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SUMMARY

The precise function and role of nucleosome assem-
bly protein 1-like 1 (Nap1l1) in brain development
are unclear. Here, we find that Nap1l1 knockdown
decreases neural progenitor cell (NPC) proliferation
and induces premature neuronal differentiation
during cortical development. A similar deficiency
in embryonic neurogenesis was observed in Nap1l1
knockout (KO) mice, which were generated using
the CRISPR-Cas9 system. RNA sequencing (RNA-
seq) analysis indicates that Ras-associated domain
family member 10 (RassF10) may be the down-
stream target of Nap1l1. Furthermore, we found
that Nap1l1 regulates RassF10 expression by pro-
moting SETD1A-mediated H3K4 trimethylation at
the RassF10 promoter. Nap1l1 KO defects may be
rescued by RassF10 overexpression, suggesting
that Nap1l1 controls NPC differentiation through
RassF10. Our findings reveal an essential role for
the Nap1l1 histone chaperone in cortical neurogene-
sis during early embryonic brain development.

INTRODUCTION

Development of the mammalian embryo cerebral cortex de-

pends on neurogenesis, self-renewal, differentiation, apoptosis,

cell fate determination of neural progenitor cells, and the loca-

tion and maturation of neurons (Geschwind and Rakic, 2013;

McConnell, 1995). All of the stages are tightly regulated. The api-

cal surface/ventricular surface, the ventricular zone (VZ), the

subventricular zone (SVZ), the intermediate zone (IZ), the cortical

plate (CP), and themarginal zone (MZ) appear successively (Bys-

tron et al., 2008). Progenitors are defined according to their api-

cal or basal position. Apical radial glial cells (aRGCs) and apical

intermediate progenitors (aIPs) are found in the VZ. Basal radial

glial cells and basal intermediate progenitors (IPs) reside mostly

in the SVZ (Huttner and Kosodo, 2005). Migrating neurons form a

six-layered architecture in the CP formed by an inside-out mech-

anism (Woodworth et al., 2012). Any malfunctioning step will
Cell Rep
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result in severe diseases, which may include schizophrenia,

autism spectrum disorder, epilepsy, and microcephaly. Each

process is regulated by complex interactions between genes

and extrinsic signals. Among numerous signals, histone variants,

DNA, and histone modifications and histone chaperones exert a

critical role during neocortical development (Canovas and Ross,

2016; Keil and Lein, 2016; Kouzarides, 2007).

Nap1l1 (nucleosome assembly protein-like 1), a member of

the Nap1l gene family, has been reported to participate in nucle-

osome assembly, transcriptional regulation, cell cycle progres-

sion, exchange of histone H2A-H2B dimers, and cell prolifera-

tion (Clark et al., 2008; Okuwaki et al., 2010; Zlatanova et al.,

2007). In humans and mice, the Nap1l gene family consists of

at least five members, which share a highly common and

conserved NAP domain structure (Park and Luger, 2006).

Among these members, Nap1l1and Nap1l4 are expressed ubiq-

uitously in all tissues (Rougeulle and Avner, 1996; Smith et al.,

2003; Watanabe et al., 1996), whereas Nap1l2, Nap1l3, and

Nap1l5 are expressed in specific tissues (Attia et al., 2007; Rou-

geulle and Avner, 1996; Shen et al., 2001; Smith et al., 2003).

Although the NAP1 family was initially identified as histone chap-

erones and chromatin assembly factors, additional functions,

including roles in tissue-specific transcription regulation, histone

shuttling, and apoptosis, need to be explored. In Drosophila

melanogaster, Nap1 deletion causes early embryonic lethality,

although the underlying mechanism has not been determined

(Lankenau et al., 2003). A ubiquitously expressed protein,

Nap1l1 plays important functions in tissue development. There

is evidence that Nap1l1 plays essential roles in hematopoiesis

and mesoderm formation (Habara-Ohkubo, 1996; Lankenau

et al., 2003; Peng et al., 2002; Takahashi et al., 2014). As an

essential participant in DNA replication and nucleosome assem-

bly, Nap1l1 plays important roles in chromatin formation and

transcriptional regulation, which contribute to the regulation of

cell proliferation and the determination of cell fate (Takahashi

et al., 2014). Although these studies are beginning to shed light

on the importance of Nap1l1, the role of Nap1l1 in brain devel-

opment remains unclear.

Previous studies revealed the role of Nap1l1 in other tissues,

and there are few reports concerning the role of Nap1l1 in neural

stem cells. To address this issue, we constructed Nap1l1 knock-

down and Nap1l1-overexpression plasmids to examine the
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C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:jifen@ioz.ac.cn
mailto:jwjiao@ioz.ac.cn
https://doi.org/10.1016/j.celrep.2018.02.019
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2018.02.019&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


effect of these changes on the proliferation and differentiation of

neural progenitor cells (NPCs). In addition,Nap1l1 knockout (KO)

mice were generated using the CRISPR-Cas9 system to verify

the functions of Nap1l1 in embryonic neurogenesis. We find

that Nap1l1 promotes the proliferation of neural progenitors

and inhibits neuronal differentiation during cortical development.

Global transcriptome analysis after the removal of Nap1l1 re-

veals that Ras-associated domain family member 10 (RassF10)

is the most downregulated gene. We find that Nap1l1 regulates

RassF10 expression by promoting SETD1A-mediated H3K4

methylation at the RassF10 promoter. The present study helps

to clarify a role and mechanism for Nap1l1 in the proliferation

and differentiation of NPCs.

RESULTS

Nap1l1 Is Expressed in the Developing Cerebral Cortex
and Enriched in NPCs
Western blot analysis showed that the Nap1l1 protein is more

highly expressed in brain tissue than in other tissues (Figure 1A;

n = 3 individual experiments). During brain development, Nap1l1

expression decreased from E12 to P0, whereas the expression

of the progenitor markers Nestin and Tbr2 increased from E12

to E15 and then decreased from E15 to P0. The expression of

the proliferative marker proliferating cell nuclear antigen

(PCNA) decreased during this period but that of the differentia-

tion marker Tuj1 increased (Figure 1B; n = 3 individual experi-

ments). The immunostaining results showed that Nap1l1 is ex-

pressed predominantly but not restricted in the ventricular

zone (VZ)/subventricular zone (SVZ), and peak expression was

observed at E12.5, in which the cerebral cortex consisted pri-

marily of NPCs. Then, at E15.5, the expression of the Nap1l1 pro-

tein decreased in the cerebral CP. At E18.5, when the embryonic

neurogenesis period neared its end, the expression of Nap1l1

throughout the cerebral cortex was lower than that at E12.5 (Fig-

ure 1C; n = 3 mice per period). In the embryonic cerebral cortex,

Nap1l1 was predominantly expressed in a subset of Nestin+

NPCs located in the VZ/SVZ at E15.5 (Figure S1A; n = 3 individual

experiments). In addition, Nap1l1 was expressed in Tbr2+ inter-

mediate progenitors (Figure S1B; n = 3 individual experiments).

