by GFAP expression, are not found in the cortex of
control E16 mice (K and M) but are found in the VZ of Ezh2-
null mice at this stage (L and N). Similarly, mature GFAP-
expressing astrocytes are not found in the cortical plate of
control mice at birth but already are present in the progenitor
cell-containing VZ (O and Q). In contrast, many mature GFAP-
expressing astrocytes are found in the cortical plate of the
Ezh2-null cortex (P and R). Boxed regions in O and P corre-
spond to the higher-power images in Q and R, as indicated.
Nuclei are visualized with DAPI (blue). (Scale bars: 50 μm in A–L
and O–R; 25 μm in M and N.)
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Mechanistically, the changes in gene expression we observed by
expression analysis of the E12 Ezh2-null cortex suggest several
different pathways that may be responsible for the different aspects
of the altered progenitor cell behavior. Loss of PRC2 function in
ES cells compromises their pluripotency and ability to differenti-
ate, a phenotype that has been attributed to the loss of repression
of expression of key developmental regulators (8, 9, 42). In the
Ezh2-null cortex at E12, there is a significant up-regulation in
expression of a large set of transcription factors expressed in dif-
ferentiating cortical neurons, including Neurod6, Bhlhb5, Tbr1,
and Foxp2 (28, 43), and at least one of these transcription factors,
Foxp2, carries the repressive H3K27me3 chromatin modification
on its promoter in vivo. A key question is whether the lack of
repressive chromatin on the promoters of this class of transcription
factors and their increased transcription biases cortical progenitor
cells toward neurogenesis and away from self-renewal.
The findings reported here contrast with a recent report of the

consequences of deletion of Ring1B (PRC1) and of Ezh2 in the
E12 cortex during the neurogenic period (21). Deletion of Ring1B
at that stage results in a phenotype opposite that reported here:
The neurogenic period is extended, and gliogenesis is delayed
(21). From the brief description provided in that work, it appears
that a similar phenotype was observed when Ezh2 was deleted at
the same developmental stage (21). We find that deletion of
Ezh2 before the onset of neurogenesis results in the opposite
phenotype, with accelerated neurogenesis and an early onset of
gliogenesis. This difference points to a potential role for poly-
comb in regulating major developmental transitions in cortical
progenitor cells: expanding early neuroepithelial cells to neuro-
genic radial glia cells; changing the competence of cortical pro-
genitor cells to generate neurons of different laminar fates; and

switching from neurogenesis to gliogenesis. Deletion of Ezh2
before the switch to neurogenesis alters the balance between
self-renewal and differentiation in radial glial cells. It is possible
that the altered timing of neurogenesis and accelerated onset of
gliogenesis that occur are secondary to this primary function of
PRC2 in cortical progenitor cells.
Although the requirement reported here for PRC2, via Ezh2, in

regulating neurogenesis and differentiation appears initially to be
in line with its proposed role in maintaining stem cell populations
such as adult hematopoietic stem cells (18, 44), it is clear that the
role of PRC2 is more complex in this cell type. The cortical pro-
genitor cell population is not simply exhausted upon the removal of
PRC2 and the disappearance of H3K27me3, because a Pax6-
expressing progenitor cell population persists in the mutant cortex
until after birth. Thus PRC2 not only acts to promote self-renewal
but also controls fate choices within this multipotent lineage, so
that in its absence neural progenitor cells alter their decision
making to generate too many deep-layer neurons and basal pro-
genitor cells early in their lineage, underproduce later upper-layer
neurons, and then switch to making glial cells inappropriately early.
Identifying the targets of Ezh2 responsible for these altered pro-
genitor cell behaviors will provide critical insights into the cellular
control of neural progenitor cell multipotency and fate choices.

Materials and Methods
Mice with cortex-specific deletion of Ezh2 were generated as described in SI
Materials and Methods under local and national UK ethical and legal reg-
ulations. Details of BrdU birthdating, immunohistochemistry, confocal mi-
croscopy, microarray analysis, and ChIP studies are provided in SI Materials
and Methods.
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