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MacroH2A1.2 deficiency leads to neural stem cell
differentiation defects and autism-like behaviors

Hongyan Ma?, Libo Su™? Wenlong Xia'?, Wenwen Wang*3, Guohe Tan*" & Jianwei Jiao

Abstract

The development of the nervous system requires precise regula-
tion. Any disturbance in the regulation process can lead to neuro-
logical developmental diseases, such as autism and schizophrenia.
Histone variants are important components of epigenetic regula-
tion. The function and mechanisms of the macroH2A (mH2A)
histone variant during brain development are unknown. Here, we
show that deletion of the mH2A isoform mH2A1.2 interferes with
neural stem cell differentiation in mice. Deletion of mH2A1.2
affects neurodevelopment, enhances neural progenitor cell (NPC)
proliferation, and reduces NPC differentiation in the developing
mouse brain. mH2A1.2-deficient mice exhibit autism-like behav-
iors, such as deficits in social behavior and exploratory abilities.
We identify NKX2.2 as an important downstream effector gene and
show that NKX2.2 expression is reduced after mH2A1.2 deletion
and that overexpression of NKX2.2 rescues neuronal abnormalities
caused by mH2A1.2 loss. Our study reveals that mH2A1.2 reduces
the proliferation of neural progenitors and enhances neuronal dif-
ferentiation during embryonic neurogenesis and that these effects
are at least in part mediated by NKX2.2. These findings provide a
basis for studying the relationship between mH2A1.2 and neuro-
logical disorders.
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Introduction

During the formation of the mammalian brain, neural progenitor
cells give rise to neurons and astrocytes through symmetrical and
asymmetrical divisions (Kriegstein & Alvarez-Buylla, 2009; Ming &
Song, 2011; Florio & Huttner, 2014). The function of the brain is

1,2,56,**

precisely regulated by many genes and epigenetic regulators
(Haubensak et al, 2003; Noctor et al, 2004; Fuentealba et al, 2015).
During development, deletion of certain genes may cause neurode-
velopmental disorders such as autism and depression (Taliaz et al,
2010; Ming & Song, 2011; Li et al, 2019).

During brain development, epigenetic mechanisms have pivotal
roles to regulating gene expression at different stages of neurogene-
sis (Hirabayashi & Gotoh, 2010; Yao et al, 2016). Different combina-
tions of epigenetic molecules and transcription factors can modify
the primary DNA sequence and result in differential gene expres-
sion in different cell types (Ma et al, 2010; Albert et al, 2017).
Epigenetics mainly involves the heritable expression of cell pheno-
types in which changes in gene expression are caused by mecha-
nisms such as histone modification, DNA methylation, and
chromatin remodeling (Yao et al, 2016). Histone variants, the prod-
ucts of epigenetic modifications, affect the activation or silencing of
gene transcription by regulating the structure of chromatin
(Henikoff & Smith, 2015). Of all histones, only the mH2A variant
has an evolutionarily conserved 25 kDa carboxy-terminal globule
at the C-terminus, called the macrodomain, which interacts with
metabolites and histone modifiers (Pehrson & Fried, 1992;
Ladurner, 2003; Chakravarthy & Luger, 2006; Gamble & Kraus,
2010; Hussey et al, 2014). Transforming the classic H2A protein
into an inhibitory mH2A variant is one of the most obvious
epigenetic chromatin changes that occur at the nucleosome level
(Buschbeck & Di Croce, 2010; Chen et al, 2014). mH2A not only
inactivates the X chromosome, but also positively or negatively
regulates the transcription of specific genes (Kapoor et al, 2010;
Kim et al, 2013; Dell’Orso et al, 2016). mH2A has two isoforms,
mH2A1 and mH2A2, which are encoded by the H2AfyI and H2Afy2
genes, respectively. MacroH2A1 transcripts are alternately spliced
to produce two macroH2A1 variants, macroH2A1.1 and macroH2A1.2,
which differ in an ~30 amino acid regions of the macrodomain
(Gamble & Kraus, 2010; Creppe et al, 2012). MACROH2A1 was
identified as a candidate gene in a previous genome-wide linkage
analysis for autism (GWAS) (Philippi et al, 2005; Karine et al,
2007). Autism spectrum disorder (ASD) is a neurodevelopmental
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disorder in which various sensorimotor processes are affected, lead-
ing to significant qualitative difficulties in behavior, social interac-
tion, and communication with others (Tang et al, 2014; Lin et al,
2016; Trutzer et al, 2019). The presence of mH2A in the monkey
brain is mentioned in the article as having an important role for
neurons, and its absence may lead to similar neurological disorders
such as autism or Rett syndrome (Liu et al, 2016). In addition to
this, studies of macroH2A in zebrafish embryonic development in
previous reports have shown that macroH2A variants constitute an
important epigenetic mark involved in the concerted regulation of
gene expression programs during cellular differentiation and devel-
opment (Buschbeck et al, 2009; Gonzalez-Munoz et al, 2019). It
is therefore important to elucidate the mechanisms by which
mH2A affects neurogenesis at the genetic level during embryonic
development.

Although it is generally accepted that mH2A has an important
regulatory role in gene expression, it is unclear whether mH2A
affects neurogenesis during embryonic development and leads to
autism-like symptoms. We therefore explored the functions and
mechanisms of mH2A in terms of neurogenesis and animal behav-
ior. To this end, we knocked down mH2A1.2 in embryonic neural
stem cells (NSCs) by in utero electroporation (IUE) and knocked
out the HZ2Afyl gene encoding mH2Al in mice. The entire
MACROHZ2A1 gene and the expression of both splice variants
downregulated. We found that silencing mH2A1.2 promoted the
proliferation of mouse progenitor cells and inhibited differentia-
tion. We discovered that downregulation of mH2A1.2 expression
or deletion of the entire MACROH2A1 gene resulted in abnormal
cortical development and abnormal neuronal dendrite morphology.
Mechanistically, histone variants have multiple covalent modifi-
cations, including methylation and acetylation. Among these modi-
fications, acetylation at lysine 27 of histone H3 (H3K27ac) around
the TSS is an indicator of the transcriptional program of embry-
onic stem cells (Vermunt et al, 2016). We found that mH2A1.2
interacts with Brd4 to regulate the expression of the downstream
molecule NKX2.2 molecule, thereby promoting gene transcription
activated by H3K27ac. Brd4 is recruited to the activated enhancer
by the acetylation of H3K27, facilitating the initiation and activa-
tion of gene transcription during brain embryo development (Rah-
namoun et al, 2018). Based on behavioral tests, a significant
decrease in exploratory and social skills was observed in the
mH2A1.2 KO mice, and ultrasound experiments also showed a
tendency toward autism. Taken together, we showed that loss of
mH2A1.2 can affect neurogenesis during brain embryogenesis and
that KO mice exhibit autism-like behavior.

Figure 1. mH2A1.2 is expressed in the developing brain.