Nap1l1 also was co-localized with Sox2 in cultured NPCs,

which were isolated from E12.5 mouse brains and cultured in

proliferative medium for 24 hr (Figure S1C; n = 3 individual exper-

iments). In addition, Nap1l1 was expressed in neurons, even in

neurites, but the density was lower than that in NPCs (Figures

S1D and S1E; n = 3 individual experiments). Nap1l1 expression

was decreased with the expression of Tuj1 consistently when

neural progenitors differentiated into neurons in differentiation

medium, whereas Nap1l1 expression was positively correlated

with the proliferationmarker PCNA in NPCs, which were cultured

under proliferation conditions for 1–5 days (Figures S1F and

S1G; n = 3 individual experiments). Furthermore, the expression

of Nap1l1 was detected not only in cytoplasm but also in nucleus

(Figures S1H and S1I). Taken together, the results showed that

Nap1l1 is expressed in the cortex during mouse development,

and its expression pattern in the neural progenitors exhibits tem-

poral differences, suggesting that Nap1l1 may play a pivotal role

in regulating early embryonic cerebral cortex development.
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Suppression of Nap1l1 Results in Abnormal Cell
Distribution
Based on the specific temporal and spatial expression patterns,

Nap1l1 may play a role during early embryonic neurogenesis.

Western blotting analyses showed that Nap1l1 was effectively

suppressed by small hairpin RNA (shRNA) plasmids (Figure 1D;

n = 3 individual experiments, p < 0.01). To investigate the role

of Nap1l1, we electroporated E13.5 embryonic brains with either

a control or a Nap1l1-shRNA plasmid and analyzed the electro-

porated brains at E16.5. Compared with the control, the number

of GFP+ cells in the VZ/SVZ decreased significantly, whereas the

number of GFP+ cells in the CP obviously increased in Nap1l1-

suppressed brains (Figures 1E and 1F; n = 5 mice for control

and n = 5 mice for Nap1l1 shRNA, p < 0.05), indicating that

Nap1l1 plays an essential role during cortical development

from E13.5 to E16.5.

To investigate how Nap1l1 regulates Pax6+ and Tbr2+, two

specific types of progenitors, we electroporated Nap1l1 shRNA

into E13.5 brains to inhibit Nap1l1. The results showed that

Nap1l1 knockdown significantly decreased the proportion of

Pax6+ radial glial (RG) cells (Figures 2A and 2C; n = 3 mice for

control and n = 3 mice for Nap1l1 shRNA, p < 0.01), whereas

the proportion of Tbr2+ IP cells was increased (Figures 2B and

2D; n = 3 mice for control and n = 3 mice for Nap1l1 shRNA,

p < 0.05), illustrating that Nap1l1 may control the transformation

of RG to IP cells and the makeup of the progenitor pool.

To detect the effect of Nap1l1 on neurons, we stained electro-

porated brain sections with an anti-neuronal bIII-tubulin (Tuj1)

antibody. The quantification of GFP and Tuj1 double-positive

cells revealed that Nap1l1 knockdown led to a significant in-

crease in the percentage of GFP and Tuj1 double-positive cells,

demonstrating that the loss of Nap1l1 expression resulted in an

increase in neuronal differentiation (Figures 2E and 2I; n = 3 mice

for control and n = 3 mice for Nap1l1 shRNA, p < 0.01). Apart

from this, we stained electroporated brain sections with Satb2

antibody, a marker of upper-layer neurons. The quantification

of double-positive cells revealed that Nap1l1 knockdown led to

a significant increase in the percentage of GFP+Satb2+ cells,

demonstrating that the loss of Nap1l1 expression resulted in

an increase in upper neuronal differentiation (Figures 2F and

2J; n = 3 mice for control and n = 3 mice for Nap1l1 shRNA,

p < 0.01). Taken together, these results suggest that Nap1l1

knockdown not only alters the makeup of progenitor pool but

also causes premature neuronal differentiation, thus disturbing

the normal cell distribution in brain development.

Nap1l1 Promotes the Proliferation of RGs and
Decreases the Ratio of Cell-Cycle Exits
Because of the different distribution of GFP+ cells in the VZ/SVZ,

which is the zone where NPCs are enriched, we hypothesized

that Nap1l1 may regulate the proliferation of progenitors in em-

bryonic neurogenesis. Western blot analysis showed that cyclin

D1 and PCNA were decreased in Nap1l1-knockdown cells (Fig-

ures S2A and S2B; n = 3 individual experiments). To examine the

effects of Nap1l1 expression on the overall proliferative capacity,

E13.5 embryonic brains were electroporated with Nap1l1-

shRNA plasmid, followed by bromodeoxyuridine (BrdU) intra-

peritoneal injection to label S phase dividing cells 2 hr before



Figure 1. Nap1l1 Is Expressed in Embryonic Cerebral Cortex and Involved in Cortical Development

(A) Western blot analysis of Nap1l1 expression in brain, lung, heart, liver, kidney, and spleen of P0 mice (n = 3 individual experiments; data are expressed as

means ± SEMs).

(B) Nap1l1 is expressed in the development of the cerebral cortex. Brains of the embryonic mice or neonatal mice (E10, E12, E15, E18, and P0) were isolated and

lysed. Western blot analysis and quantification of Nap1l1, Nestin, Tbr2, PCNA, and Tuj1 protein expression levels in the brain cortex from E10 to P0 during

embryonic cortex development (n = 3 individual experiments; data are expressed as means ± SEMs).

(C) Immunostaining for Nap1l1 in the developing cortex. Embryonic brain sections were immunostainedwith anti-Nap1l1 antibody. Nap1l1 expression decreased

gradually in the VZ from E12.5 to E18.5 (n = 3mice per period). VZ, ventricular zone; SVZ, subventricular zone; IZ, intermediate zone; CP, cortical plate. Scale bar,

50 mm.

(D) Western blot analysis reveals that the expression of Nap1l1 is effectively suppressed by Nap1l1 shRNA in primary neural progenitors (n = 3 individual

experiments, p < 0.01; data are expressed as means ± SEMs).

(E) Nap1l1 knockdown results in abnormal cell distribution in the developing neocortex. The empty shRNA control or Nap1l1-shRNA plasmid was electroporated

into E13.5 embryonic mouse brains, and the mice were sacrificed at E16.5 (n = 5 mice for control and n = 5 mice for Nap1l1 shRNA). Scale bar, 50 mm.

(F) Graph shows the percentage of GFP+ cells in the VZ/SVZ, IZ, and CP, respectively (n = 5 mice for control and n = 5 mice for Nap1l1 shRNA, p < 0.05; data are

expressed as means ± SEMs).

SEM is the standard deviation divided by the square root of the sample size. Student’s t test; NS, not significant; *p < 0.05; **p < 0.01.

See also Figure S1.
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Figure 2. Silencing Nap1l1 Results in Abnormal Cell Distribution and Proliferation

(A) Pax6 and GFP double-positive cells are decreased in Nap1l1-shRNA plasmid-electroporated brains. Cerebral cortical sections collected 3 days after

electroporation with either the control or Nap1l1-shRNA plasmid at E16.5 were stained for Pax6 (n = 3 mice for control and n = 3mice for Nap1l1 shRNA). The bar

graph shows the percentage of Pax6 and GFP double-positive cells relative to the total GFP+ cells in the VZ/SVZ. Scale bar, 50 mm.

