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SUMMARY

Neural progenitors with distinct potential to generate
progeny are associated with a spatially distinct
microenvironment. Neocortical intermediate progenitors (IPs) in the subventricular zone (SVZ) of the
developing brain generate neurons for all cortical
layers and are essential for cortical expansion.
Here, we show that spatial control of IP positioning
is essential for neocortical development. We demonstrate that HDAC1 and HDAC2 regulate the spatial
positioning of IPs to form the SVZ. Developmental stage-specific depletion of both HDAC1 and
HDAC2 in radial glial progenitors results in mispositioning of IPs at the ventricular surface, where they
divide and differentiate into neurons, thereby leading
to the cortical malformation. We further identified
the proneural gene Neurogenin2 as a key target
of HDAC1 and HDAC2 for regulating IP positioning.
Our results demonstrate the importance of the
spatial positioning of neural progenitors in cortical
development and reveal a mechanism underlying
the establishment of the SVZ microenvironment.

INTRODUCTION
Spatiotemporal control of neural stem cell proliferation and differentiation is essential for the production of the proper number of
neurons in the brain. In the developing mouse brain, neurogenesis
begins around embryonic day 10.5 (E10.5) and reaches a peak between E13.5 and E14.5 (Kriegstein and Alvarez-Buylla, 2009).
Cortical neurons are generated from two major types of progenitor
cells: radial glial progenitors (RGPs) and intermediate progenitors

(IPs) (Kriegstein and Alvarez-Buylla, 2009; Sun and Hevner, 2014).
RGPs are highly polarized and their processes extend from the
apical ventricular surface to the basal pial surface. However, the
cell bodies of RGPs are retained within the ventricular zone (VZ)
adjacent to the ventricular surface. RGPs undergo either symmetric divisions to expand the progenitor pool or asymmetric divisions
to generate neurons or IPs (Kriegstein and Alvarez-Buylla, 2009).
While differentiated neurons migrate into the cortical plate along
the basal processes of RGPs, IPs migrate away from the VZ to
form the subventricular zone (SVZ) at the basal side of the VZ,
where they undergo limited rounds of symmetric divisions that
amplify the neuron production (Noctor et al., 2008). Neurons
derived from IPs contribute to all cortical layers during brain development (Reillo et al., 2011; Sessa et al., 2008; Mihalas et al., 2016).
Perturbation of proliferation or differentiation of RGPs or IPs leads
to abnormal neuron production, which causes cortical malfunctions (Jayaraman et al., 2016; Gompers et al., 2017).
RGPs are maintained within the VZ through anchoring of their
apical endfeet via adherens junctions (Kadowaki et al., 2007; Lehtinen et al., 2011). Disruption of apical adherens junctions through
the ablation of the apical polarity proteins (Rasin et al., 2007; Cappello et al., 2012) or adhesion molecules (Kadowaki et al., 2007;
Jossin et al., 2017) in RGPs leads to the disruption of the VZ integrity. In turn, this disruption results in the generation of ectopic neurons, which leads to disorganized cortical lamination such as
those in periventricular heterotopia and subcortical band heterotopia (Cappello et al., 2012; Jossin et al., 2017). In addition, adhesion molecules have also been demonstrated to be important for
neuronal migration toward the pial surface (Famulski et al., 2010;
Itoh et al., 2013). However, the molecular mechanism that regulates the migration of committed IPs to the SVZ remains unknown.
Histone deacetylases 1 and 2 (HDAC1 and HDAC2, respectively) are key epigenetic regulators that modify the acetylation
levels of core histones to regulate gene expression during development (Verdin and Ott, 2015; Yao et al., 2016). HDAC activity is
associated with both inactive and active genes (Wang et al.,
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Figure 1. HDAC1 and HDAC2 Are Expressed in Neural Progenitors and Essential for Cortical Development
(A–H) HDAC1 (A, green) is expressed in Sox2-positive RGPs (B, gray) and Tuj-positive neurons (C, red) at E12.5 (D). At E16.5 (H), HDAC1 (E) is expressed in Sox2positive RGPs (F); however, its expression in neurons (G) is reduced.
(I–P) HDAC2 (I, green) is expressed in Sox2-positive RGPs (J, gray) and Tuj1-positive neurons (K, red) at E12.5 (L). At E16.5 (P), HDAC2 (M) is expressed in RGPs
(N) and neurons (O).
(Q) Western blot analysis shows that the expression of HDAC1 is gradually reduced in cortical development. In contrast, the expression of HDAC2 is not changed.
(R) The brain size and the cortical area are significantly reduced in HDAC1/2 cKO mice compared to that in WT mice. The cortical areas are marked for comparison.
(S) Quantification of the cortical area between WT and HDAC1/2 cKO brains.
(T–V) Brain sections of WT brains were stained for deep-layer markers (Tbr1, layer VI; Ctip2, layer V) (T) and upper-layer markers (Satb2, layer II-IV (U); Brn2, layer
II-III (V)) at E16.5.
(legend continued on next page)
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2009) and has been shown to be important for lineage specification during T cell development in the thymus and for the pluripotency of embryonic stem cells (Boucheron et al., 2014; Dovey
et al., 2013). In addition, HDAC2 plays an important role in
regulating synaptic plasticity in the adult brain (Penney and
Tsai, 2014). However, the roles of HDAC1 and HDAC2 in early
brain development, particularly at the onset of neurogenesis,
are poorly understood. Here, we conditionally inactivated both
HDAC1 and HDAC2 in RGPs at E10.5, when neurogenesis
begins, and found that HDAC1 and HDAC2 are essential for
the spatial positioning of IPs. Loss of HDAC1 and HDAC2 leads
to ectopic positioning of IPs at the VZ surface, where RGPs
normally divide. These ectopic IPs divide and differentiate into
neurons in the VZ, ultimately disrupting the VZ integrity and the
laminar organization of the cortex. Furthermore, we identified
the proneural gene Neurogenin 2 (Neurog2) as a key downstream target of HDAC1 and HDAC2 in the regulation of IP migration. These findings reveal that the proper positioning of IPs is
essential for the architectural integrity of the cerebral cortex,
which is in turn necessary for brain development.
RESULTS
Deletion of Both HDAC1 and HDAC2 Impairs Neocortical
Development
To determine the roles of HDAC1 and HDAC2 during early
cortical development, we first examined their expression in the
developing mouse neocortex. At E12.5, shortly after neuroepithelial progenitors transform into RGPs, HDAC1 and HDAC2
were highly abundant in RGPs positive for Sox2, a neural
progenitor marker (Figures 1A, 1B, 1I, and 1J). At this stage,
HDAC1 and HDAC2 were also detected in differentiated neurons
positive for the neuronal marker Tuj1 (Figures 1A–1D and 1I–1L).
The expression of HDAC1 and HDAC2 in RGPs and neurons persisted until the late stage of neurogenesis (Figures 1E–1H and
1M–1P). While the expression level of HDAC2 remained largely
unchanged during cortical development, the expression level
of HDAC1 was gradually reduced over time (Figure 1Q). The
higher expression of HDAC1 and HDAC2 in RGPs during embryonic brain development suggests that they might be important
for neurogenesis.
To identify the potential functions of HDAC1 and HDAC2 at
the onset of neurogenesis, we conditionally inactivated either
HDAC1 or HDAC2 in the developing neocortex by crossing
mice with floxed HDAC1 or HDAC2 alleles (HDAC1f/f or
HDAC2f/f) (Hagelkruys et al., 2014) with the Emx1-Cre line.
Emx1-Cre drives the expression of Cre recombinase in RGPs
and activates at E10.5, when neurogenesis begins (Gorski
et al., 2002). We did not observe an obvious phenotypic effect
on brain development when either HDAC1 or HDAC2 was
deleted in RGPs, supporting the functionally redundancy of