Hongyan Ma et al

Results
mH2A1.2 is expressed in the developing brain

The histone variant mH2A has two isoforms, mH2A1l and
mH2A2, and mH2A1 transcripts are alternately spliced to
produce two macroH2A1 variants, macroH2A1.1 and macroH2A1.2
(Hurtado-Bages et al, 2020). To investigate the function of
mH2A1.2 during the development of the nervous system, we
quantified the relative abundance at the mRNA level and found
that the mouse brain contained mainly mH2A1l, and mH2A1.2
was the predominant component of mH2Al (Fig EV1A and B).
Since these data suggest that the macroH2Al1.2 form constitutes
more than 80% of all cellular macroH2A in the mice brain, we
decided to focus on the functional role of this isoform. Next, we
used Western blotting to determine the expression pattern and
found that mH2A1.2 expression was dynamic during brain devel-
opment. The results showed that mH2A1.2 was expressed at E13
(embryonic 13), and as development progressed, the expression
level gradually decreased (Fig 1A and C). The expression pattern
was similar to that of PAX6, which is a marker of neural progeni-
tor cells. Furthermore, RT-PCR (qRT-PCR) was used to explore
several time points in the developmental process, and the results
were consistent with the Western blotting results. The temporal
expression pattern of mH2A1l.1 in the developing cortex was
similar to that of mH2A1.2 (Fig EV1C), In addition, we used
immunohistochemistry (IHC) to determine the location of mH2A1.2
during brain development and found that mH2A1.2 was expressed
in the VZ/SVZ and CP layers at all stages of development and
localized in the nucleus (Fig 1B). We also isolated neural progeni-
tor cells from E12(embryonic 12) mice to detect mH2A1.2 in vitro.
The results showed that mH2A1.2 was also expressed in neural
progenitor cells in vitro and costained with SOX2, PAX6, and
NESTIN (Fig 1D). mH2A1.2 was also coexpressed with the TUJ1
neuronal marker (Fig EV1D). These experimental data show that
mH2A1.2 is expressed in neural progenitor cells and neurons
during embryonic development.

To explore the function of mH2A1.2 in development, we
designed mH2A1.2 shRNA to knockdown the expression of
mH2A1.2. Western blotting showed that mH2A1.2 was obviously
decreased in 293T cells infected with the mH2A1.2-shRNA lentivirus
(Fig EV1E and F). Next, we transferred mH2A1.2-shRNA and control
plasmids into the brains of E13.5 mice using the in utero electropo-
ration method and harvested the brains at E16.5. mH2A1.2 was also
decreased in shRNA-electroporated cells in vivo (Fig EV1G). The

A mH2A1.2 and different neurogenesis markers are present in cortical lysates collected at various time points (E13, E15, E17, and PO).

m o O ®

harvested at E16.5. Scale bar represents 50 pm.

Immunofluorescence staining for mH2A1.2 in the cerebral cortex at E13, E15, and PO. Scale bar represents 100 pm.

A scatter diagram shows the changing trend of mH2A1.2 and different neurogenesis markers. n = 5 mice, independent replicates.

mH2A1.2 is expressed in neural progenitor cells and neurons cultured in vitro. Scale bar represents 50 pm.

Electroporation of mH2A1.2-shRNA results in abnormal cell distribution in the developing neocortex. Electroporation was performed at E13.5, and the mouse was

F  Graph shows the percentage of GFP-positive cells distributed in the VZ/SVZ, 1Z, and CP. n = 7 mice, independent replicates.

Date information: Representative images from at least three independent experiments. Error bars represent the means 4+ SEM; two-tailed unpaired t-test, **P < 0.01 or

***p < 0.001. n.s., not significant.
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coronal sections were subjected to immunofluorescence staining
(Fig 1E). The number of GFP" cells in the VZ/SVZ region was signif-
icantly increased, and the number of GFP" cells in the IZ region was
greater than that in the control group, but the number of GFP" cells
in the cortical plate (CP) layer was significantly reduced compared
with that in the control group (Fig 1F). These results indicate that
mH2A1.2 is abundantly expressed during development and that
mH2A1.2 knockdown causes abnormal cell distribution in the devel-
oping neocortex, also indicating that macroH2A1.2 can affect corti-
cal neurogenesis.

mH2A1.2 knockout promotes neural progenitor cell proliferation

To further investigate the functional role of mH2A1l.2 in brain
development, we constructed mH2A1 knockout mice (Fig 2A). We
designed a gRNA to target the MACROH2A1 encoded by H2AfylI.
gRNA leads to total MACROH2A1 KO which mainly affects splice
isoform macroH2A1.2. Guide RNA mediated the Cas9 nuclease
cleavage of the gene sequences in the first and eighth exons of the
H2Afy gene. We used Western blotting and RT-PCR to examine
the knockout efficiency in the macroH2A1 KO mice. Compared
with WT mice, KO mice barely expressed endogenous mH2A1.2
(Fig 2B and C and Fig EV2B and C). In addition, mH2A1.2 was
scarcely expressed in the brains of KO mice compared with WT
mice by IHC (Fig EV2D). To study the role of mH2A1.2 during
brain development, the embryonic brain at E13.5 was transformed
with GFP plasmid by the IUE method and harvested at E16.5.
Quantitative staining showed that GFP' cells had an abnormal
distribution compared with WT mice. The number of GFP" cells in
the VZ/SVZ region increased significantly, and the number of GFP*
cells in the CP layer increased significantly (Fig 2D and E). This
result is consistent with the results of mH2A1.2 knockdown. We
also counted the number of GFP" cells in the same-sized area after
harvesting the brains of E16 mice and found no significant dif-
ferences (Fig EV2A).

To confirm whether the increase in GFP' cells in the VZ/SVZ
region is due to increased proliferation of neural progenitor cells,
we used pH3 stain to label the mitotic activity of cells and observed
that mH2A1.2 knockdown increased mitotic activity (Fig EV2E
and F). The increase in the number of pH3" cells in the coronal
sections of KO mice at E16.5 also confirmed that mitotic activity
was increased when mH2A1.2 was deleted (Fig 2F and G).

Figure 2. Loss of mH2A1.2 increases proliferation of neural progenitor cell.

Hongyan Ma et al

Immunofluorescence staining revealed that the number of GFP* and
PAX6" costained cells increased, which suggests that the number of
neural progenitor cells increased (Fig 2H and I). We also labeled
progenitor cells with BrdU two hours in advance, and IHC analysis
revealed that there were more GFP* BrdU™ cells in the brains of KO
mice than in the brains of WT mice, suggesting that knockout of
mH2A1.2 increases the amount of incorporated BrdU in the GFP"
cell population (Fig EV2G and H).

Although previous reports indicated we understand that the
mH2A variant in the mouse brain is predominantly mH2A1.2
(Posavec Marjanovic et al, 2017), but mH2A1.1 is also expressed in
mouse brain (Kozlowski et al, 2018). We explored whether the
mH2A1.1 variant has a role during embryonic development. We
used electroporation to overexpress the mH2A1.1 plasmid in the
brains of E13.5 mice, and collected brain sections at E16 and PO (Fig
EV3A and C), to determine that the distribution of GFP" was not
significantly affected (Fig EV3B and D). These results suggest that
overexpression of mH2A1.1 did not have a significant effect on the
proliferation or differentiation of neural stem cells.

Next, we used electroporation to overexpress the mH2A1.2 plas-
mid in the brains of mH2A1.2 KO and WT mice. Compared with the
control group, the number of GFP" cells in the VZ/SVZ brain regions
of the KO mice was rescued by overexpression of mH2A1.2. The
number of GFP" cells in the CP layer appeared to be normal (Fig
EV4A and B). This suggests that the abnormal distribution of GFP*
cells observed in mH2A1.2-deficient embryos can be rescued by
overexpression of the mH2A1.2 plasmid. Similar results were
obtained using mH2A1.2-shRNA and mH2A1.2 overexpression by in
utero electroporation (Fig EV3E and F). The above experimental
results suggest that mH2A1.2 affects NPC proliferation in early
embryonic development.