(legend continued on next page)
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euthanasia at E16.5. It is interesting that Nap1l1 knockdown re-

sulted in a significant reduction in BrdU incorporation at E16.5

(Figures 2G and 2K; n = 5 mice for control and n = 6 mice for

Nap1l1 shRNA, p < 0.05), indicating an overall decrease in cell

proliferation. In the meantime, at E16.5, the electroporated brain

sections also were stained with the mitotic marker phospho-his-

tone 3 (pH3), and a significant decrease in mitotic activity was

observed from the Nap1l1-shRNA staining results (Figures 2H

and 2L; n = 5 mice for control and n = 5 mice for Nap1l1 shRNA,

p < 0.05). Collectively, these data illustrate that Nap1l1 regulates

the proliferative capacity of cortical NPCs during early neocor-

tical development.

To furtherexplore thespecific rolesofNap1l1onRGand IPcells,

theproliferationofRGand IPcellswas assessedusingBrdU label-

ing 2 hr before the pregnant mice were euthanized. When Nap1l1

was knocked down, the amplification of RG cells shown as Pax6+

andBrdU+ double positivewas reduced significantly (Figures S2C

and S2D; n = 3 mice for control and n = 3 mice for Nap1l1 shRNA,

p < 0.05), whereas the amplification of IP cells showed no signifi-

cant difference between the control and Nap1l1-shRNA groups

(Figures S2E and S2F; n = 4 mice for control and n = 4 mice for

Nap1l1 shRNA). These data indicate that Nap1l1 modulates the

proliferation of RG cells located in the VZ/SVZ.

To test whether Nap1l1 regulates the differentiation of neural

progenitors, cycle exit analysis was performed. We found that

Nap1l1 knockdowncausedasignificant increase in theproportion

ofGFP+BrdU+Ki67� cells relative to that ofGFP+BrdU+ cells in the

VZ/SVZcomparedwith controls (FiguresS2GandS2H; n=4mice

for control and n = 4 mice for Nap1l1 shRNA, p < 0.01), which

implied that Nap1l1 knockdown results in an increased number

of NPCs that exit the cell cycle. Thus, the knockdown of Nap1l1

prohibits the amplification of RG cells to self-renew and then pro-

motes the production of IP cells and neurons.
(B) Tbr2 and GFP double-positive cells are increased in the Nap1l1-shRNA plas

control or Nap1l1-shRNA plasmid at E16.5 were stained for Tbr2 (n = 3mice for co

Tbr2 and GFP double-positive cells relative to the total GFP+ cells in the VZ/SVZ

(C) The quantification of the percentage of Pax6 and GFP double-positive cells r

shRNA, p < 0.01; data are expressed as means ± SEMs).

(D) Statistic of the percentage of Tbr2 and GFP double-positive cells related to

p < 0.05; data are expressed as means ± SEMs).

(E) Differentiated neurons are increased in the Nap1l1-shRNA plasmid-electropo

Scale bar, 50 mm.

(F) Satb2 and GFP double-positive cells are increased in CP when Nap1l1 was su

50 mm.

(G) Nap1l1 regulates BrdU incorporation in vivo. The brains of mice electroporated

(n = 5 mice for control and n = 6 mice for Nap1l1 shRNA). The electroporated bra

BrdU double-positive cells. Scale bar, 50 mm.

(H) The cortical progenitors undergoing mitosis are decreased in Nap1l1-suppre

E16.5 (n = 5 mice for control and n = 5 mice for Nap1l1 shRNA). The brain sectio

(I) Percentage of Tuj1 and GFP double-positive cells in GFP+ cells (n = 3 mice fo

means ± SEMs).

(J) Percentage of Satb2 and GFP double-positive cells in GFP+ cells, which wer

p < 0.01; data are expressed as means ± SEMs).

(K) The bar graph shows the percentage of GFP and BrdU double-positive cells re

for Nap1l1 shRNA, p < 0.05; data are expressed as means ± SEMs).

(L) Percentage of GFP and pH3 double-positive cells relative to the total GFP+ cells

data are expressed as means ± SEMs).

SEM is the standard deviation divided by the square root of the sample size. Stu

See also Figure S2.
Nap1l1 Knockdown Prohibits the Terminal Mitosis of
NPCs
The effect of Nap1l1 on premature NPC terminal mitosis to

regulate the neuron production process during early cortical

development was investigated by a BrdU birth-dating experi-

ment (Duque and Rakic, 2011). The timeline shows that the

embryos were electroporated at E13.5; injected with BrdU

1 day after electroporation, at E14.5; and collected 5 days after

electroporation, at E18.5 (Figure 3A). Compared with controls,

the percentage of BrdU+GFP+ double-labeled cells located in

cortical layers increased when Nap1l1 was knocked down (Fig-

ures 3B and 3C; n = 3 mice for control and n = 3 mice for Nap1l1

shRNA, p < 0.01), indicating that the terminal mitosis of NPCs

and precocious neuronal differentiation upon Nap1l1 knock-

down ultimately results in an increased number of upper-layer

cortical neurons at E18.5.

To determine whether Nap1l1 knockdown also affects cortical

neuronal morphology, we performed long-term tracing of GFP

cells during cortical development. The control or Nap1l1-shRNA

plasmid was electroporated into E13.5 mouse brains, and the

brains were collected 5 days later at E18.5. Compared with

the control group, the GFP+ cell distribution was altered in the

Nap1l1-knockdown group. In addition, the morphology of neu-

rons was different between the control and Nap1l1-knockdown

electroporated brains. The number of GFP+ cells was increased

in the CP and the IZ but reduced in the VZ/SVZ (Figure 3D; n = 3

mice for control and n = 3 mice for Nap1l1 shRNA). Based on

further observation of high-resolution images, we found that

Nap1l1 knockdown substantially induced abnormal neuronal

dendrites in vivo. The leading processes in the control group

were short and twisted, but those in the Nap1l1-knockdown

group were long and straight, aberrantly branched, or

excessively developed (Figure 3E). These results suggest the
mid-electroporated brains. Brain sections after electroporation with either the

ntrol and n = 3mice for Nap1l1 shRNA). The bar graph shows the percentage of

. Scale bar, 50 mm.

elative to the total GFP+ cells (n = 3 mice for control and n = 3 mice for Nap1l1

the total GFP+ cells (n = 3 mice for control and n = 3 mice for Nap1l1 shRNA,

rated brains in vivo (n = 3 mice for control and n = 3 mice for Nap1l1 shRNA).

ppressed (n = 3 mice for control and n = 3 mice for Nap1l1 shRNA). Scale bar,

at E13.5 were injected with BrdU (50mg/kg) for 2 hr before sacrificing at E16.5

ins were stained with anti-BrdU antibody. The white arrows indicate GFP and

ssed brains. Embryonic brains were electroporated at E13.5 and harvested at

ns were then immunostained with anti-pH3. Scale bar, 50 mm.

r control and n = 3 mice for Nap1l1 shRNA, p < 0.01; data are expressed as

e distributed in CP (n = 3 mice for control and n = 3 mice for Nap1l1 shRNA,

lative to the total GFP+ cells in the VZ/SVZ (n = 5mice for control and n = 6mice

in the VZ/SVZ (n = 5mice for control and n = 5mice for Nap1l1 shRNA, p < 0.05;

dent’s t test; NS, not significant; *p < 0.05; **p < 0.01.
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Figure 3. Nap1l1 Is Required for Neural Pro-

genitor Terminal Mitosis

(A) Timeline of the BrdU birth-dating experiment.