HDAC1 and HDAC2 (data not shown) (Zupkovitz et al., 2006;
Winter et al., 2013). We then generated mice with simultaneous
deletion of both HDAC1 and HDAC2 in RGPs (HDAC1f/f;
HDAC2f/f;Emx1-Cre, in short, HDAC1/2 conditional knockout
[cKO]). HDAC1/2 cKO mice died shortly after birth. Histological
analysis revealed that the brain size and the cerebral cortex
size in particular were dramatically reduced in HDAC1/2 cKO
brains compared to wild-type (WT) brains (Figures 1R and 1S).
Immunostaining confirmed the loss of HDAC1 and HDAC2 at
E12.5 in HDAC1/2 cKO cortices (Figure S1). The reduced cortical
size suggested that neocortical development was defective
when both HDAC1 and HDAC2 were removed at the onset of
neurogenesis.
HDAC1 and HDAC2 Are Essential for Cortical
Lamination
During development, early-born neurons occupy the deep layers
of the neocortex, while later-born neurons migrate past these
neurons to form the superficial layers in an ‘‘inside-out’’ fashion.
Deletion of both HDAC1 and HDAC2 resulted in a significant
reduction in cortical thickness in HDAC1/2 cKO brains
compared to WT brains (Figures 1T–1V compared to Figures
1W–1Y). In WT brains, both deep-layer neurons (Tbr1- or
Ctip2-positive cells) and superficial layer neurons (Satb2- or
Brn2-positive cells) were produced at E16.5 (Figures 1T–1V).
However, in HDAC1/2 cKO brains, only early-born neurons positive for Tbr1 or Ctip2 were detected, while Satb2- or Brn2-positive late-born neurons were not observed (Figures 1W–1Y).
Furthermore, these early-born neurons did not form cohesive
layers and were distributed throughout the whole cortex of the
mutant brains and some were even found at the ventricular
surface (Figure 1W). Most of these ectopic neurons were positive
for both Tbr1 and Ctip2 (Figure 1W); however, the number of
Tbr1-positive cells was lower in HDAC1/2 cKO brains than in
WT brains (Figure 1Z). To further demonstrate the defect in the
generation of upper-layer neurons in HDAC1/2 cKO brains, we
stained sections for Satb2 and Ctip2 at various developmental
stages. We did not observe neurons positive for Satb2 (Figures
S2A–S2F). In addition, we stained sections for Bhlhb5, which is
expressed in layer II-V neurons and colocalizes with Ctip2-positive neurons of layer V (Joshi et al., 2008). Although we found
some neurons that expressed Bhlhb5 in HDAC1/2 cKO brains,
the majority of these cells were positive for Ctip2 (Figures
S2G–S2I), suggesting that they were likely early-born neurons.
To examine the neuronal fate, we administered bromodeoxyuridine (BrdU) to mouse embryos at E14.5 and then examined the
fate of BrdU positive cells at E16.5. We found that some of
BrdU-positive cells were positive for Ctip2 in both WT and
HDAC1/2 cKO brains (Figures S2J and S2K). Interestingly, we
found that most BrdU-positive cells in HDAC1/2 cKO brains
were also positive for the progenitor marker Pax6 (Figures

(W–Y) In HDAC1/2 cKO brains, abnormal deep-layer neurons (Tbr1- or Ctip2-positive) (W) are produced, while the upper-layer neurons (Satb2-positive (X) or
Brn2-positive (Y)) are absent at E16.5. Ventricular surface is marked by dashed lines. Arrowheads indicate neurons located at the ventricular surface.
(Z) Quantification of Tbr1-positive neurons in both WT and HDAC1/2 cKO brains. The total number of Tbr1-positive cells in the entire thickness of the sections
within the VZ per 100 mm surface length was quantified.
Data are presented as mean ± SEM. At least 3 brains for each phenotype were analyzed, Student’s t test for two-tailed distribution was used for comparison of
two group samples. ***p < 0.001. Scale bars represent 50 mm. See also Figures S1 and S2.
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S2L–S2N), suggesting that these cells were proliferative progenitors. Taken together, the results suggest that loss of HDAC1 and
HDAC2 leads to defective generation of later-born neurons and
abnormal cortical lamination.
HDAC1 and HDAC2 Are Required for Maintenance of the
Progenitor Pool during Cortical Development
To determine whether the disorganization of the cortex was due
to the depletion of the progenitors, we examined the neural progenitor pool by immunostaining for Pax6. At E12.5, shortly after
Emx1-Cre activation, we observed a reduction in the progenitor
pool in HDAC1/2 cKO brains by analyzing the thickness of the
VZ, which was composed of Pax6-positive RGPs (Figures 2A
and 2D and 2G). In WT brains, the population of progenitors
was gradually decreased during cortical development as these
progenitors differentiated into neurons (Figures 2A–2C). Strikingly, Pax6-positive progenitors occupied nearly the whole cortex, although the number of progenitors was lower in HDAC1/2
cKO brains than in WT brains (Figures 2D–2F). To further confirm
the reduction in the progenitor pool, we examined the number of
mitotic progenitors that were marked by phospho-Histone H3
(PH3). Indeed, the number of mitotic progenitors was significantly lower in HDAC1/2 cKO brains than in WT brains (Figures
2H–2J). Previous studies have demonstrated that depletion of
both HDAC1 and HDAC2 results in apoptosis at the late stage
of brain development (Hagelkruys et al., 2014). Consistent with
these data, staining for activated caspase-3 revealed a small
fraction of RGPs undergoing cell death in HDAC1/2 cKO brains
(Figures S3A–S3D). Deacetylation of p53, a tumor suppressor,
by HDAC is associated with the increases in cell apoptosis
(Luo et al., 2000; Higashitsuji et al., 2007). We next determined
whether the cell death induced by the loss of HDAC1 and
HDAC2 depends on p53. When p53 was deleted in the
HDAC1/2 double mutant background at E12.5, the number of
cells positive for caspase-3 was reduced (Figures S3E–S3G),
suggesting that HDAC1/2-mediated apoptosis is, at least in
part, p53 dependent. Consistent with previous results (Figures
2A–2J), the number of proliferating RGPs was reduced when
p53 was deleted in the HDAC1/2 double-mutant background
(Figures S3H–S3J), and the cell cycle exit rate was increased
(Figure S3K). Thus, HDAC1 and HDAC2 are required for maintenance of the progenitor pool at the onset of neurogenesis.
Loss of HDAC1 and HDAC2 Does Not Affect the
Interkinetic Nuclear Migration of RGPs
RGPs undergo interkinetic nuclear migration (INM) during cell cycle progression, which can influence the fate of the RGP progeny