Deletion of mH2A1.2 inhibits neural progenitor
cell differentiation

Deletion of mH2A1.2 leads to abnormal distribution of GFP™ cells in
the VZ/SVZ region, and radial glial cells (RGs) and intermediate
progenitor cells (IPs) are the main progenitor cell types in the VZ/
SVZ region. To determine whether the deletion of mH2A1.2 affects
the lineage transition of progenitor cells from the VZ to the SVZ, we
compared the proportion of TBR2" cells in the VZ/SVZ region of WT
and KO mice (Fig 3A) and found that the number of TBR2" cells

A Schematic of the mH2A1 knockout mouse construction strategy. The H2Afy1 gene-encoded mH2A1 was knocked out by the CRISPR-Cas9 method.
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were sacrificed at E16.5. Scale bar represents 50 pum.

Statistics of pH3" cells of the cortex. n = 6 mice, independent replicates.
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the mice were sacrificed at E16.5. Scale bar represents 50 pum.

Western blot analysis of mH2A1 expression levels in WT and mH2A1 KO cortices at E13.5.
Graph shows the normalized density of mH2A1.2 versus control. n = 6 mice, independent replicates.
Abnormal cell distribution was observed in the mH2A1.2 silenced neocortex. The GFP plasmid was electroporated into WT and KO mice brains at E13.5, and the mice

Graphs of the percentage of GFP-positive cells in the VZ/SVZ, 1Z, and CP. n = 5 mice, independent replicates.
Brain sections of WT and KO mice at E16.5 were immunostained with the mitotic marker pH3 and DAPI. Scale bar represents 20 pum.

Representative images of E16.5 coronal brain sections were immunostained for PAX6. The GFP plasmid was electroporated into WT and KO mice brains at E13.5, and

| Quantification of GFP and Pax6 double-positive cells in the VZ/SVZ. n = 6 mice, independent replicates.

Date information: Representative images from at least three independent experiments. Error bars represent the means + SEM; two-tailed unpaired t-test, *P < 0.05,

**P < 0.01 or ***P < 0.001. n.s,, not significant.
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increased more significantly (Fig 3B). Consistently, the immunola-
beling of BrdU on coronal sections from WT and KO mice showed
that more BrdU-incorporating cells were detected in KO mice
(Fig 3C), suggesting that progenitor cells in S phase were also
increased when mH2A1.2 was ablated. To test whether the increase
in the number of TBR2" cells is due to the proliferation of IPs alone,
we injected BrdU to label proliferating IPs two hours before the
brain was harvested. The results confirmed that TBR2'BrdU" cells
were increased in KO mice compared with WT mice (Fig 3D). These
data demonstrated that mH2A1.2 regulates brain neural progenitor
cell proliferation. In addition, we injected BrdU into mice, and 24 h
later, we removed the brain at E16.5 for immunofluorescence analy-
sis of BrdU and Ki67 staining. We found that the percentage of cells
in the mouse brain that exited the cell cycle decreased after
mH2A1.2 deletion (BrdU'Ki67 /BrdU'Ki67" cells; Fig 3E and F),
indicating that increased cell proliferation was accompanied by
decreased cell cycle exit.

We quantified the mRNA and protein levels of markers related
to proliferation and differentiation in mH2A1.2-deficient neural
progenitor cells. Western blot analysis revealed that markers of
neural progenitor cells such as PAX6, PCNA, and TBR2 increased
(Fig 3G and H). Markers related to differentiation such as
TUJ1 were significantly reduced (Fig 31 and J), suggesting that
mH2A1.2 deletion reduced the differentiation of neuronal stem
cells. IHC analysis indicated that TUJ1 was reduced in cortical
tissue, which confirmed the Western blotting results (Fig 3K and
L). For in vitro experiments, the mH2A1.2-shRNA lentivirus was
used to infect primary progenitor cells, and we obtained Western
blotting results consistent with those of mH2A1.2-deficient mice
(Fig EVAC-F). The above experiments further verified that the
differentiation of cortical neurons was reduced after mH2A1.2
knockout, resulting in abnormal cell distribution. To determine
that the abnormal cell distribution was not caused by cell death,
we measured apoptosis and found that there was no significant

Figure 3. Depletion of mH2A1.2 reduces neural progenitor cell differentiation.

Hongyan Ma et al

difference in the number of apoptotic cells between the KO and
WT groups (Fig 3M and N).

Therefore, the above experiments verified the increase in inter-
mediate progenitor cells and excluded other factors such as cell
apoptosis, indicating an essential role for mH2A1.2 in neurogenesis.

mH2A1.2 deletion causes abnormal neuronal morphology and
affects neuronal differentiation

To investigate whether the loss of mH2A1.2 affects neuron morphol-
ogy during embryonic brain development, we electroporated the
GFP plasmid into the WT or KO mouse brain at E13.5. After 24 h,
the brain was harvested, and GFP" cells isolated from neuron
progenitor cells were cultured under in vitro differentiation condi-
tions. After four days of culture, the number of primary dendrites
and the total length of the dendrites were reduced after mH2A1.2
deletion (Fig 4A-C).

Next, we examined the effect of mH2A1.2 on neuron morphology
in vivo. We transferred the GFP plasmid into mH2A1.2 embryonic
brains using IUE at E13.5 and collected brains at PO, P7, and P15
(Fig 4D and Fig EV5A-D). We selected the same-sized region of the
upper layer and counted the dendritic branches of all GFP" cells in
the same-sized region. KO neurons had fewer dendritic branches
than WT neurons in the PO brain (Fig 4E). The neurons migrated
normally, but neuronal morphological abnormalities were observed.
The results of in vivo experiments were observed at two different
electroporation periods (Fig EVSE and F).

Because the differentiation of neural progenitor cells was
reduced, we wanted to explore whether the specificity of neuronal
cell types was affected. We collected the brain at PO and stained it
with specific markers of various cell types. We found that the
number of Cuxl” neurons was significantly increased and the
number of Ctip2" neurons was decreased in mH2A1.2 KO mice at PO
(Fig 4F-H). We also investigated other cell types in the KO brain,

A Representative images of E16.5 coronal brain sections immune-stained for Tbr2 and BrdU. BrdU was injected intraperitoneally into pregnant mice at E16.5 for 2 h of

pulse labeling. Scale bar represents 20 pm.

B Statistics of TBR2" cells per 100 um? surface of VZ/SVZ. The number of TBR2+ cells increased significantly in KO mice compared with WT mice. n = 6 mice,

independent replicates.

C Statistics of BrdU™ cells per 100 pm? surface of VZ/SVZ. The number of BrdU™ cells increased significantly in KO mice compared with WT mice. n = 6 mice,

independent replicates.

D Percentage of TBR2'BrdU" cells among all TBR2" cells. TBR2*BrdU" cells were increased in KO mice compared with WT mice. Two-tailed unpaired t-test. n = 6 mice,

independent replicates.