The control or Nap1l1-shRNA plasmid was electro-

porated into E13.5 embryonic mouse brains. BrdU

(100 mg/kg) was injected 24 hr after electropora-

tion, and the brains were collected 5 days after

electroporation.

(B) Brain sections from control or Nap1l1-shRNA

plasmid-electroporated mice were immunostained

with anti-BrdU antibody (n = 3 mice for control and

n = 3 mice for Nap1l1 shRNA). The white arrows

indicate GFP and BrdU double-positive cells. Scale

bar, 50 mm.

(C) The bar graph shows the percentage of BrdU and

GFP double-positive cells relative to total GFP+ cells

in CP (n = 3 mice for control and n = 3 mice for

Nap1l1 shRNA, p < 0.01; data are expressed as

means ± SEMs).

(D) Nap1l1 knockdown promotes the process

growth in vivo. Control or Nap1l1-knockdown plas-

mids were electroporated into embryonic brains at

E13.5 and harvested at E18.5 (n = 3 mice for control

and n = 3mice for Nap1l1 shRNA). Scale bar, 50 mm.

(E) High-magnification confocal images of the brain

sections show that Nap1l1 knockdown results in

the formation of abnormally branched processes

compared to the control treatment. Scale bar,

50 mm.

(F) Nap1l1 regulates the morphological maturation

of neurons in vitro. The control or Nap1l1-shRNA

plasmid was electroporated into E13.5 embryonic

mouse brains, and the mice were sacrificed at E14.5

(n = 6 mice for control and n = 6 mice for Nap1l1

shRNA). The electroporated GFP+ cells were iso-

lated and cultured in proliferated medium for 72 hr.

Scale bar, 50 mm.

(G) The quantification of the neurite length is shown

as a bar graph (n = 6 mice for control and n = 6 mice

for Nap1l1 shRNA, p < 0.01; data are expressed as

means ± SEMs).

SEM is the standard deviation divided by the square

root of the sample size. Student’s t test; NS, not

significant; *p < 0.05; **p < 0.01.
involvement of Nap1l1 in the regulation dendritic development

and support that Nap1l1 plays a crucial role in cortical neuronal

morphology. In vitro we also observed a significant difference in

neuronal morphology between the control and Nap1l1-silenced

cells in culture (Figures 3F and 3G; n = 6 mice for control and
2284 Cell Reports 22, 2279–2293, February 27, 2018
n = 6 mice for Nap1l1 shRNA, p < 0.01).

These results suggest that Nap1l1 is

required for neuronal development and

that Nap1l1 knockdown leads to persistent

abnormal neuronal development.

Nap1l1 Deletion Results in Abnormal
Neurogenesis in Nap1l1 KO Mice
Nap1l1 KO mice were generated using

the CRISPR-Cas9 system through zygote

microinjection methods. A stop codon ap-

peared when a 73-bp sequence in exon 1
of Nap1l1 was deleted (Figure 4A). The KO mice were identified

by genotyping PCR (Figure S3A). The loss of Nap1l1 was

validated by western blot (Figure S3B; n = 3 individual experi-

ments) and immunostaining (Figure 4B; n = 3 individual experi-

ments). Although Nap1l1�/�mice can survive, the birth ratio of



Figure 4. Loss of Nap1l1 Results in Abnormal Embryonic Neurogenesis

(A) Generation of Nap1l1 KOmice. gRNA3 and gRNA5 were co-injected with a Cas9-expressed plasmid into zygotes. Next, the deletion of Nap1l1was identified

by sequencing.

(B) Nap1l1 is undetected in the brain sections of Nap1l1 KO mice (n = 3 individual experiments). Scale bar, 100 mm.

(legend continued on next page)
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Nap1l1�/�micewas significantly lower than expected, indicating

that partial Nap1l1�/� mice may die in utero (Figure S3C). To

verify the function of Nap1l1 in cortical development, we electro-

porated the embryonic brains of Nap1l1�/� mice at E13.5 and

then harvested the brains at E16.5. Compared with Nap1l1+/+

mice, Nap1l1�/� mice also showed an abnormal distribution of

GFP+ cells (Figures 4C and 4D; n = 4 Nap1l1+/+ mice and n = 4

Nap1l1�/� mice, p < 0.05). Fewer progenitors were labeled by

BrdU in the VZ/SVZ upon the ablation of Nap1l1, suggesting

that the loss ofNap1l1 inhibits the proliferation of progenitor cells

(Figures 4E and 4F; n = 6 Nap1l1+/+ mice and n = 6 Nap1l1�/�

mice, p < 0.01). Progenitors isolated from E12 Nap1l1�/� em-

bryos consistently formed smaller neurospheres than did con-

trols (Figures 4G and 4H; n = 10 neurospheres for Nap1l1+/+

mice and n = 10 neurospheres for Nap1l1�/� mice, p < 0.01).

Similar to the results of Nap1l1 knockdown, the proliferated

RG cells was significantly reduced, whereas the amplification

of IP cells was not altered significantly uponNap1l1 deletion (Fig-

ures S3D and S3E; n = 3 Nap1l1+/+ mice and n = 3 Nap1l1�/�

mice). Simultaneously, more Tuj1+ cells were found in E15 brain

sections of Nap1l1�/� mice (Figures 4I and 4J; n = 4 Nap1l1+/+

mice and n = 4 Nap1l1�/� mice, p < 0.01). Compared with

Nap1l1+/+ mice, more Satb2+ or CUX1+ cells were identified

in the CP of Nap1l1�/� mice (Figures 4K and 4L; Figures S3F

and S3G; n = 3 Nap1l1+/+ mice and n = 3 Nap1l1�/� mice,

p < 0.05). In addition, neurons isolated from Nap1l1�/� embryos

had excessive process growth compared with the control (Fig-

ures 4M and 4N; n = 12 cells for Nap1l1+/+ and n = 12 cells for

Nap1l1�/�, p < 0.05). The overexpression of Nap1l1 in embryonic

brains rescued the abnormality of cell distribution, demon-

strating that the failure of embryonic neurogenesis is caused

specifically by Nap1l1 loss in the brain (Figures S3H and S3I;

n = 3 Nap1l1+/+ mice and n = 3 Nap1l1�/� mice, p < 0.05). As

early as E13, the numbers of NPCs labeled by Sox2 decreased,

whereas there were more neurons labeled by Tuj1 in Nap1l1�/�

mice than in Nap1l1+/+ mice (Figures S3J and S3L; n = 3
(C) Deletion ofNap1l1 results in abnormal cell distribution in the developing neocor

to mark the development of the neocortex. At E16.5, the distribution of GFP+ cells

100 mm.

(D) Percentage of GFP+ cells distributed at VZ/SVZ, IZ, and CP, respectively, at

pressed as means ± SEMs).

(E) Nap1l1 KO inhibits the proliferation of neural progenitors in E15 neocortex. The

DAPI (blue) (n = 6 Nap1l1+/+ mice and n = 6 Nap1l1�/� mice). Scale bar, 50 mm.

(F) Statistic of BrdU+ cells per 100 mm2 surface of VZ/SVZ (n = 6 Nap1l1+/+ mice

(G) Neurospheres formed from Nap1l1�/� mice progenitors are smaller than thos

(H) Statistical analysis of the diameters of neurospheres (n = 10 neurospheres for

expressed as means ± SEMs).