(Taverna and Huttner, 2010). We wanted to determine whether
the INM was affected by the loss of HDAC1 and HDAC2. After
mitosis at the apical surface, the nuclei of RGPs move basally
during the G1 phase to the basal side of the VZ, where S phase
takes place, and then migrate back to the apical side during the
G2 phase. We administered BrdU to mouse embryos at E12.5
and examined brain sections 30 min and 3 hr later, which allows
us to label cells in the S phase and the S-G2 phase, respectively.
After 30 min, most BrdU-labeled nuclei were located on the basal
side of the VZ in both WT and HDAC1/2 cKO cortices (Figures
2K–2M), suggesting a normal basal movement. Within 3 hr,
BrdU-labeled nuclei in HDAC1/2 cKO cortices had moved
apically, while a slight increase in labeled nuclei at the apical
side was observed (Figures 2N–2P). Together, these data suggest that the INM of RGPs is largely unaffected upon the loss
of HDAC1 and HDAC2.
HDAC1 and HDAC2 Are Required for Proper Positioning
of IPs
IPs amplify the production of neurons during neocortical development (Kowalczyk et al., 2009). We next investigated whether
the IP lineage was affected by the loss of HDAC1 and HDAC2.
At the onset of neurogenesis, IPs derived from RGPs migrate
away from the ventricular surface to the SVZ, where they differentiate into neurons. Unlike RGPs, IPs express a specific transcription factor called Tbr2 (also known as Eomes) (Englund
et al., 2005). In WT brains, most Tbr2-positive IPs were located
in the SVZ, while few migrating IPs were observed in the VZ (Figures 3A and 3B). Surprisingly, at E12.5, a population of IPs was
located at the VZ surface in HDAC1/2 cKO brains (Figure 3C).
This phenotype was even stronger at E13.5, when the rate of
neurogenesis increased (Figure 3D). Statistical analysis of the
position of the IPs relative to the VZ surface clearly demonstrated
that an additional layer of IPs was generated at the VZ surface in
HDAC1/2 cKO brains (Figure 3E). The number of Tbr2-positive
IPs was not different between HDAC1/2 cKO brains and WT
brains at E12.5 (Figure 3F). However, the number of Tbr2-positive IPs was reduced in HDAC1/2 cKO brains at E13.5 (Figure 3F).
To further demonstrate the ectopic localization of IPs at the VZ
surface, we performed whole-mount cortical staining (Figure 3G).
The en face view showed that a large number of Tbr2-positive
IPs were located at the ventricular surface in HDAC1/2 cKO
brains (Figure 3I).
To further confirm the identity of these apical IPs, we first
examined the expression of Pax6 and Sox2, both of which
are markers for RGPs, in Tbr2-positive IPs (Figure S4). We
found that the number of Pax6 and Tbr2 double-positive cells

Figure 2. HDAC1 and HDAC2 Are Required for the Maintenance of Progenitor Pool
(A–F) Immunostaining of the RGP marker Pax6 in both WT at E12.5 (A), E13.5 (B) and E14.5 (C) and HDAC1/2 cKO brains at E12.5 (D), E13.5 (E) and E14.5 (F). The
thickness of the VZ is outlined by brackets.
(G) Quantification of the thickness of the VZ at different developmental stages.
(H and I) Sections of both WT (H) and HDAC1/2 cKO (I) brains were stained for the mitotic marker PH3.
(J) Quantification shows that the reduction of the number of PH3-positive progenitors in HDAC1/2 cKO brains.
(K–P) RGPs display normal INM in HDAC1/2 cKO brains. Pregnant mice were injected with BrdU at E12.5 and analyzed 0.5 hr later in WT (K) and mutant (L) brains
or 3 hr later inWT (N) and mutant (O) brains. The cortical section was divided equally into 10 bins (Bin 1 starts from the apical ventricular surface), and the
percentage of BrdU positive cells distributed in each bin was quantified at 0.5hr (M) and 3hr (P) after BrdU admistration.
For quantification, at least 3 brains for each phenotype were analyzed. Student’s t test for two-tailed distribution was used for comparison of two group samples.
Data are presented as mean ± SEM. ***p < 0.001. Scale bars represent 50 mm. See also Figure S3.
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Figure 3. Loss of HDAC1 and HDAC2 Induces Ectopic Positioning of IPs in the VZ
(A–D) Immunostaining of Tbr2, a marker for IPs, in
WT (E12.5 (A) and E13.5 (B)) and HDAC1/2 cKO
(E12.5 (C) and E13.5 (D)) brains shows that ectopic
positioning of IPs at the VZ surface in HDAC1/2
cKO brains. Arrowheads indicate IPs located in
the VZ surface which is outlined.
(E) Quantification of the normalized distance from
the positions of IPs to the VZ surface.
(F) Quantification of the number of Tbr2-positive
cells at E12.5 and E13.5.
(G–I) The en face view (G) of the staining of Tbr2 in
WT (H) and HDAC1/2 cKO brains (I).
(J–M) The basal processes of RGPs are not disrupted upon the knockout of HDAC1 and HDAC2
as revealed by the staining for Nestin, a filament
marker of RGPs. Representative images of Nestin
staining (J) and Tbr2 staining (K) in WT brains,
and Nestin staining (L) and Tbr2 staining (M) in
HDAC1/2 cKO brains are shown.
For quantification, at least 3 brains for each
phenotype were analyzed. Data are presented as
mean ± SEM. Student’s t test for two-tailed distribution was used. n.s. non-significant. **p < 0.01,
***p < 0.001. Scale bars represent 50 mm. See also
Figures S4 and S5.

was lower in HDAC1/2 cKO brains than in WT brains (Figures
S4A–S4C). Similarly, the number of Sox2 and Tbr2 double-positive cells was also lower in HDAC1/2 cKO brains than in WT
brains (Figures S4G–S4I). Furthermore, the majority of apical
Tbr2-positive IPs were not positive for either Pax6 or Sox2
(Figures S4D and S4J), suggesting that these ectopic IPs do
not express RGP markers. Additionally, we performed in situ
hybridization for Svet1 and Lmo4, which are known to be expressed in IPs (Sessa et al., 2008). Unlike in WT brains, ectopic
IPs expressing Svet1 and Lmo4 were detected at the VZ surface in HDAC1/2 cKO brains (Figure S5). Thus, these data
demonstrate that IPs are mislocalized to the VZ upon the loss
of HDAC1 and HDAC2.