E Cell cycle exit was decreased in KO mice. E16.5 brain sections were stained with anti-BrdU and anti-Ki67 in WT mice and KO mice that were administered BrdU

(100 mg/kg) for 24 h and harvested at E16.5. Scale bar represents 20 um.

F  Percentage of cell cycle exit (BrdU'Ki67/ BrdU") in WT mice and KO mice. n = 7 mice, independent replicates.
Western blot analysis showed that the protein expression levels of neural stem cell marker, including TBR2, PCNA, and PAX®, are increased in mH2A1.2 KO mice

compared with WT.

H Statistics of the normalized density of TBR2, PCNA, and PAX6. n = 5 mice, independent replicates.
| Western blot analysis showed that the protein expression levels of the neuron marker TUJ1 are downregulated in mH2A1.2 KO versus WT mice. n = 5 mice,

independent replicates.

] Statistics of the normalized density of TUJ1. TUJ1 was also reduced in protein level. n = 5 mice, independent replicates.

K Coronal brain slices of E16.5 WT mice and KO mice were immunostained using anti-TUJ1. Scale bar represents 20 pum.

L Relative TUJ1" cells in the VZ of WT mice and KO mice. TUJ1 was reduced in cortical. n = 6 mice, independent replicates.

M The apoptosis levels between WT and KO brains showed no significant difference. E16.5 brain sections of WT and KO mice were subjected to TUNEL assay. Scale bar

represents 50 pm.

N Graph shows the numbers of apoptotic cells per field. n = 4 mice, independent replicates.

Date information: Representative images from at least three independent experiments. Error bars represent the means & SEM; two-tailed unpaired t-test, *P < 0.05. n.s,,

not significant.
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and we assayed the brains of WT and KO mice at P7 by IHC using a
specific antibody for the S100p glial cell marker. Statistical analysis
revealed that there was no obvious difference in glial cell quantity
(Fig EV5G and H). In addition, cortical thickness was detected by
H&E staining of coronal sections from PO mice. Cortical thickness
was reduced in KO brains compared with WT littermate brains (Fig
EV4G and H). These data indicate that the absence of mH2A1.2 can
cause abnormal morphology in neurons and affect the differentia-
tion of neurons during development.

mH2A1.2-deficient mice exhibited autism-like behaviors

We compared our transgenic mice with the transgenic mice
described in a published article and found that the phenotypes were
similar in terms of developmental delay and that the fertility of the
mice was not affected (Pehrson et al, 2014). The mH2A1.2 KO
survived to adulthood and showed reduced brain size when
compared to WT mice, and the body size of KO mice was also
smaller than of WT mice (Fig EV5I and J). From PO to P8 and at
5 weeks, the body size differences increased with age, which
prompted us to investigate whether mH2A1.2 deletion causes other
abnormalities into adulthood. First, the open field test was
performed on WT and KO mice. The WT mice were better at explor-
ing the central area than the KO mice, but there was no significant
difference in the total distance traveled when comparing between
groups (Fig SA-C). Next, we tested the two groups of mice for fear
and anxiety-like behaviors. The elevated cross maze test showed
that the WT mice were more likely to explore the open arms (Fig 5D
and E). The KO mice spent less time in the open arms, showing
increased anxiety-like behavior (Appendix Fig S1C). Therefore, the
absence of mH2A1.2 in adult mice could cause mice to exhibit simi-
lar anxiety-like behaviors with a decreased ability to explore. To test
whether memory was affected in the mice, we performed a Y-maze
test. The KO mice stayed in the new arm for a shorter time than the
WT mice and entered the new arm fewer times (Fig 5F-H). This
result indicates that KO mice have anxiety-like behaviors and that
working memory is affected.

To test whether social communication ability was affected, we
isolated P8 pups from their mothers and littermates, and we
measured the ultrasonic vocalizations (USVs) of the mice (Fig 5I).
The isolation-induced USVs (calls) issued by the KO group were less
frequent, and the duration was significantly shorter than that of the
WT group. The calls of mice in the WT group were long-lasting and

Hongyan Ma et al

evenly spaced (Fig 5J and K). To investigate whether adult mice suf-
fer from social communication impairments, we conducted a three-
chamber social test. When only stranger 1 was present, mice in the
WT group preferred to explore and communicate with stranger 1
more than those in the KO group. When stranger 1 was present and
stranger 2 was newly introduced, the WT mice had a greater interest
in stranger 2 and preferred to explore the area of stranger 2 (Fig 5L
and M). The KO mice were more inclined to communicate with
stranger 1, who was already familiar, and did not show a preference
for exploration near new mice (Appendix Fig S1A and B). This
result indicates that sociability in mH2A1.2-deficient mice is
impaired. Defects in social communication are the most obvious
manifestation of autism. To assess whether the social impairments
were caused by motor dysfunction, the grip strength test was
performed. However, there were no significant differences between
WT and KO mice in performance on the grip strength test
(Appendix Fig S1D). In the rotarod test, mH2A1.2 KO mice did not
exhibit a significant difference from WT mice in the latency to fall
(Appendix Fig S1E). Altogether, the behavioral experiments indi-
cated that the absence of mH2A1.2 may cause autistic-like behavior
in mice.

NKX2.2 is an important downstream effector gene of
macroH2A1.2 and contributes to neural differentiation

To understand how mH2A1.2 affects NSC proliferation during devel-
opment, we performed a genome-wide RNA sequencing (RNA-seq)
analysis. RNA-seq was performed in the cerebral cortex tissues of
mH2A1.2 knockout mice at E13.5. We examined the brain pheno-
type of WT mice compared with KO mice at E13 (Appendix Fig
S2A), performed immunofluorescence staining for PAX6 and TBR2,
and counted the positively stained cells. The results showed that the
NPCs were not significantly altered (Appendix Fig S2B and C).
There were two biological replicates for the WT and KO mice, and
the clustering maps are shown in Appendix Fig S3A. The number of
differentially expressed genes is listed in Table EV1. Gene ontology
analysis revealed that upregulated genes were enriched in the cell
cycle and cell development process, while downregulated genes
were enriched in neural development and transcription and social
behavior (Appendix Fig S3B and C). The heat map and volcano
plots indicated that transcripts of wild-type and knockout cortical
genes were differentially expressed (P < 0.01, fold changes > 2.0;
Fig 6A and Appendix Fig S3D). According to GO terminology

Figure 4. The loss of mH2A1.2 results in abnormal neuronal morphology and impaired neurogenesis.

A Representative images of neurons after 4 days of culture in vitro. GFP expressing plasmid was electroporated into the E13.5 cerebral cortices of WT and KO mice to
label neural progenitor cells. After 24 h, the GFP™ cells were isolated and cultured in differentiation medium for 4 days. Scale bar represents 15 pm.

B Graph shows that the total dendritic length of neurons is decreased when mH2A1.2 is deleted. n = 25 cells from four samples.
Statistics show that the number of branch points is reduced upon mH2A1.2 deletion. n = 25 cells from four samples.

D High-magnification confocal images of the upper layer show that mH2A1.2 KO results in abnormally branched processes compared with WT. The GFP plasmid was
electroporated into the WT and KO embryonic brains at E13.5 and harvested at PO. Scale bar represents 10 pm.

E Quantification of dendritic numbers in WT and KO mouse cortices. n = 30 for all samples.