(I) More Tuj1+ cells are investigated in CP of Nap1l1�/� mice compared with those

100 mm.

(J) Tuj1+ cells in CP of Nap1l1�/� mice compared to those in Nap1l1+/+ mice (n =

means ± SEMs).

(K) More Satb2+ cells are detected in CP of Nap1l1�/� mice compared with those

50 mm.

(L) Satb2+ cells in CP of Nap1l1�/� mice compared to those in Nap1l1+/+mice (n =

means ± SEMs).

(M) Morphology of neurons in Nap1l1�/� and Nap1l1+/+ mice, respectively. Scale

(N) Statistical analysis of the neurite length (n = 12 cells for Nap1l1+/+ and n = 12

SEM is the standard deviation divided by the square root of the sample size. Stu

See also Figures S3 and S4.
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Nap1l1+/+ mice and n = 3 Nap1l1�/� mice, p < 0.05). These

abnormal phenotypes also were investigated in postnatal brains,

indicating that the effect of Nap1l1 is persistent (Figures S3K and

S3L; n = 3 Nap1l1+/+ mice and n = 3 Nap1l1�/� mice, p < 0.05).

To further elucidate the effect of Nap1l1 deletion on prolifera-

tion and differentiation in vitro, NPCs isolated from Nap1l1+/+

mice and Nap1l1�/� mice were used for analysis. Both the west-

ern blot and immunostaining experiments showed that Nap1l1

was undetectable in cells isolated from Nap1l1�/� mice (Figures

S4A and S4B; n = 3 individual experiments). The expression of

DCX and Tuj1 was obviously increased in Nap1l1-deleted mice

(Figure S4A; n = 3 individual experiments). Compared with

Nap1l1+/+ mice, fewer pH3+ cells were detected in Nap1l1�/�

mice (Figures S4C and S4F; n = 4 Nap1l1+/+ mice and n = 4

Nap1l1�/� mice, p < 0.05). Similar to the in vivo results, less

BrdU incorporation and more Tuj1+ cells were detected in cells

isolated from Nap1l1�/� mice, demonstrating that the loss of

Nap1l1 results in increased cell proliferation and decreased

cell differentiation (Figures S4D, S4E, S4G, and S4H; n = 6

Nap1l1+/+mice and n = 6Nap1l1�/�mice, p < 0.01). Collectively,

these results support the essential roles of Nap1l1 in embryonic

neurogenesis during cortical development.

Nap1l1 Regulates Neurogenesis via the Modulation of
RassF10
To investigate the global impact of Nap1l1 on the developing

brain at the molecular level, we carried out global transcriptome

analyses (RNA sequencing [RNA-seq]). Genome-wide analyses

identified a large number of differentially expressed genes

when Nap1l1 was knocked down in NPCs (Figure 5A). Gene

Ontology (GO) analysis showed that the repressed gene was en-

riched in the functional terms cell division, mitosis, and cell cycle

regulation (Figure 5B). These gene expression patterns indicate

that Nap1l1 is essential for the proliferation of NPCs. In addition,

the Nap1l1 downregulated gene was enriched in cytoskeletal

organization, which may mediate the dendritic phenotypes
tex. AGFP-expressing plasmidwas electroporated into E13.5 cerebral cortices

was investigated (n = 4 Nap1l1+/+ mice and n = 4 Nap1l1�/� mice). Scale bar,

E16.5 (n = 4 Nap1l1+/+ mice and n = 4 Nap1l1�/� mice, p < 0.05; data are ex-

brain sections ofNap1l1�/� orNap1l1+/+were stained with anti-BrdU (red) and

and n = 6 Nap1l1�/� mice, p < 0.01; data are expressed as means ± SEMs).

e formed from Nap1l1+/+ progenitors. Scale bar, 100 mm.

Nap1l1+/+mice and n = 10 neurospheres for Nap1l1�/� mice, p < 0.01; data are

in Nap1l1+/+ mice (n = 4 Nap1l1+/+ mice and n = 4 Nap1l1�/� mice). Scale bar,

4 Nap1l1+/+ mice and n = 4 Nap1l1�/� mice, p < 0.01; data are expressed as

in Nap1l1+/+mice (n = 3 Nap1l1+/+ mice and n = 3 Nap1l1�/� mice). Scale bar,

3 Nap1l1+/+ mice and n = 3 Nap1l1�/� mice, p < 0.05; data are expressed as

bar, 20 mm.

cells for Nap1l1�/�, p < 0.05; data are expressed as means ± SEMs).

dent’s t test; NS, not significant; *p < 0.05; **p < 0.01.



Figure 5. Nap1l1 Suppression Causes Global Deregulation of Gene Expression

(A) Hierarchical clustering analysis of global genes withmore than twofold change is categorized. Red represents the upregulated genes and green represents the

downregulated genes. Expression levels of �6.0 to 6.0 are indicated below.

(B) Functionally categorized genes associated with proliferation are downregulated. Gene Ontology (GO) analysis revealed the GO terms ‘‘proliferation’’-related

genes between control and Nap1l1 shRNA. The numbers at the end of the bars represent how many genes participated in this process. The log10 of p values are

indicated by bar plots.

(C) Volcano plots illustrate differentially expressed genes. Red dots are upregulated genes and the green dots are downregulated genes compared to control.

(D) List of genes that are most obviously downregulated when Nap1l1 is depressed.

(E) RassF10 is gradually decreased when Nap1l1 shRNA is transfected with gradient-increasing concentration. Different dose of Nap1l1 shRNA was transfected

into N2A cells, and the cells were harvested for western blotting analysis 3 days later (n = 3 individual experiments).

(legend continued on next page)
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(Figure S5A). Some genes related to cell fate specification and

commitment also were downregulated (Figure S5B). Among

the different expressed genes, RassF10 was downregulated

most significantly (Figures 5C and 5D). Then, the effect of

Nap1l1 on the expression of RassF10 was verified further by

western blotting. We observed that RassF10 gradually

decreased when Nap1l1 shRNA was transfected at an

increasing concentration gradient (Figure 5E, n = 3 individual

experiments), whereas the levels increased with Nap1l1 overex-

pression (Figure 5F; n = 3 individual experiments). Simulta-

neously, the transcript of RassF10 also was decreased signifi-

cantly when Nap1l1 was silenced (Figure 5G; n = 3 individual

experiments, p < 0.001). The immunoactivity of RassF10 was

attenuated in Nap1l1 ablated cells (Figure S5C; n = 3 individual

experiments). The results suggest that Nap1l1 may regulate

RassF10 expression.