6 Neuron 101, 1–17, March 20, 2019

The basal processes of RGPs provide
the scaffold by which IPs migrate to the
SVZ (Noctor et al., 2004). We next examined whether the integrity of the basal processes of RGPs was disrupted by the
depletion of HDAC1/2. When stained, the
sections for Nestin, an intermediate filament protein expressed by RGPs, we did
not observe a disruption of basal processes (Figures 3J–3M), suggesting that
the defect in IP migration was independent
of RGPs basal processes. In addition, we
observed the ectopic IPs at the VZ surface
in p53, HDAC1 and HDAC2 triple mutant
brains in which cells undergoing apoptosis
were nearly undetectable (Figures S3L
and S3M), suggesting that the abnormal
migration of IPs in HDAC1/2 cKO brains
was not caused by the increased cell death. Taken together, our
data indicate that HDAC1 and HDAC2 are essential for proper
positioning of IPs in neocortical development.
Abnormal Migration of Differentiated IPs
We next examined how apical IPs are dynamically mispositioned
in the VZ. To this end, we developed two assays to analyze the
apical IP positioning (Figure 4). First, we took advantage of the
neural progenitor positioning, which is a dynamic process during
the cell cycle progression in the VZ (Figures 2K–2P) (Taverna and
Huttner, 2010). The positions of progenitors were examined by
tracking BrdU-labeled progenitor cells at different phases of
the cell cycle following BrdU administration at the S phase
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Figure 4. Dynamic Migration of IPs
(A and B) The experimental design to examine the migration of IPs after differentiation in WT (A) and HDAC1/2 cKO (B) brains.
(C and D) Representative images of BrdU-labeled IPs analyzed at 8 (C) or 14 (D) hr after BrdU administration. Arrowheads indicate BrdU and Tbr2 double-positive
IPs. Scale bars represent 50 mm.
(legend continued on next page)
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(Shimojo et al., 2008; Schenk et al., 2009). BrdU was administered to E12.5 embryos, and the cortices were analyzed 8 hr
and 14 hr later, which corresponded to labeling of the cells at
the early G1 phase and the late G1 phase, respectively, when
progenitor cells migrate basally (Figures 4A and 4B). We then
analyzed the positions of IPs positive for both Tbr2 and BrdU
in the VZ. We found that BrdU-labeled IPs migrated basally to
the SVZ at the late G1 phase in the WT cortices (Figures 4A
and 4C–4E). In contrast, BrdU-labeled IPs did not migrate to
the SVZ in the HDAC1/2 cKO cortices and accumulated in the
VZ (Figures 4B and 4C–4E), suggesting dysfunction of IP migration upon the loss of HDAC1 and 2. Furthermore, to directly visualize the cell migration, we established time-lapse imaging after
in utero electroporation in brain slices (Figure 4F). In this assay,
migration of RGP daughter cells expressing green fluorescent
protein (GFP) in slices was tracked with time-lapse imaging.
Consistent with the results of the BrdU tracking experiments,
we found that daughter cells with bipolar morphology of WT
RGPs migrated basally after division (Figure 4G). In contrast,
daughter cells of mutant RGPs (54.5%, 6/11) accumulated at
the VZ (Figure 4H), indicating dysfunctional migration. As the
daughter cells of mutant RGPs had a non-bipolar morphology
typical of IPs, these results suggest that HDAC1 and HDAC2
are essential for basal migration of IPs.
Ectopic IPs Divide and Differentiate into Neurons at the
VZ Surface
To examine the functional impact of ectopic IPs in cortical development, we first analyzed their differentiation potential. Normally,
IPs of the SVZ divide basally, in contrast to RGPs, which divide at
the apical ventricular surface (Englund et al., 2005). In WT brains,
RGPs divided apically and IPs divided basally, as revealed by immunostaining for phosphorylated vimentin (pVim), a mitotic
marker (Figures 5A–5D). Like the RGPs of WT brains, the RGPs
of HDAC1/2 cKO brains also divided at the apical ventricular
surface (Figures 5E–5H). Surprisingly, we found that apically
localized IPs also colocalized with pVim and divided at the apical
surface (Figures 5E, 5F, 5H, and 5I), suggesting that these IPs
were mitotically active. This was further confirmed by costaining
with anti-PH3, which marks mitotic cells (Figures S4E and S4F).
When we labeled cycling progenitors through BrdU incorporation
at E12.5 and stained for the proliferation marker Ki67 24 hours
later, we found that more IPs exited the cell cycle in HDAC1/2
cKO brains than in WT brains (Figures 5J–5L). In particular,
many apical IPs were BrdU-positive but Ki67 negative, suggesting that they were prone to differentiate into neurons (Figure 5L).
Indeed, the majority of the apical IPs in HDAC1/2 cKO brains were
positive for the immature neuronal marker Tuj1 at E12.5, suggesting that these IPs were differentiating into neurons (Figures
5M–5P). When neurons become mature, they express the transcription factor Tbr1 (Englund et al., 2005). We found that mature
neurons generated from apical IPs were positive for Tbr1 and

were located at the apical surface in HDAC1/2 cKO brains (Figure 5R), while Tbr1-positive neurons were located primarily in
the cortical plate in WT brains (Figure 5Q). However, the number
of Tbr1-positive neurons was lower in HDAC1/2 cKO brains than
in WT brains (Figure 5S). Taken together, our data demonstrate
that apical IPs adopt the VZ microenvironment and differentiate
into neurons at the apical ventricular surface.
The Positioning of IPs Is Temporally Regulated by
HDAC1 and HDAC2
To determine whether HDAC1 and HDAC2 temporally regulate
the IP positioning during neocortical development, we used
a tamoxifen-inducible Sox2-Cre ERT2 system to inactivate
HDAC1 and HDAC2 in RGPs at E10.5, when neurogenesis begins, and a later stage at E13.5, the peak of neurogenesis (Figure 6). Immunostaining confirmed the loss of both HDAC1 and
HDAC2 at E13.5 and E16.5, 3 days after tamoxifen administration (Figures 6A–6E and 6L–6P). We observed reduced cortical
thickness when HDAC1 and HDAC2 were inactivated at either
the early (E10.5) or late embryonic stage (E13.5) (Figures S6A
and S6B). We also observed that IPs ectopically localized at
the VZ surface in HDAC1/2-induced conditional knockout brains
(HDAC1/2 icKO) when HDAC1 and HDAC2 were inactivated at
E10.5 (Figures 6F–6I). In addition, the number of Tbr2-positive
IPs was reduced, and the majority of IPs were not positive for
the RGP marker Pax6 (Figures 6J and 6K), which is consistent
with the results obtained after Emx1Cre-mediated depletion of
HDAC1 and HDAC2 at the early embryonic stage. In contrast,
when HDAC1 and HDAC2 were inactivated at E13.5, IPs in
both WT and HDAC1/2 icKO brains were located in the SVZ (Figures 6Q–6T), suggesting that migration of IPs to the SVZ at the
later stage is not dependent on HDAC1 and HDAC2. Interestingly, we also observed proper localization of upper-layer neurons in HDAC1/2 icKO brains when HDAC1 and HDAC2 were
depleted at the late stage (Figure S6C). Together, these data
suggest that IP positioning is temporally regulated by HDAC1
and HDAC2 during neocortical development.
Disruption of Apical Ventricular Integrity
Downregulation of cadherin adhesions and polarity proteins is a
hallmark of IPs (Taverna et al., 2014). To investigate whether
ectopic IPs at the VZ surface may potentially disrupt its integrity,
we stained sections for N-cadherin. At E12.5, the apical adherens junctions were intact in HDAC1/2 cKO brains (Figures 7A
and 7B). However, we found that the apical adherens junctions
in HDAC1/2 cKO brains were severely disrupted with many cells
displaced in the ventricle at E14.5 (Figures 7C and 7D). This was
further confirmed by the staining for Arl13b, a marker of primary
cilia (Figures 7E and 7F), which are normally carried by RGPs and
protruded into the ventricle (Paridaen et al., 2015). When viewed
from the apical side (Figure 7G), N-cadherin staining showed a
characteristic honeycomb pattern of adherens junctions in WT