F The brain sections were immunostained with CUX1 and CTIP2 (marker of layer I; marker of layer V) at PO. Scale bar represents 20 um. n = 4 mice, independent

replicates.

G Statistics of CUX1" cells in the upper layer. CUX1" cells were increased in KO mice n = 4 mice, independent replicates.
H Statistics of CTIP2" cells in the deep layer. CTIP2" cells were reduced in KO mice. n = 4 mice, independent replicates.

Date information: Representative images from at least three independent experiments. Error bars represent the means + SEM; two-tailed unpaired t-test, *P < 0.05,

**p < 0.01.
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analysis, mH2A1.2 plays a very important role in early neural devel-
opment. To test for direct targeting of mH2A1.2, we filtered for
significantly downregulated levels of NKX2.2 in a series of differen-
tially expressed genes (Fig 6B). To confirm the level of downregula-
tion, we first detected the protein and mRNA expression levels of
NKX2.2 in WT and KO mice at E13.5 and found that the expression
level decreased (Fig 6C and Appendix Fig S3E). Previous reports
have revealed the essential roles of the NKX2.2 transcription factor
in the formation of cranial motor nerves of the caudal hindbrain and
in the specification of branchial and visceral motor neurons
(Wassan et al, 2015). To determine whether mH2A1.2 regulates
neurogenesis by targeting NKX2.2, we studied the functional role of
NKX2.2 in embryonic development. Using a specific antibody
against Nkx2.2, we observed that Nkx2.2 protein was not only
expressed in the developing forebrain but also co-labeled with the
NPC marker SOX2 and the neuron marker TUJ1 (Appendix Fig S2D
and E). These results indicate that NKX2.2 was localized to the
nucleus in neural progenitors and in new neurons in the CP layer.
Immunofluorescence staining to detect NKX2.2 expression levels in
both the WT and KO groups showed that expression in KO mice also
decreased significantly (Appendix Fig S2F and G) which was consis-
tent with the sequencing results.

Next, we wanted to explore whether NKX2.2 also affects the
normal development of the cerebral cortex during embryonic devel-
opment. NKX2.2-shRNA was constructed, and the knockdown effi-
ciency was tested (Appendix Fig S3F and G). The NKX2.2-shRNA
plasmid was electroporated into the brains of E13.5 mice and
analyzed at E16.5. The GFP' cell distribution was affected by
NKX2.2 knockdown, similar to the brain GFP distribution after
mH2A1.2 deletion. The number of GFP™ cells in the VZ/SVZ region
increased significantly, and the number of GFP" cells in the CP layer
decreased significantly (Fig 6D and E). In addition, pH3 immunoflu-
orescence staining in the VZ/SVZ region was increased in the
NKX2.2-shRNA group compared with the control group, which was
consistent with the experimental results observed in mH2A1.2
knockout mice (Appendix Fig S3H and I). The number of PAX6'/
GFP" cells also increased in the VZ/SVZ region in the NKX2.2-
shRNA group (Appendix Fig S3J and K).

Figure 5. Deletion of mH2A1.2 leads to autistic-like behavior in mice.

Hongyan Ma et al

These experiments suggest that the knockdown of NKX2.2 also
affects the proliferation and differentiation of neural progenitor
cells, by regulating NKX2.2 expression may affect the regulation of
neurogenesis by mH2A1.2. These results provide conclusive
evidence that NKX2.2 is a downstream gene of mH2A1.2.

Next, we wanted to determine how mH2A1.2 regulates NKX2.2.
First, we selected six different regions of the NKX2.2 locus (from
—5,000 bp to the CDS) for enrichment analysis and performed chro-
matin immunoprecipitation analysis (Appendix Fig S4A). The results
showed that the mH2A1.2 protein was enriched near the —1,000 bp
position around the NKX2.2 promoter in NPCs (Fig 6F). Previous
experiments demonstrated the involvement of NKX2.2 in mH2A1.2-
mediated effects on neurogenesis, and next, we wanted to address
the mechanisms by which mH2A1.2 regulates transcription. There-
fore, we tested several major histone modifications by Western blot
and found that the levels of H3K27ac decreased, while the levels of
H3K56ac, H3K36me3, H3K4me3, and H3K27me3 were almost
unchanged (Fig 6G and H). H3K27ac is associated with active
promoters in mammalian cells and is a marker of enhancers that can
distinguish and activate enhancers, and there are reports that
enhancer elements are associated with specific histone modifications
and transcription factors (Creyghton et al, 2010). Brd4 is a chromatin
reader protein that recognizes and binds to acetylated histones at
enhancers and promoters through its bromodomains (BDs) to regu-
late transcriptional elongation (Lee et al, 2017). Brd4 can be recruited
to activated enhancers by the acetylation of H3K27, which then
promotes transcriptional activation (Rahnamoun et al, 2018).

Because the loss of mH2A1.2 affects the level of H3K27 acetyla-
tion, we performed a Co-IP experiment to determine whether there
is an interaction between mH2A1.2 and Brd4. Co-IP experiments
showed that mH2A1.2 could interact with Brd4, and myc is a known
interactor and an additional control (Otto et al, 2019). These results
are consistent with those of mH2A1l.2 interacting with Brd4
(Appendix Fig S4B and C).

We designed another experiment to confirm that NKX2.2 was an
important downstream target gene of mH2A1.2. We wanted to
explore whether overexpression of NKX2.2 could neurogenically
dysfunction interfere with the neurogenesis impairments caused by

A Representative tracing path of WT mice and KO mice in the open field test.

B The total traveling distance was not different between WT and KO mice.

C KO mice spent less time in the center than WT mice.

D WT mice spent less time in the open arms.

E KO mice spent more time in the closed arms.

F, G Representative motion trail from the Y-maze test.

H Statistical analysis of the Y-Maze test. S, O, and N represent the start arm, old arm, and new arm. The percent of time that mice stayed in each arm was recorded
and analyzed. Whiskers represent the minimum to maximum value; central lines represent median values; boxes represent the values between upper quartile and
lower quartile. Compared with those of WT mice, the entries of KO mice into new arms were decreased, while the entries into old arms were increased.

| Impaired social communication, as demonstrated by ultrasonic vocalizations (USVs) in WT and KO pup mice.

J Statistical analysis shows that KO mice had less call duration than WT. KO group were less frequent, and the duration was significantly shorter than that of the WT

group. n = 9 mice, independent replicates.

K Significant difference of call numbers in USVs between WT and KO pup mice. n = 9 mice, independent replicates.
L Social interaction behavior is impaired in mH2A1.2 KO mice. WT mice spent similar time in the chamber with the stranger 1 or stranger 2 mice, while WT mice

spent more time in the chamber with stranger 2 than with stranger 1.

M Close social interaction is affected by mH2A1.2 deletion. KO mice did not spend more time in close interaction with stranger 2 than with stranger 1 mice.

Date information: All mice were male, 8-12 weeks old. WT, n = 12 mice; KO, n = 12 mice. Error bars represent the means + SEM; two-tailed unpaired t-test, *P < 0.05,
**Pp < 0.01, or ***P < 0.001. n.s., not significant. Analysis was performed by researcher blinded to the experimental conditions.
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the loss of mH2A1.2. The plasmids were co-electroporated into WT
and KO E13.5 brains, and the brains were harvested at E16.5. We
found that overexpression of NKX2.2 restored the distribution of
GFP" cells to the normal state (Fig 61 and J).