To explore whether RassF10 is a key regulator of embryonic

neurogenesis, we first obtained cerebral tissue from six different

stages to analyze the expression of RassF10 proteins. The re-

sults showed that RassF10 expression increased from E10 to

E12 and gradually decreased after E15 (Figure S6A; n = 3 individ-

ual experiments). We also observed that RassF10 primarily co-

localized with Nestin, Sox2, and Pax6 (Figure S6B; n = 3 individ-

ual experiments). These results showed that the developmental

expression profile of RassF10 is similar to that of Nap1l1. In addi-

tion, the expression of RassF10 could be effectively suppressed

or overexpressed by shRNA or overexpressed plasmid, respec-

tively (Figures S6C and S6D; n = 3 individual experiments). To

further analyze the function of RassF10 during embryonic neuro-

genesis, we electroporated control and RassF10 shRNA or over-

expressed plasmid into E13.5 mouse brains and the brains were

collected 72 hr later for phenotypic analysis. The results showed

that the suppression of RassF10 caused a phenotype similar to

that of Nap1l1 knockdown (Figures S6E and S6F; n = 3 mice

for control and n = 3 mice for RassF10 shRNA, p < 0.05). In addi-

tion, the overexpression of RassF10 caused abnormalities

similar to those caused by Nap1l1 overexpression (Figures

S6G and S6H; n = 3 mice for control and n = 3 mice for RassF10

overexpression, p < 0.05). Moreover, BrdU incorporation

showed that the proliferation of NPCs was suppressed when

RassF10 was knocked down (Figures S6I and S6J; n = 3 mice

for control and n = 3 mice for RassF10 shRNA, p < 0.01). In sum-

mary, RassF10 plays consistent roles with Nap1l1 in embryonic

neurogenesis.

Nap1l1 Regulates RassF10 Expression by Promoting
SETD1A-Mediated H3K4 Methylation on the RassF10

Promoter
To further illustrate the mechanism by which Nap1l1 regulates

the expression of RassF10, we detected whether Nap1l1 directly

occupies the promoter of RassF10 through a chromatin immu-

noprecipitation assay (ChIP). The results showed that the bind-
(F) The expression of RassF10 is upregulated when Nap1l1 is overexpressed in p

(G) Transcript of RassF10 is decreased when Nap1l1 is suppressed (n = 3 individ

SEM is the standard deviation divided by the square root of the sample size. Stu

See also Figures S5 and S6.
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ing enrichment of Nap1l1 on the promoter 500 bp and 1 kb up-

stream of the start codon of RassF10 but not the coding region

was increased, indicating that the promoter of RassF10 was

occupied by Nap1l1 (Figure 6A; n = 3 individual experiments,

p < 0.01 and p < 0.05 for 500 bp and 1 kb, respectively). Given

that Nap1l1 is a nucleosome assembly protein, we detected

the nucleosome occupancy at the RassF10 promoter in

Nap1l1�/� and Nap1l1+/+ mice by micrococcal nuclease

(MNase) assay. After being digested into mononucleosome,

DNA was extracted and quantified with qPCR. The results

showed that more RassF10 promoters’ DNA was detected in

the mononucleosomal form in Nap1l1�/� progenitors, suggest-

ing that the deletion of Nap1l1 in neural progenitors results in a

compacted chromatin structure at promoters of RassF10 (Fig-

ure 6B; n = 3 individual experiments, p < 0.05). In addition, the

levels of trimethylated H3K4 (H3K4me3) were decreased,

whereas the levels of H4K16 acetylation (H4K16ac) and

H3K27me3 were not affected significantly when Nap1l1 was

suppressed (Figure 6C; n = 3 individual experiments). This result

was verified further in Nap1l1�/� mice (Figure S7A; n = 3 individ-

ual experiments). We next explored whether Nap1l1 regulates

H3K4me3 by recruiting the H3K4me3 methyltransferase

SETD1A. An interaction between Nap1l1 and SETD1A was vali-

dated by co-immunoprecipitation (Figures 6D, 6E, and S7C;

n = 3 individual experiments). We then tested whether Nap1l1

plays roles by forming a Nap1l1-SETD1A complex on the

RassF10 promoter. We found that the levels of H3K4me3 and

RassF10 were decreased significantly when both Nap1l1 and

SETD1A were silenced (Figure 6F; n = 3 individual experiments).

In the presence of both Nap1l1 and SETD1A, more H3K4me3

and RassF10 were detected and more H3K4me3s were pulled

down, indicating that Nap1l1 may facilitate the interaction be-

tween SETD1A and H3K4me3 (Figures 6G, 6H, and S7D; n = 3

individual experiments). Simultaneously, more RassF10 pro-

moters were bound by H3K4me3 in the presence of Nap1l1 (Fig-

ure 6I; n = 3 individual experiments) and fewer RassF10 pro-

moters were bound by SETD1A and H3K4me3; no obvious

reduction in endogenous SETD1A protein was observed upon

Nap1l1 deletion (Figures 6J, S7E, and S7F; n = 3 individual

experiments), suggesting that Nap1l1 may regulate RassF10

expression through SETD1A-mediated H3K4me3 on the

RassF10 promoter.

To identify the functional domain of Nap1l1 in regulating

RassF10, we created two FLAG-tagged Nap1l1 fragments, frag-

ment 1 (F1, N-terminal) and fragment 2 (F2, C-terminal) (Fig-

ure S7G; n = 3 individual experiments). The overexpression of

F2 could effectively rescue the deficiency caused by Nap1l1

knockdown, suggesting that F2 functionally regulates embryonic

neurogenesis (Figures S7H and S7I; n = 3 mice per group,

p < 0.05). Compared with control or F1, F2 can effectively in-

crease the levels of H3K4me3 and RassF10 (Figure 6K; n = 3 in-

dividual experiments). Simultaneously, the binding enrichment of
rimary NPCs (n = 3 individual experiments).

ual experiments, p < 0.001; data are expressed as means ± SEMs).

dent’s t test; NS, not significant; *p < 0.05; **p < 0.01.



Figure 6. Nap1l1 Regulates RassF10 Expression by Promoting SETD1A-Mediated H3K4me3 on the RassF10 Promoter

(A) ChIP analyses show that the binding enrichment of Nap1l1 on the promoter regions of RassF10 is increased when Nap1l1 is overexpressed (n = 3 individual

experiments, p < 0.05; data are expressed as means ± SEMs). N2A cells transfected with 33 FLAG-Nap1l1 or control lentivirus were used for ChIP experiments.

Compared with control, no occupancy of Nap1l1 was detected on the coding sequence of RassF10.

(B) MNase assay shows that more DNA of RassF10 promoter was detected in the mononucleosome of Nap1l1-deleted progenitor cells as compared with the

control (n = 3 individual experiments, p < 0.01; data are expressed as means ± SEMs). Cells isolated from E15 Nap1l1�/� or Nap1l1+/+ mice were collected and

digested with MNase to mononucleosome. Then, DNA were extracted and amplified with individual RassF10 promoter primers.

(C) Nap1l1 knockdown results in reduced RassF10 and H3K4me3 levels. Neural progenitors were infected with control or Nap1l1-shRNA lentivirus. The cell

lysates were probed with anti-RassF10, anti-H3K4me3, anti-H4k16ac, anti-H3K27me3, and b-actin antibodies (n = 3 individual experiments).

(D) CoIP experiments show the interaction between Nap1l1 and SETD1A in N2A cells; 33HA-SETD1A-expressing plasmids were co-transfected with 33 FLAG-

Nap1l1 or control into N2A cells. Three days later, protein extractions of transfected cells were immunoprecipitated with anti-HA and blotted with anti-FLAG (n = 3

individual experiments).

(legend continued on next page)
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F2 on RassF10 also was increased significantly, indicating that

Nap1l1 regulates RassF10 expression through the C-terminal

fragment (Figure 6L; n = 3 individual experiments).