(E) Quantification of the position distribution of BrdU and Tbr2 double-positive IPs in both WT and HDAC1/2 cKO brains at different time points.
(F) Experimental design for time lapse after IUE.
(G and H) Time-lapse images for the labeled RGP lineage. Arrowheads indicate two daughter cells migrate basally after the RGP division in WT brains (G), in
contrast to the daughter cells that did not migrate in HDAC1/2 cKO brains (H).
See also Videos S1 and S2.
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brains (Figure 7H). In HDAC1/2-deficient brains, however, we
found disruption of adherens junctions where IPs were localized
to the apical surface (Figure 7I), suggesting that apical localization of IPs is correlated with the disruption of apical adherens
junctions. To further confirm this, we examined the adherens
junctions in HDAC1/2 icKO brains. When depletion of HDAC1
and HDAC2 was induced at E10.5, the adherens junctions appeared disrupted compared to these in WT brains (Figure S6D).
However, ventricular integrity was maintained when depletion of
HDAC1, and HDAC2 was induced at E13.5 (Figure S6E). Thus,
these results indicate that excessive production of IPs at the apical surface disrupts the apical ventricular structure, which may
affect neural progenitor behaviors. Indeed, we found that neural
progenitors formed rosette-like structures within the cortex in
HDAC1/2 cKO brains that were similar to the Homer Wright rosettes found in the primitive neuroectodermal tumors (Figures
7J–7Q). These structures were observed only when the depletion
of HDAC1 and HDAC2 was induced at the early stage (Figures
S6D and S6E). Within these structures, some of neural progenitors differentiated into neurons that were positive for the immature neuronal marker Tuj1 and occupied almost the whole cortex
(Figures 7L and 7P). To further examine the differentiation potential of RGPs within the rosette structures, we pulsed animals with
BrdU at E14.5 and analyzed them 2 days later. We found that the
majority of BrdU-positive cells were also positive for the progenitor marker Pax6 in HDAC1/2 cKO brains, while very few doublepositive cells were present in the control littermates (Figures 7R
and 7S), suggesting that the majority of RGPs within rosettes are
proliferative. These progenitors were also positive for PH3 and
Ki67 (Figure S7), further supporting their proliferative potential.
This potentially explains the lack of late-born neurons in cortical
development and the further cortical malformation (Figures 1X
and 1Y) in HDAC1/2 cKO brains. Cell death can potentially
lead to the disturbance of apical adhesions, which may
contribute to the rosette formation (Kim et al., 2010). Therefore,
we examined the apical surface integrity and the rosette formation in HDAC1/2/p53 triple knockouts in which cell death was
minimized (Figure S8). Similar to the findings in HDAC1/2 cKO
cortices, the apical surface was disrupted at E14.5 in the triple-knockout cortices (Figures S8A–S8H). Rosette formation
was initiated at E14.5 and rosette structures were clearly visible
at E15.5 in HDAC1/2/p53 triple mutant cortices (Figures S8I–

S8P), suggesting that cell death was not a cause of the rosette
formation upon the loss of HDAC1 and HDAC2. Taken together,
these results indicate that ectopic accumulation of IPs at the VZ
surface leads to disruption of the apical structure and therefore
to cortical malformation.
HDAC1 and HDAC2 Regulate the Expression of Neurog2
To further investigate the mechanisms by which HDAC1 and
HDAC2 regulate the positioning of IPs in cortical development,
we performed global transcriptome analysis of neocortex tissue
collected from both WT and HDAC1/2 cKO brains at E12.5. RNA
sequencing (RNA-seq) revealed that the expression of the majority of genes were not changed upon the depletion of HDAC1 and
HDAC2 (Figures S9A and S9B; GEO: GSE122834). However, we
did identify both upregulated and downregulated genes (Figure S9C), suggesting that HDAC1 and HDAC2 may regulate
the transcription of both active and inactive genes (Wang et al.,
2009). Gene Ontology (GO) term analysis of the differentially expressed genes revealed enrichments for transcription and chromatin modification (Figure S9D). When we analyzed proneural
genes that are expressed in the IP lineage, we found that Neurog2 was downregulated, as confirmed by quantitative realtime PCR (qPCR) (Figure 8A) and immunostaining (Figures 8B
and 8C). To determine whether Neurog2 is directly regulated
by HDAC1 or HDAC2, we performed site-directed chromatin
immunoprecipitation (ChIP) experiments with antibodies specific
for HDAC1 at different regions of the Neurog2 gene locus (Figure 8D). qPCR analysis showed that HDAC1 was associated
with the promoter and coding regions of Neurog2 (Figure 8D).
In addition, we also examined the histone acetylation and
methylation status at the promoter of Neurog2. We found that
both histone H3K9 acetylation (H3K9ac) and histone H3K27 trimethylation (H3K27me3) were associated with Neurog2 promoter regions. Interestingly, H3K27me3 levels were elevated in
HDAC1/2 mutants, which is associated with gene repression
(Figure 8D). We hypothesized that the expression level of Neurog2 is regulated by HDAC1/2-mediated histone acetylation,
which can further recruit additional epigenetic regulators to the
promoter regions to control Neurog2 transcription. However,
the exact underlying mechanisms need further investigation.
Taken together, these data suggest that Neurog2 might be a
key downstream effector that regulates IP positioning.