These experiments revealed that mH2A1.2 interacts with Brd4 to
regulate the downstream expression of NKX2.2, thereby promoting
gene transcription activated by H3K27ac.

Discussion

Many factors are involved in embryonic brain development, and
regulatory problems during the process can lead to developmental
disorders (GoTz & Huttner, 2005). According to previous reports,
histone variants, such as H2A.z and H3.3, play key roles in brain
development (Xia & Jiao, 2017; Shen et al, 2018). We found several
reports describing an important role for mH2A1.2 in the neurons of
mammals, such as monkeys, and indicating that deletion leads to
neurological disorders, such as autism, but the specific function and
mechanism of mH2A1.2 were not investigated (Dey et al, 2000;
Gaspar-Maia et al, 2013; Kelsey et al, 2015; Lashgari et al, 2017).
mH2A1.2 is encoded by the H2Afyl gene and enriched at some
covalent modification sites in chromatin, which can regulate biologi-
cal processes in a DNA synthesis-dependent or DNA synthesis-inde-
pendent manner (Gaspar-Maia et al, 2013; Chen et al, 2014; Hussey
et al, 2014). To investigate the specific role of mH2A1.2 during
development and its effects on neuronal development and mouse
behavior, we first examined the mH2A1.2 expression pattern and
found that it was localized in the nucleus and colocalized with
SOX2 and TUJ1, demonstrating that mH2A1.2 was expressed during
embryonic development. Next, we used mH2A1.2-shRNA electropo-
ration and knockout mice to verify that the deletion of mH2A1.2
affected the normal distribution of GFP* cells and increased the
proliferation of neural stem cells. The data prove that mH2A1.2 can
regulate neural progenitor cell proliferation and differentiation
during development.

Next, we demonstrated that the loss of mH2A1.2 affected the
morphology of neurons and reduced the primary dendritic
branches of neurons. Dendrites are an important part of the
connections and functional architecture of neural cells, so

Hongyan Ma et al

dendritic defects are likely to cause neurodevelopmental disorders.
We found that mH2A1.2 was listed as an autism risk gene in the
GAWS database. By comparing neuropathological and neuroimag-
ing phenotypes of human children with autism, we found reduced
neuronal size, increased -cell-packing density, and decreased
complexity of the neuropil. These findings are consistent with the
phenotype of neuronal changes we found in mH2A1.2-deficient
mice. We used the mH2A1.2 KO mouse model to conduct behav-
ioral experiments and found that the absence of mH2A1.2 caused
autism-like behaviors, such as anxiety and social deficits in mice.
In addition, a comparison with the social behavior of autistic
monkeys revealed that the social deficits seen after mH2A1.2 dele-
tion were consistent with the phenotype of autistic monkeys that
developed social deficits (Bailey et al, 1995; Liu et al, 2016). Our
experimental results could inspire new ideas about how develop-
mental abnormalities lead to autism.

Related GO analysis of RNA-seq data showed that downregulated
genes in mH2A1.2-deleted NSCs were associated with biological
processes related to NSC differentiation, and upregulated genes
were enriched in biological processes related to NSC proliferation.
The downregulated NKX2.2 transcription factor may be the down-
stream target of mH2A1.2. Using NKX2.2-shRNA in utero electropo-
ration experiments, we found that the distribution of GFP" cells was
affected. Increasing the expression of NKX2.2 rescued mH2A1.2
deletion induced abnormal progenitor cell proliferation. Previous
reports found that mH2A1.2 deposited on the X chromosome inacti-
vated the X chromosome, resulting in substantial epigenetic trans-
formation, with loss of epigenetic modifications associated with
active chromatin (notably histone acetylation; Pehrson & Fried,
1992; Kapoor et al, 2010). Experimental results herein showed that
when mH2A1.2 was deleted, the level of H3K27ac decreased. Brd4
is a chromatin reader protein that recognizes and binds to acetylated
histones at enhancers and promoters through its bromodomains
(BDs) to regulate transcriptional elongation. Brd4 can be recruited
to activated enhancers by the acetylation of H3K27, which then
promotes NKX2.2 transcriptional activation (Vermunt et al, 2016;
Rahnamoun et al, 2018) to ultimately modify neurogenesis during
cortical development (Appendix Fig S4D).

Summarizing the above experimental results, we report that the
loss of mH2A1.2 during embryonic development can lead to

Figure 6. mH2A1.2 inhibits neural progenitor cell proliferation by targeting the downstream gene NKX2.2.

A The heat map shows the gene profiling expression in E13 forebrain. Gene analysis revealed that the transcript levels of genes were upregulated or downregulated by

more than two-fold between the KO and the WT cells. n = 2 biological replicates.

RNA-seq analysis showing that the NKX2.2 mRNA expression level is dramatically reduced in the KO cells.

Western blot analyses of the NKX2.2 expression levels in the WT and KO cortices at E13.5.

NKX2.2-shRNA or control plasmid was electroporated into the brains of E13.5 embryos. At E16.5, the brains were harvested to investigate the cell distribution.

Graph shows the percentage of GFP" cells in the VZ/SVZ, 1Z, and CP. The number of GFP cells in the VZ/SVZ region increased significantly, and the number of GFP"* in

m o 0O ®

the CP layer decreased significantly. n = 5 mice, independent replicates.

=

ChIP analysis revealed that mH2A binds to the NKX2.2 promoter region in NPCs. Primary NPCs were infected with control, or Flag-mH2A overexpression lentivirus. Six

different regions (from —5 k to CDS) of the NKX2-2 sequence were used for the analysis. n = 4 independent replicates.
Western blot analyses of H3K27ac, H3K56ac, H3K36me3, H3K4me3, and H3K27me3 expression protein levels in WT and KO cortices at E13.5.

Representative images of E16.5 cortices that had been electroporated with GFP or GFP+NKX2.2 into WT and KO brains at E13.5. Scale bar represents 50 um.

G
H Quantification of H3K27ac expression in WT and KO cortices. The levels of H3K27ac decreased. n = 5 mice, independent replicates.
|
J

Graphs of the percentage of GFP" cells in the VZ/SVZ, 1Z, and CP. Overexpression of NKX2-2 restored the distribution of GFP" cells to the normal state. n = 5 mice,

independent replicates.

Date information: Representative images from at least three independent experiments. Error bars represent the means + S.E.M.; two-tailed unpaired t-test, *P < 0.05,

**P < 0.01. n.s,, not significant.
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developmental disorders with autism-like behaviors through epige-
netic modification.

Materials and Methods
Genetically modified mice

ICR pregnant mice were purchased from Vital River. We designed
the gRNA to target the macroH2A1 encoded by H2Afyl, which is
located on mouse chromosome 13 and has a total of 2 transcripts
encoding the complete protein, H2afy —201 and H2afy —202. Guide
RNA mediated Cas9 nuclease cleavage of the gene sequences in the
first and eighth exons of the H2afy1 gene.