RassF10 Overexpression Rescues the Deficiency
Caused by Nap1l1 Suppression
Because RassF10 is the direct regulating target of Nap1l1, we

hypothesized that the overexpression of Nap1l1 or RassF10

could rescue the phenotype caused by Nap1l1 knockdown in

the developing cortex. To confirm this assumption, Nap1l1 or

RassF10 overexpression plasmids, together with Nap1l1-shRNA

plasmids, were co-electroporated into E13.5 brains and then the

brains were harvested at E16.5. First, we observed that Nap1l1

overexpression or RassF10 overexpression partially rescued

the Nap1l1-shRNA-mediated cell distribution defect of GFP+

cells in the VZ/SVZ and increased the number of GFP+ cells in

the cortex (Figures 7A and 7B; n = 3 mice per group, p < 0.05).

Second, BrdU incorporation was tested to confirm that RassF10

was able to rescue the NPC proliferation defects caused by

Nap1l1 knockdown (Figures 7C and 7D; n = 3 mice per group,

p < 0.01). Finally, the Tuj1 immunostaining analysis showed

that RassF10 rescued the effects of decreased Nap1l1 expres-

sion on NPC differentiation (Figures 7E and 7F; n = 3 mice per

group, p < 0.01). In summary, the results suggest that the relation

between Nap1l1 and RassF10 is critical for maintaining the

neural progenitor pool during early corticogenesis. The data

further indicate that Nap1l1 regulates embryonic neurogenesis

by targeting RassF10.

DISCUSSION

Embryonic neurogenesis is tightly regulated by multiple tran-

scription factors and epigenetic molecules to ensure the precise

development of the cortex. Deficiency in the proliferation and dif-

ferentiation of neural progenitors is a major convergence point of

neurodevelopmental disorders (Ernst, 2016). In this study, we

have demonstrated that Nap1l1 plays essential roles in embry-

onic neurogenesis in cortex development. The alternation of

Nap1l1 expression results in abnormal cell distribution. Nap1l1

not only modulates self-renewal of NPCs but also controls the

cell-cycle exit of progenitors and neuronal differentiation.

RassF10 is a major transcriptional mediator of Nap1l1 on embry-

onic neurogenesis.Nap1l1 mechanically regulates RassF10
(E) SETD1A can be pulled down by Nap1l1; 3 3 FLAG-Nap1l1-expressing plasm

days later, protein extractions of transfected cells were immunoprecipitated with

(F) The levels of H3K4me3 and RassF10 are decreased significantly when both N

(G) More H3K4me3 is pulled down by SETD1A when both Nap1l1 and SETD1A a

(H) More H3K4me3 is pulled down by Nap1l1 when both Nap1l1 and SETD1A ar

(I) ChIP analysis shows the complex of Nap1l1 and SETD1A binding on the Rass

means ± SEMs).

(J) The binding of SETD1A on the RassF10 promoter is decreased in Nap1l1 l

respectively, and infected with lentivirus expressing HA-SETD1A. Three days late

experiments, p < 0.05; data are expressed as means ± SEMs).

(K) Nap1l1 fragment 2 can obviously increase H3K4me3 levels and RassF10 exp

(L) Nap1l1 regulates RassF10 expression through the binding of fragment 2 on the

as means ± SEMs).

SEM is the standard deviation divided by the square root of the sample size. Stude

Figure S7.
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expression by promoting SETD1A-mediated H3K4 methylation

on the RassF10 promoter.

RNA-seq analysis indicates that the neurogenesis defects

caused by Nap1l1 downregulation are a systematic alteration

in which RassF10 may play an important role. As the last identi-

fied member of the RASSF family, RassF10 is expressed in the

nervous system (Hill et al., 2011; Reeves and Posakony, 2005).

Its subcellular distribution occurs in a cell cycle-dependent

manner (Hill et al., 2011). In addition, RassF10 is silenced

frequently in multiple tumors via methylation on its promoter

CpG island (Liu et al., 2016; Richter et al., 2016; Xue et al.,

2016). The inactivation of RassF10 promotes cell viability and

proliferation. Most studies to date have focused on the tumor,

and there are few data on the normal function of RassF10. The

role of RassF10 in embryonic neurogenesis also is largely un-

known. To address this question, we electroporated RassF10

shRNA or overexpressed plasmids into the embryonic brains.

Like Nap1l1, similar abnormal cell distributions were observed

in RassF10 up- or downregulated brains. These results highlight

the importance of RassF10 in embryonic neurogenesis. As

one of the downstream targets of Nap1l1, RassF10 overexpres-

sion can partially rescue the abnormal phenotypes caused by

Nap1l1 downregulation. Although we cannot rule out the direct

role of RassF10 in regulating embryonic neurogenesis, the

regulation of Nap1l1 on RassF10 through directly binding the

promoter or recruiting SETD1A was verified by ChIP and co-

immunoprecipitation (coIP) experiments.

Nap1l1 generally regulates the formation of chromatin and con-

tributes to cell proliferation. A previous report showed thatNap1l1

is recruitedbyFoxa2andH2A.Z tomediatenucleosomedepletion

during embryonic stem cell (ESC) differentiation (Li et al., 2012).

Consistently, our MNase assay showed that the deletion of

Nap1l1 in neural progenitors resulted in a compacted chromatin

structure at promoters of RassF10 (Figure 6B). Simultaneously,

a global decrease in H3K4me3 levels was observed upon

Nap1l1 knockdown. In addition, endogenous SETD1A, a his-

tone methyltransferase of H3K4, was not obviously reduced

upon Nap1l1 deletion, indicating that the global decrease of

H3K4me3maynotbecausedbya reducedSETD1A level. It raises

the possibility that Nap1l1-mediated histone depletion may facil-

itate the recruitment of SETD1A to the promoter regions of

RassF10. In this study, we found that the complex of Nap1l1

and SETD1A not only promotes the binding enrichment of
ids were co-transfected with 3 3 HA-SETD1A or control into N2A cells. Three

anti-FLAG and blotted with anti-HA (n = 3 individual experiments).

ap1l1 and SETD1A are silenced (n = 3 individual experiments).

re overexpressed (n = 3 individual experiments).

e overexpressed (n = 3 individual experiments).

F10 promoter (n = 3 individual experiments, p < 0.05; data are expressed as

oss mice. Primary NPCs were isolated from Nap1l1�/� and Nap1l1+/+ mice,

r, the cells were subjected to ChIP analysis using HA antibody (n = 3 individual

ression (n = 3 individual experiments).

RassF10 promoter (n = 3 individual experiments, p < 0.05; data are expressed

nt’s t test; NS, not significant; *p < 0.05; **p < 0.01. HA, hemagglutinin. See also



Figure 7. The Defects Caused by Nap1l1 Depletion Can Be Rescued by RassF10 Overexpression

(A) Nap1l1 or RassF10 overexpression can rescue the cell-positioning defects caused by Nap1l1 knockdown. Nap1l1- or RassF10-overexpressing plasmid was

electroporatedwith the Nap1l1-knockdown plasmid into the cortex at E13.5. The distribution of GFP+ cells was investigated at E16.5 (n = 3mice per group). Scale

bar, 20 mm.

(B) Quantification of GFP+ cells in the VZ/SVZ, IZ, and CP (n = 3 mice per group, p < 0.05; data are expressed as means ± SEMs).

(legend continued on next page)
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Nap1l1on theRassF10promoterbutalso increases theH3K4me3

levels, thereby upregulating the expression of RassF10.