Figure 5. Apical Localized IPs Divide and Differentiate into Neurons at the VZ Surface
(A–H) Apical IPs divide at the VZ surface. In WT brains (A–D), immunostaining for the mitotic marker pVim (B) revealed that IPs (A, Tbr2-positive) and RGPs
(C, Pax6-positive) divide in the SVZ (D, arrows) and the VZ surface (D, arrowheads), respectively. Insert 1 shows a dividing RGP at the VZ surface. In HDAC1/2
cKO brains (E–H), apical IPs (E, arrows) divide at the VZ surface where RGPs (G) divide (arrowheads) and are positive for pVim (F). Both RGPs and IPs divide at the
VZ surface (H). Insert 2 shows a dividing IP (arrow) with a basal process (white arrowheads) and a dividing RGP (yellow arrowhead). The VZ surface is outlined.
(I) Quantification of percentage of Tbr2- and pVim-positive IPs in total Tbr2-positive IPs.
(J–L) Compared to WT IPs (J), HDAC1- and HDAC2-deficient IPs (K) show an increased cell cycle exit rate. The percentage of BrdU, Tbr2, and Ki67 triple-positive
cells in total BrdU- and Tbr2-positive cells was quantified. The VZ surface is outlined.
(M–P) Apical IPs differentiate into neurons at the VZ surface. Immunostaining for the immature neuronal marker Tuj1 in WT (M) and HDAC1/2 cKO brains (N).
Inserts show that Tbr2-positive IPs coexpress Tuj1 in the SVZ in WT brains (insert 1) and at the VZ surface in HDAC1/2 cKO brains (insert 2). Quantifications are
shown in (O) and (P).
(Q–S) Immunostaining for the mature neuronal marker Tbr1. Mature neurons located at the cortical plate of WT brains (Q). Neurons located at VZ surface in mutant
brains become mature (R, arrowheads). The VZ surface is outlined. The number of Tbr1 positive cells is shown in (S). The total number of Tbr1-positive cells in the
entire thickness of the sections within the VZ per 100 mm surface length was quantified.
For quantification, at least 3 brains for each genotype were analyzed. Data are presented as mean ± SEM; ***p < 0.001. Student’s t test for two-tailed distribution
was used. Scale bars represent 50 mm.
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Figure 6. Temporal Regulation of Positioning
of IPs by HDAC1 and HDAC2
(A) Schematic drawing showing the experimental
design for the depletion of HDAC1 and HDAC2 in the
early stage of brain development.
(B–E) Confirmation of the depletion of HDAC1 and
HDAC2 three days after the tamoxifen (TAM) administration at E10.5. Representative images of HDAC1
(B) and HDAC2 (C) staining in WT brains and HDAC1
(D) and HDAC2 (E) staining in HDAC1/2 icKO brains
are shown.
(F–I) Depletion of HDAC1 and HDAC2 in the early
stage of brain development leads to ectopic IP positioning at the VZ surface (arrowheads). Representative image of Tbr2/Pax6 staining (F) and merged
image (G) of WT brains, and Tbr2/Pax6 staining (H)
and merged image (I) of HDAC1/2 icKO brains are
shown. The edge of the SVZ is outlined by the yellow
dashed line and the VZ surface is outlined by the white
dashed line.
(J) Quantification of the number of Tbr2-positive IPs
after TAM induction at E10.5.
(K) Quantification shows majority of Tbr2-positive IPs
are negative for the RGP marker Pax6.
(L) Schematic drawing showing the experimental
design for the depletion of HDAC1 and HDAC2 in the
later stage of brain development.
(M–P) Confirmation of the depletion of HDAC1 and
HDAC2 three days after TAM administration at E13.5.
Representative images of HDAC1 (M) and HDAC2 (N)
staining in WT brains and HDAC1 (O) and HDAC2 (P)
staining in HDAC1/2 icKO brains are shown. Note that
neurons generated before TAM administration at
E13.5 were positive for HDAC1 and HDAC2 in icKO
brains in E16.5 cortices.
(Q–T) Depletion of HDAC1 and HDAC2 in the late
stage of brain development does not affect the
positioning of IPs. Representative image of Tbr2/
Pax6 staining (Q) and merged image (R) of WT brains,
and Tbr2/Pax6 staining (S) and merged image (T) of
HDAC1/2 icKO brains are shown. The edge of the
SVZ is outlined by the yellow dashed line and the VZ
surface is outlined by the white dashed line.
For quantification, at least 3 brains for each genotype
were analyzed. Data are presented as mean ± SEM;
*p < 0.05. Student’s t test for two-tailed distribution
was used. Scale bars represent 50 mm. See also
Figure S6.
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Neurog2 Regulates the Positioning of IPs in Cortical
Development
To address whether Neurog2 plays a role in regulating IP migration, we investigated whether forced expression of Neurog2
in HDAC1/HDAC2-deficient progenitors could attenuate the
migration defect of IPs. We used the tamoxifen-inducible system
to inactivate HDAC1 and HDAC2 at E12.5 and then electroporated
constructs expressing Neurog2 into RGPs in utero at E13.5. The
electroporated brains were analyzed at E15.5 (Figure 8E). In WT
brains, GFP-labeled Tbr2-positive IPs were located in the SVZ
(Figure 8F), while depletion of HDAC1 and HDAC2 led to the
ectopic positioning of IPs at the VZ surface (Figure 8G). Importantly, the expression of Neurog2 in HDAC1- and HDAC2-mutant
cells resulted in a marked attenuation of the migration defect (Figures 8H and 8J). Similarly, re-expression of HDAC1 and HDAC2 in
HDAC1- and HDAC2-mutant cells was also attenuated the
abnormal positioning of IPs (Figures 8I and 8J). In addition, downregulation of Neurog2 by shRNAs also led to abnormal IP positioning (Figures S10A and S10B). We next examined whether
the expression of Neurog2 in HDAC1- and HDAC2-mutant cells
could also attenuate the observed premature cell cycle exit. We
quantified the number of cells that exited the cell cycle and found
that expression of Neurog2 indeed attenuated premature cell cycle exit (Figure S10C). Taken together, these data suggest that
Neurog2 is an essential downstream effector of HDAC1 and
HDAC2 in the regulation of the proper positioning of IPs.
DISCUSSION
Spatiotemporal control of neuron production is essential for the
functional integrity of the neocortex. IPs of the SVZ in the developing mouse brain produce neurons for all cortical layers and
ultimately determine brain size. Here, we show that HDAC1
and HDAC2 regulate the migration of IPs to the SVZ, at least
in part, by promoting Neurog2 expression. Deletion of both
HDAC1 and HDAC2 at the onset of neurogenesis leads to
mispositioning of IPs at the VZ surface, where RGPs normally
undergo mitosis. These ectopic IPs can divide and differentiate
into neurons at the VZ surface, suggesting that differentiation of
IPs can occur outside the SVZ. The increase in IPs at the VZ
surface disrupts the VZ integrity, which further leads to the formation of rosette-like structures in which neural progenitors
continue to proliferate. Ultimately, the architectural integrity of
the cortex is disrupted. Thus, our data demonstrate that proper

positioning of IPs is essential for the maintenance of cortical
integrity.
Spatial Positioning of IPs in the Developing Neocortex
The maintenance of stem cells within their microenvironment is
essential for determination of the fates of their progeny and ultimately for tissue homeostasis (Blanpain and Fuchs, 2014; Chen
et al., 2013). In the developing mammalian brain, RGPs of the VZ
and IPs of the SVZ are distinct types of progenitors with different
proliferative capacities. RGPs can undergo multiple rounds of
divisions to generate most cortical neurons as well as astrocyte
(Gao et al., 2014), while IPs have limited proliferative capacity
and can generate only cortical neurons (Kowalczyk et al.,
2009; Noctor et al., 2004). The basal processes of RGPs provide
the scaffolds for neuronal and IP migration. However, we found
that the basal processes of RGPs are intact in HDAC1/2 cKO
brains, suggesting that the abnormal IP positioning is independent of these processes of RGPs. It seems that the migration
of differentiated neurons from these ectopic IPs is also independent of basal processes as differentiated neurons accumulated
at the VZ surface. Therefore, our data suggest that proper positioning of IPs in the SVZ may also be important for the migration
of neurons differentiated from IPs.
The maintenance of ventricular integrity is essential for RGP
proliferation and differentiation (Cappello et al., 2006; Kim
et al., 2010). Downregulation of adhesion proteins and loss of
polarity proteins is a key feature of IPs. Reorganization of adherens junctions in the ectopically positioned IPs at the VZ surface
may lead to the disruption of apical VZ integrity, although the
exact mechanism remains to be resolved. We reason that adhesion molecules might not be directly regulated by HDAC1 and
HDAC2, as the adherens junctions were intact at E12.5 when
HDAC1 and HDAC2 were completely knocked out. In addition,
removal of adhesion proteins, such as Lgl1, E-catenin, and
N-cadherin, in neural progenitors in early brain development
leads to immediate disruption of apical junctions at the time
when these proteins were removed (Kadowaki et al., 2007; Klezovitch et al., 2004; Lien et al., 2006), suggesting an immediate
effect of the loss of adhesion molecules.
Temporal Regulation of IP Positioning during
Neocortical Development
Epigenetic regulators play crucial roles in regulating the expression of key factors in neural stem cells to balance their