Briefly, upstream-gRNA1: 5-AGAAATCCACCAAGACCTCCCGG-3’,
upstream-gRNA2: 5-TAAGTATAGGATCGGAGTGGGGG-3’, downstream-
gRNA1: 5’-CGGGTTCCCGAAGCAGACAGCGG-3’, downstream-gRNA2:
5’-AGCGGCCCAGCTCATTCTGAAGG-3’ were cloned into pUC57-
kan-T7-gRNA vector. The purified sgRNA and Cas9 mRNA were
coinjected into the fertilized eggs of mice, and the embryos were
transplanted into the fallopian tubes of surrogate recipient mice after
injection. When the offspring were born, the genotyping PCR experi-
ments were done, and the PCR production was sequenced to identify
the mutations. Following genetic testing, mice with 54,449-bp
deletion were screened and bred for the sequential experiments. The
genotyping primers used for H2Afy knockout mice were H2Afy-
8399F: 5'-CCAGGGAAAGACCGTGGTAG-3' and H2Afy-62848R: 5'-TT
TTCCCTAGGTGAGCGGGAC-3' and H2Afy-62411F: 5-AAGTGC
CAACAGCACACGG-3’ and H2Afy-8752R: 5-TAGGAAGAGATCC
TCTTAGTCCTT-3'.

The PCR products were ~ 54,470 bp for H2Afy WT and 433 bp
for H2Afy KO mice.

The mice were kept at an ambient temperature of about 25°C,
with alternating daylight and darkness every 12 h. All laboratory
animal procedures were approved by the Animal Care and Use
Committee of Institute of Zoology, Chinese Academy of Sciences,
China.

Plasmid constructs
The sequences for small hairpin RNA are as follows:

Control (ShScramble): 5'-GACTTCATAAGGCGCATGC-3';
mH2A1.2-shRNA: 5-GTTTGTGATCCACTGTAATAG-3';
NKX2.2-shRNA: 5'-CATCGCTACAAGATGAAACGT-3';
Brd4-shRNA: 5-CATCAAGTTATGGAATCTCGA-3';

The above shRNA was subcloned into the vector pSicoR-GFP
(Addgene). The cDNA of mH2A1.1, mH2A1.2, NKX2.2 and Brd4
was amplified by polymerase chain reaction (PCR) and subcloned
into the pCDH-3xFLAG vector. The ¢cDNA of mH2A1.2 was also
amplified and subcloned into pCDH-3xHA.

In utero electroporation
The protocols of in utero electroporation have been previously

described (Wang et al, 2014). Briefly, timed-pregnant ICR female
mice or KO mice were anesthetized by given an injection of 0.07%
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pentobarbital sodium and the uterine horns were exposed. Control
plasmid mixed with enhanced GFP plasmid (Venus-GFP) at a 3:1
ratio and 0.02% (w/v) fast green (Sigma). Recombinant plasmid
mixed with enhanced GFP plasmid at a 3:1 ratio and 0.02% (w/v)
fast green. The control and recombinant mixed plasmid were gently
microinjected into the fetal lateral ventricles with paddle electrodes.
Using an electroporator (ECM80, Manual BTX). Five 50 ms pulses
at 45 V with 950 ms interval electroporated per embryo. Mice were
killed at different points in time required for phenotype analysis.
Brains were dissected and fixed in 4% PFA at 4°C overnight and
then dehydrated in 30% sucrose at 4°C. Using a cryostat microtome
(Leica CM1950), brains were cryosectioned for analysis.

Cell cultures

HEK293T (human embryonic kidney cells) were cultured in DMEM
(Life Technologies) that contained 10% FBS (Invitrogen), GlutaMAX
(0.5%, Invitrogen), nonessential amino acid (NEAA, 1%, Invitro-
gen), and penicillin/streptomycin (1%, Invitrogen). Lentiviral pack-
age DNA and the core DNA was transfected into HEK293T by
GenEscort™'I (Wisegen, Nanjing) and Sage LipoPlus (Sage, Beijing).
The supernatant containing the virus was collected at 24, 48, and
72 h after transfection, and the cell debris was removed by centrifu-
gation at 1,400 g for 5 min.

Neural progenitor cells were isolated from the dorsal brains of
E12 (embryonic 12) embryos and then cultured in proliferation or
differentiation media for subsequent treatment. In brief, E12 brain
cortex tissue around the ventricle was dissected out and digested in
papain (20 U/mg; Worthington) for 5 min at 37°C to acquire cell
suspension. Cell suspension was washed three times by NSC culture
medium (NeuroBasal/DMEM/F12 with penicillin—streptomycin,
GlutaMAX, nonessential amino acids, B27 supplement [2%], bFGF
[5 ng/ml], and EGF [5 ng/ml]) to remove the papain. Cell suspen-
sions were then filtered through a 40-um strainer. Cells were
infected with lentivirus by the addition of 2 pg/ml polybrene to
improve the efficacy of infection. Twelve hours later, the prolifera-
tion medium was changed into a differentiation medium, which
consisted of low glucose DMEM (Gibco, Grand Island, NY, USA),
2% B27, and 1% fetal bovine serum (Invitrogen).

BrdU labeling

BrdU was injected intraperitoneally into E15 or E16 pregnant mice.
For cell proliferation analysis, BrdU was injected 2 h before E16
pregnant mice were sacrificed at E16 at a dose of 100 mg/kg. For
cell cycle exit analysis, BrdU was administered at E15 before the
pregnant mice were harvested at E16 using the same dose.

Immunostaining

Immunohistochemistry (IHC) procedure was as previously
described (Shen et al, 2014). Briefly, brain cryosections (15 mm)
were washed with 1 M phosphate buffer saline (PBS), fixed with
4% paraformaldehyde (PFA) for 30 min at room temperature (RT),
and washed three times with PBST (1% Triton X-100 in 1 M PBS)
for 10 min. Next, the brain sections were blocked with 5% BSA in
PBST (1% Triton X-100 in 1 M PBS) at room temperature for 1 h.
And then, the brain slices were incubated in primary antibodies
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overnight at 4°C and in secondary antibodies at room temperature
(RT) for 2 h. After washing, the slices were incubated with DAPI
(2 pg/ul; Sigma; D9542) and mounted. For immunocytochemistry,
the cells were washed with 1 M phosphate buffer saline (PBS), fixed
in 4% paraformaldehyde (PFA), blocked in 5% BSA in PBST (1%
Triton X-100 in 1 M PBS) at room temperature for 1 h, incubated
with primary antibodies overnight at 4°C and then with secondary
antibodies at room temperature (RT) for 1 h. The following antibod-
ies were used: rat anti-BrdU (1:1,000; Abcam; ab6326), rabbit anti-
Ki67 (1:1,000; Abcam; ab15580), rabbit anti-phospho-Histone H3
(pH3) (1:1,000; Cell Signaling Technology; 3377S), mouse anti-
Nestin (1: 200; Millipore; MAB353), rabbit anti-Pax6 (1:1,000;
Abcam; ab5790), mouse anti-Pax6 (1:100; DSHB), mouse anti-Sox2
(1:1,000; R&D; MAB2018), rabbit anti-Tbr2(1:1,000; Abcam;
ab23345), mouse anti-Tujl (1:2,000; Millipore; MAB1637), rabbit
anti-Tujl (1:1,000; Sigma; T2200), rabbit anti-MacroH2A(1:500;
Abcam; ab37264), rabbit anti-NeuN (1:1,000; Abcam; ab177487),
mouse anti-actin (1:2,000, ProteinTech; 600081Ig), rabbit anti-
Nkx2.2 (1:100; DHSB;74.5A5), rabbit anti-Flag (1:1,000, Sigma;
F1804), rabbit anti-IgG (1:1,000, Bioss; bs-0295p), mouse anti-HA
(1:1,000; Abmart; M20003L), rabbit anti-H3K36me3 (1:1,000; Cell
Signaling Technology; 4909S), rabbit anti-H3K36me3 (Active Motif;
61101), rabbit anti-H3K27me3 (1:1,000; Millipore; 07-449), H3K56ac
(Abcam, ab76307, Rabbit, 1:2,000), rabbit anti-H3K4me3 (1:1,000;
Millipore; 07-473), H3K9ac (Millipore, 07-352, Rabbit, 1:2,000),
H3K27ac(Millipore, 07-360, Rabbit, 1:2,000), and rabbit anti-H2A
(1:500; ProteinTech; 10445-1-AP). The secondary florescence anti-
bodies used are listed below:Alexa Fluor 488, Cy3, or CyS5.