In this study, we produced Nap1l1 KO mice by using the

CRISPR-Cas9 system. Although the loss of Nap1l1 is systemic

and not specific to the brains, the deficiency of neurogenesis

was consistent with the RNAi experiment. To eliminate the effect

of Nap1l1 deletion in other tissues, we performed rescue exper-

iments by electroporating the Nap1l1 overexpression plasmid

into Nap1l1 KO mouse brains (Figures S3H and S3I). The results

showed that the overexpression of Nap1l1 can rescue the defi-

ciency of embryonic neurogenesis that results from the loss of

Nap1l1, demonstrating that the deletion of Nap1l1 is a direct

cause of developmental deficiency of the brain but is not

affected by the loss of Nap1l1 in other tissues.

In conclusion, our study demonstrates that Nap1l1 is a critical

regulator of embryonic neural progenitor proliferation and

neuronal differentiation during cortical development. Nap1l1me-

chanically functions through binding the promoter of RassF10

and forms a complex with SETD1A to promote the H3K4me3

levels. These findings provide compelling evidence that Nap1l1

is critical for brain development and neurogenesis.

EXPERIMENTAL PROCEDURES

Animals

Pregnant ICR (CD-1) mice approximately 2 months of age were obtained from

Vital River Laboratories. All of the animal studies were performed in accor-

dance with experimental protocols and approved by Animal Care and Use

Committees at the Institute of Zoology, Chinese Academy of Sciences.

Nap1l1 KO mice were generated and maintained in the Experimental Animal

Center of the Institute of Zoology, Chinese Academy of Sciences.

In Utero Electroporation

Pregnant ICRmice purchased from Vital River Laboratories were deeply anes-

thetized with pentobarbital sodium (70 mg/kg) and the uterine horns were

exposed. The detailed protocols have been described previously (Chenn

andWalsh, 2002; Saito, 2006; Sanada and Tsai, 2005). For the cell proliferation

analysis, the mice were intraperitoneally injected with BrdU (50 mg/kg) 3 days

after electroporation and killed 2 hr later (Mao et al., 2009). For the cell-cycle

exit analysis, the pregnant mice were treated with BrdU for 24 hr before eutha-

nasia. For the BrdU dating experiments, the pregnant mice were treated with

BrdU 24 hr after being electroporated and killed 5 days later. In the rescue

experiments, the ratio of the concentration of Nap1l1 or RassF10 plasmid to

Nap1l1-shRNA plasmid was 2:1.

RNA-Seq Analyses

Primary NPCs isolated from E12 mice brains were cultured in proliferated

medium containing Neurobasal/DMEM/F12 (Invitrogen) with penicillin-strep-

tomycin-glutamine (Invitrogen), GlutaMAX (Invitrogen, 0.5%), nonessential

amino acids (Invitrogen, 1%), B27 supplement (Invitrogen, 2%), basic fibro-

blast growth factor (Invitrogen, 5 ng/mL), and epidermal growth factor (Invitro-

gen, 5 ng/mL). The NPCs were infected with Nap1l1-shRNA or control lenti-

virus 24 hr later. After 3 days’ culture, the cells were collected for total RNA

extraction and subjected to RNA-seq. RNA was sequenced by Annoroad

Company. Significantly differentially expressed genes were identified when

we compared the normalized read count between groups with p < 0.05 and
(C) Nap1l1 or RassF10 overexpression can rescue the decrease of RG cells cause

(n = 3 mice per group). The arrows indicate the GFP+ BrdU+ cells. Scale bar, 50

(D) Percentage of GFP+BrdU+ cells divided by total GFP+ cells (n = 3 mice per g

(E) Nap1l1 or RassF10 overexpression can rescue the increase of neurons cause

(F) Percentage of GFP+ Tuj1+ cells divided by total GFP+ cells (n = 3 mice per gr

SEM is the standard deviation divided by the square root of the sample size. On
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jlog2foldchangej > 1. The significance of the Gene Ontology term enrichment

was estimated with Fisher’s exact test (p value).

Nap1l1 KO Mouse Construction

Nap1l1 KO mice were constructed using the CRISPR-Cas9 system. Briefly,

gRNA3: CCCCACTTACTTGTCAATGTCGG and gRNA5: AACAAGACTG

AGTTGCTTAAAGG were cloned into pUC57-kan-T7-guide RNA (gRNA) vec-

tor. After transcription and purification, the gRNAs and the Cas9-expressing

vector pST1374-N-NLS-FLAG-linker-Cas9 were microinjected into fertilized

single-cell embryos. Then, the injected zygotes were implanted into the host

dams. When the offspring were born, the tails were isolated and incubated

with lysis buffer containing proteinase K. Next, the genotyping PCR experi-

ments were performed and the PCR production was sequenced to identify

the mutations. Following genetic testing, a mouse with a 69-bp deletion in

the gRNA3 and gRNA5 cutting sites was screened and bred for the sequential

experiments. The genotyping primers used for Nap1l1 KO mice were NAP1

KDP7841F: CACTGCTGTGTTTGCTAGGC and NAP1 KDP8315R: CATTGC

CAGGGGGTGGTTTA. The PCR products were 475 bp or 402 bp for wild-

type or Nap1l1 KO mice, respectively.

MNase Digestion Assay

Primary neural progenitors isolated from E13 Nap1l1�/�or littermate Nap1l1+/+

were used for MNase digestion assay. This assay was performed as described

previously (Feng et al., 2013). In brief, the adhered cells were collected with

NP-40 lysis buffer (Thermo Fisher Scientific) and incubated on ice for 5min. Af-

ter centrifugation, the debris was washed with the MNase buffer and digested

with MNase (New England Biolabs) at 37�C for 30 min. After digestion, the

reaction was ended using MNase stopping buffer. DNA was then extracted

for qPCR. The primers used for qPCR were Nap1l1-ChIP-500bp-F, GGGGA

CCTACAGATCTGACC and Nap1l1-ChIP-500bp-R, TAAGCGCTGCCTCTA

AACCT.

Statistical Evaluation

Statistical analyses for protein abundance on PAGE gels were measured in

Odyssey (LI-COR Biosciences) and normalized with a band of b-actin (Figures

1B, 1D, and 6C). Immunostaining density analysis was performed with Image-

Pro Plus (Media Cybernetics) (Figures S1E and S1I). For statistical analyses of

cell distribution and labeling in vivo, three to six embryos were analyzed for

each condition (detailed numbers of analyzed embryos are shown in each

figure) and at least three sections were examined for each embryo (Figures

1F, 2C, 2D, 2I–2L, 3C, 3G, 4D, 4F, 4H, 4J, 4L, 5G, 6A, 6B, 6I, 6J, 6L, 7B, 7D,

and 7F). The statistical analyses for neurite length was performed with ImageJ

(Figures 3G and 4N). The statistical analyses between two groups were

performed using Student’s t test. Comparison between multiple groups was

calculated by one-way ANOVA with post hoc Tukey’s test. The data are

presented as the means and the error bars represent the SEMs. Probabilities

of p < 0.05 were considered significant (statistical significance: NS, not signif-

icant; *p < 0.05; **p < 0.01; ***p < 0.001). All of the tests were performed using

GraphPad Prism 6 or Microsoft Excel programs.

Data Availability

The accession number for the sequencing data reported in this article is GEO:

GSE92629.
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