Figure 7. Disruption of Apical Adherens Junctions upon the Depletion of HDAC1 and HDAC2
(A and B) Apical adherens junctions are intact when examined at E12.5 by staining for N-cadherin in HDAC1/2 cKO brains (B) compared to that of WT brains (A).
(C–F) Apical adherens junctions are disrupted when examined at E14.5 in HDAC1/2 cKO brains. Representative images of N-cadherin staining in WT (C) and
HDAC1/2 cKO (D) brains, and Arl13b staining in WT (E) and HDAC1/2 cKO (F) brains are shown. Arrows indicate cells located in the ventricle.
(G–I) The en face view (G) shows that the apical accumulation of IPs is associated with the disruption of adherens junctions in mutant brains (I) compared to WT
brains (H).
(J–Q) Disruption of the apical adherens junction leads to the formation of the rosette-like structures in the cortex of HDAC1/2 cKO brains. Within these rosette-like
structures, RGPs (Pax6-positive) can differentiate into neurons (insert 1). Representative images of Pax6 (J), Tbr2 (K), Tuj1 (L) and merged image (M) in WT brains,
and Pax6 (N), Tbr2 (O), Tuj1 (P) and merged image (Q) in HDAC1/2 cKO brains are shown.
(R) HDAC1- and HDAC2-deficient RGPs are proliferative as revealed by BrdU administration. LV: lateral ventricle. Arrowheads indicate few BrdU-positive cells
negative for Pax6 in HDAC1/2 cKO brains.
(S) The quantification of the percentage of Pax6-positive cells in total BrdU-positive cells.
Data are presented as mean ± SEM; At least 3 brains for each phenotype were analyzed. Student’s t test for two-tailed distribution was used. ***p < 0.001. Scale
bars represent 50 mm. See also Figures S7 and S8.
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proliferation and differentiation both spatially and temporally
(Hirabayashi and Gotoh, 2010; Yao et al., 2016). HDAC1 and
HDAC2 have previously been shown to regulate neural stem
cell differentiation in studies investigating their removal in late
stages of brain development (Montgomery et al., 2009; Dovey
et al., 2010). We also found that the removal of both HDAC1
and HDAC2 led to the depletion of the progenitor pool, suggesting that HDAC1 and HDAC2 play similar roles in regulating neural
progenitor differentiation. However, loss of HDAC1 and HDAC2
has stronger effects on Tbr2-positive IPs at early developmental
stages than at later stages and leads to ectopic positioning at the
VZ surface.
Together with the findings of a previous study in which
HDAC1/2 was removed through hGFAP-Cre-mediated recombination around E13.5, the peak of neurogenesis (Montgomery
et al., 2009), our findings suggest a model in which two
different stages for the role of HDAC1 and HDAC2 in neocortical development can be distinguished. When HDAC1/2 is
depleted in early stages of brain development (between E10.5
and E12.5, at the onset of neurogenesis), IPs are ectopically
localized in the VZ, ultimately contributing to cortical malformation. During the peak of neurogenesis, depletion of HDAC1/2
also leads to cortical malformation that is attributed to defects
in RGP differentiation defects (Montgomery et al., 2009). This is
consistent with our findings (Figure 6): when HDAC1/2 was
depleted through the tamoxifen-induced Cre activation system
at E10.5, we observed ectopic Tbr2-positive IPs in the VZ.
However, when HDAC1/2 was depleted at E13.5, the positioning of IPs was normal, although the thickness of the cortex
was reduced. Therefore, the relative contributions of RGPs
versus IPs to the neocortical development are dependent on
developmental stage.
This phenomenon is probably due to the temporal regulation
of gene expression exerted by HDAC1- and HDAC2-mediated
histone modification during cortical development. Indeed, previous studies have shown that the chromatin in neural stem
cells becomes more condensed and less dynamic during
neocortical development (Kishi et al., 2012), suggesting that
epigenetic regulators could play important roles during this
developmental period through temporal and spatial regulation
of the expression of specific gene sets. As a key downstream
effector, Neurog2 plays an important role in regulating IP positioning. In contrast to a previous study showing the role of Neurog2 in regulating neuronal migration through phosphorylation
(Hand et al., 2005), we show that regulation of Neurog2 expres-

sion by HDAC1 and HDAC2 is important for the temporal regulation of IP positioning.
Taken together, our findings suggest that proper positioning of
progenitor cells in their microenvironment is essential for neocortical development and provides a link between neural progenitor
positioning, particularly that of IPs, and the neocortical malformation. In the human cortex, outer radial glia (oRG) cells located
in the outer SVZ are abundant and are essential for cortical
expansion (Lui et al., 2011). In the future, it will be of great interest
to examine the importance of the positioning of oRG cells in brain
development.
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Figure 8. HDAC1/2 Acts on Neurog2 to Regulate IP Positioning
(A) q-PCR analysis of Neurog2 mRNA in HDAC1/2 cKO brains and WT brains.
(B) Immunostaining for Neurog2 in WT and HDAC1/2 cKO brains.
(C) Quantification of the number of Neurog2-positive cells.
(D) ChIP-qPCR analysis shows HDAC1, H3K9ac, and H3K27me3 are associated with the Neurog2 promoter and the coding regions with two different pairs of
primers (P1 and P2). ChIP signals are represented as the percentage of input chromatin. Data are presented as the average of two biological replicates.
(E–I) Overexpression of Neurog2 or HDAC1/2 in HDAC1- and HDAC2-deficient RGPs attenuated abnormal positioning of IPs. Constructs expressing either GFP
or Neurog2, or HDAC1/2 were introduced into RGPs by IUE. Representative images of WT (F) and mutant (G) brains electroporated with GFP, and mutant brains
electroporated with Neurog2 (H) or HDAC1/2 (I) are shown.
(J) Quantification of the distribution of GFP and Tbr2 double-positive IPs. The VZ and SVZ were divided into 3 bins equally (Bin 1 starts from the apical surface) and
the distribution of GFP-positive and Tbr2-positive IPs in each bin was quantified.
Data are presented as mean ± SEM; At least 3 brains for each phenotype were analyzed. Student’s t test for two-tailed distribution was performed to compare to
the WT group. Two-way ANOVA test was used for (K). *p < 0.05, ***p < 0.001. Scale bars represent 50 mm. See also Figures S9 and S10.
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This paper
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This paper

N/A
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This paper

N/A

pCAGIG
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OligoEngine
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GraphPad Prism

GraphPad Software
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scientific-software/prism/; RRID:
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R
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http://www.r-project.org/;
RRID:SCR_001905

ggplot2
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RRID:SCR_014601

Adobe Photoshop

Adobe

https://www.adobe.com/products/
photoshop.html; RRID:SCR_014199

Adobe Illustrator

Adobe
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Recombinant DNA
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CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact Yunli Xie
(yunli.xie@fudan.edu.cn).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Experimental animals
Homozygous HDAC1f/f;HDAC2f/f mice (Winter et al., 2013) were crossed with Emx1-Cre mice (Gorski et al., 2002) to generate
HDAC1f/+;HDAC2f/+;Emx1-Cre mice, which were further crossed with HDAC1f/f;HDAC2f/f mice to generate double conditional
knockout mice (HDAC1/2 cKO). For tamoxifen-inducible deletion of HDAC1 and HDAC2, Sox2-CreERT2 mice were used
(Arnold et al., 2011). For analyzing p53 dependent cell death in HDAC1/2 cKO, P53f/f mice (Jonkers et al., 2001) were used
to cross with HDAC1f/f;HDAC2f/f mice to generate HDAC1f/f;HDAC2f/f; P53f/f mice. For all experiments, both male and female
littermates were randomly assigned to experimental groups. E12.5 to E18.5 mouse embryos obtained from timely pregnant
female were used for experiments. For comparison of the size of the cortical areas between WT and HDAC1/2 cKO brains,
P0 mouse pups were used. All animal work was approved by Animal Care and Use Committee of Shanghai Medical College
of Fudan University.
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METHODS DETAILS
Immunohistochemistry
Following dissection, embryonic brains were fixed in 4% paraformaldehyde (PFA) overnight at 4 C, and then transferred to 30% sucrose in PBS until brains sunk to the bottom of the tube. Brains were then embedded in O.C.T compound (Sakura). Brains were
sectioned into 14-mm thickness. Cryosections were permeabilized and incubated with blocking solution (0.1% Triton X-100, 5%
normal goat serum in PBS) for 1 hour at room temperature. After incubation with the primary antibody at 4 C overnight, sections
were washed with PBS and incubated with appropriate fluorescence-conjugated secondary antibodies at room temperature for
1 hour before mounting. Primary antibodies are listed in Key Resources Table.
Tamoxifen induction
Tamoxifen (Sigma, T5648) was dissolved in corn oil (20mg/mL) at room temperature under constant stirring. Timely pregnant females
were given intraperitoneal injection of tamoxifen (190 mg/g of body weight). Embryonic brains were analyzed 2-3 days later.
IUE and Time-lapse imaging
IUE was performed according to a previous study (Xie et al., 2013). Timely pregnant mice were anesthetized and uterine horns were
exposed. Desired plasmids (1.5mg/mL) were injected into the lateral ventricle of embryos. For electroporation, five 50ms pulses of
28-35V dependent on the embryonic age with 950ms interval were applied with a BTX electroporation system (ECM830). After
the electroporation, uterine horns were placed back to the abdominal cavity and the wound was sutured. The embryonic brains
were analyzed 2-3 days later.
For time-lapse imaging, IUE was performed at E12.5 and RGPs were labeled with plasmids expressing GFP. Twelve hours after
IUE, embryos were removed and the brains were isolated into ice-cold artificial cerebrospinal fluid (ACSF) containing NaCl
(125mM), CaCl2 (2mM), KCl (2.5mM), MgCl (1mM), NaH2PO4 (1.25mM), NaHCO3 (25mM) and Glucose (25 mM). Brains were
embedded in 4% low-melting agarose (Fisher Scientific, BP165-25) in ACSF and sectioned at 300mm using a vibratome (LEICA
VT1200S). Brain slices were then transferred onto a cell culture insert (Millicell, PICMORG50) in a glass-bottom dish (Thermo Scientific, 150682) with medium (by volume) containing HBSS (25%, by volume), BEM (66%), FBS (5%), Penicillin/Streptomycin (1%), N2
supplements (all from Thermo Scientific), and Glucose (6%) (Sigma). Six hours after culturing, dishes with brain slices containing
GFP-expressing cells were transferred to an inverted confocal microscope (Nikon ECLIPSE Ti) and time-lapse images were acquired
every 30 min for about 24 hours. Cells expressing GFP that divided during the imaging time were identified for further analysis.
In situ hybridization
In situ hybridization was performed according to a protocol previously published (Zhang et al., 2016). E13.5 embryonic brains were
fixed with 4% PFA overnight at 4 C, and dehydrated with 30% sucrose in Diethyl pyrocarbonate (DEPC)-treated PBS until brains
sunk. Brains were embedded in OCT and sectioned with a thickness of 20 mm. Digoxigenin (DIG) labeled RNA probes were made
by in vitro transcription using DIG RNA labeling mix (Roche, 11277073910). Sections were incubated with probes at 65 C overnight.
After washing with the hybridization buffer, sections were incubated with anti-DIG-AP (Roche, 11093274910) at 4 C overnight. The
AP activity was developed using NBT/BCIP substrates (Roche, 11681451001).
The following primers were used to generate probes:
Lmo4:
Fwd 50 - CCCAAGCTTGACCCACAGCCCTCATCAAT,
Rev 50 - GCTCTAGACTTTGTCATGGGCGGAGCAA;
Svet1:
Fwd 50 - CCCAAGCTTTGGTCTAGGAAGGGGGAGGA,
Rev 50 - GCTCTAGAGTAATGGTGCCAAGCAGAAGC;
Image acquisition and analysis
Images were taken by confocal microscopy (Nikon A1R). All images were processed using NIS-Elements AR (Nikon) or Adobe Photoshop CS 6.0. For cell distribution analysis, the dorsal cortex was divided into 10 bins evenly and the apical side was numbered as 1
and the basal side as 10. The number of cells distributed in each bin was manually counted using NIS-Elements AR (Nikon).
Chromatin immunoprecipitation
Embryonic cortices (E13.5) were dissociated, and approximately 1 3 107 cells were used for chromatin immunoprecipitation. Dissociated cells were fixed with 1% formaldehyde (F8775, Sigma) for 10min at room temperature. Glycine (2.5M) was used to terminate
the cross-linking. After washing with cold PBS, cells were lysed on ice for 10min with lysis buffer (50mM Tris-HCl pH8.0, 10mM EDTA
pH8.0, 0.1% SDS) containing the protease inhibitor (Cat. No.88666, ThermoScientific). Then samples were sonicated using the Bioruptor Pico (Diagenode). After sonication, the supernatant was collected and incubated with either Rabbit IgG (2729, Cell Signaling)
or primary antibodies at 4 C overnight. After the antibody incubation, protein A/G beads (Santa Cruz, SC-2003) were added into the
supernatant and incubated at 4 C for 4 hours. After washing, DNA was eluted with the elution buffer (1% SDS, 50mM Tris pH8.0,
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10mM EDTA). The following antibodies were used: rabbit anti-HDAC1 (Abcam, ab7028), rabbit anti-H3K27me3 (ABclonal, A2363)
and rabbit anti-H3K9ac (Millipore, 06-942). The following primers were used for real-time q-PCR analysis:
Primer pairs 1:
Fwd1: 50 -AGAGTGATCCACTCGCTCCT,
Rev1: 50 -CGCCTTGACGTAATTTGGGG;
Primer pairs 2:
Fwd2: 50 -CAACTCCACGTCCCCATACA;
Rev2: 50 -CAGGTGAGGCGCATAACGAT;
Quantitative real-time PCR (q-PCR)
Total RNA was extracted from both WT and HDAC1/2 cKO cerebral cortex using TRIzol reagent (ThermoScientific) and cDNA was
synthesized using SuperScrip III First-Strand Synthesis System (Invitrogen). Real-time PCR was performed on QuantStudio 3 RealTime PCR Systems (Thermo Fisher Scientific). Quantification was performed using QuantStudio Design & Analysis Software (Thermo
Fisher Scientific) with data normalized to the level of Actin mRNA.
RNaseq and analysis
Total RNA was isolated from both WT and HDAC1/2 cKO cerebral cortices at E12.5 using TRIzol reagent (ThermoScientific) according to the manufacturer’s instructions. RNA-seq was performed at Genomics Core Facility of Shanghai Center for Plant Stress
Biology, CAS. For data analysis, sequencing raw reads were first applied quality and adaptor trimming using trim_galore with a quality
cutoff of 30 (http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). Cleaned reads were mapped to the mouse reference
genome UCSC mm10 (Tyner et al., 2017) with STAR (Dobin et al., 2013). Differential expression analysis was performed using
DESeq2 with a cutoff of FDR < 0.05 and abs (log2FC)>1. Scatterplotting was generated using R programming language.
QUANTIFICATION AND STATISTICAL ANALYSIS
Prism6 or Excel was used for data analysis. Two-tailed Student’s t test was performed for comparison of two groups of data. Data
distribution was assumed to be normal. Two-way ANOVA was used for data of groups more than two. Data collection and analysis
were not performed blind to the conditions of the experiments due to the obvious phenotype in mutants. Data are presented as
mean ± SEM p < 0.05 was considered significant. Significance is marked as *p < 0.05; **p < 0.01 and ***p < 0.001.
DATA AND SOFTWARE AVAILABILITY
The accession number for the RNA sequencing data reported in this paper is GEO: GSE122834.
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