Apoptosis assay

Apoptotic cells were assessed by TUNEL assay using the In Situ Cell
Death Detection Kit-TMR Red (Roche) according to manufacturer’s
protocol.

Open field test

Male mice (9-12 weeks old) were gently placed into an open field
arena (40 cm width x 40 cm length x 40 cm height) and allowed to
explore freely for 5 min (Dietrich et al, 2015). The locomotor activ-
ity and time spent in the center and margin areas were monitored
and analyzed by the TopScan behavioral analysis software (Clever
Sys Inc., Reston, VA, USA). Testing occurred in a dimly lit room
maintained at 3040 lux.

Elevated-plus maze

Mice were placed in the center of the maze and allowed to explore
freely for 5 min (Orefice et al, 2016). The elevated-plus maze has
two open arms and two closed arms (each arm 40 cm x 9.5 cm;
height of closed arms 9.5 cm). The maze stood 40 cm above the
ground. The percentage of time mice spent in the open and closed
arms was analyzed.

Y-Maze

Spontaneous alternation testing was carried out in the Y-maze test
as previously described (Belforte et al, 2010). The procedure
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consisted of two phases: the training phase and the testing phase.
During the training phase, mice could allow to explore two arms of
the Y-maze with the third arm (the ‘novel arm’) blocked for 5 min.
After a 15-min interval, the testing phase was performed, and mice
could allow to explore all three arms freely for 5 min. The
sequence of arm choices was recorded by the TopScan behavioral
analysis software.

Ultrasonic vocalization in isolation pulps

This experiment was performed as described previously (Wd&hr
et al, 2011). Pups of WT or KO were isolated from their mother and
littermates on P8 for 5 min under room temperature. Pups were
removed individually from the nest at random and gently placed
into an isolation container surrounded by a sound-attenuating box.
Isolation occurred between 9:00 and 16:00 during the light phase of
the 12:12-h light/dark cycle. Prior to each test, isolation container
was cleaned using a 70% ethanol solution, followed by water, and
dried with paper towels. USV emission was monitored by an Ultra
Sound Gate Condenser Microphone CM16 (Avisoft Bioacoustics,
Berlin, Germany) placed approximately 20 cm above the container,
the microphone that was used for recording was sensitive to
frequencies of 15-180 kHz with a flat frequency response (+ 6 dB)
between 25 and 140 kHz. USV emission was recorded by Avisoft
Recorder software (version 4.2). For acoustical analysis, recordings
were transferred to Avisoft SASLab Pro (version 5.20) and a fast
Fourier transform was conducted (512 FFT length, 100% frame,
Hamming window, and 75% time window overlap). Correspond-
ingly, the spectrograms were produced at 488 Hz of frequency reso-
lution and 0.512 ms of time resolution. Call detection was pro-vided
by an automatic threshold-based algorithm (amplitude threshold:
—40 dB) and a hold-time mechanism (hold time: 10 ms). A high-
pass filter of 30 kHz and a noise reduction filter of —60 dB were
used to reduce noise. Total number of USV, latency to start calling,
call duration, peak frequency, and peak amplitude were calculated
in the automatic parameter analysis for the entire session of 5 min.

Three-chamber social interaction test

The three-chamber apparatus consisted of a transparent acrylic
box with three equally sized chambers (25 cm x 25 cm), which
could be closed or opened with a 5-cm door between each divid-
ing wall. The three-chamber social test for sociability and social
recognition/preference was performed as previously described
with minor modifications (Orefice et al, 2016). Briefly, the social
interaction behavior test comprised two parts: a habituation
session and two trial sessions. For the habituation session, two
cylindrical wire cages were placed in the left and right chambers,
and the test mice were habituated to all three chambers of the
apparatus for 10 min. After the habituation period, a wire cage
containing an unfamiliar mouse (Stranger 1) was placed on one
side of the chamber, and an empty mesh cage was placed on the
other side. The test mice were moved into the middle chamber
and allowed to freely explore all three chambers for 10 min.
Following this period, a novel stranger mouse (Stranger 2) was
placed in the empty cage, and again the test animal was left to
explore for another 10 min. The time spent in each chamber, the
total duration of active contacts such as sniffing and close
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huddling, and the trajectory of the test mice were calculated using
the TopScan behavioral analysis software.

Grip strength test

Grip strength was measured by a commercial grip strength meter
(BioSEB GS3). Three trials were carried out in succession measuring
the combined forelimb/hindlimb grip strength (Takeshita et al,
2017). The apparatus digitally displayed the maximum force applied
as the peak tension (in grams) once the grasp is released. The mean
of three consecutive trials was taken as an index of forelimb and
hindlimb grip strength.

Rotarod test

S mice (8-10 weeks) were placed on a rotarod apparatus that accel-
erates 5-40 rpm for minutes. Each mouse was tested for two trials
with 2-3 h between trials in a single day. Latency to fall was
recorded for each mouse.

Western blotting and co-immunoprecipitation

Cells were lysed with RIPA with protease inhibitor on ice for 5 min,
and the cell debris was eliminated by centrifugation at 4°C for
5 min. The BCA method was used for measuring the concentration
of protein. The protein samples were loaded onto SDS-PAGE for
electrophoresis, and the bands were transferred to nitrocellulose or
polyvinylidene fluoride membranes. The membranes were blocked
in 5% nonfat milk in PBST (PBS with 0.1% Tween-20) for 1 h at
room temperature, and incubated with primary antibody at 4°C. The
different secondary antibodies were used to visualize the bands. In
the western data analysis, the gray density of the different protein
band is measured using the Odyssey software. The gray density of
the target protein band was statistics by Odyssey Software.

For co-immunoprecipitation, the fresh cell lysates were centri-
fuged for 10 min at 4°C. Extracts were incubated with anti-HA-tag
magnetic beads (MBL), and the same sample was incubated with
anti-IgG magnetic beads for negative control at 4°C overnight. After
that, the immune precipitates were washed by pre-cold washing
buffer three times. The magnetic bead complex was suspended with
1x protein loading buffer, and boiled for 2 min. Load 10% protein
sample per lane in SDS-PAGE.

Table 1. qRT-PCR primers (5'-3).
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Real-time polymerase chain reaction analysis

The total RNA samples were extracted using TRIzol reagent (Invitro-
gen) following the manufacturer’s instructions. FastQuant RT Kit
(with DNase, TIANGEN, Beijing, China) was used to get first-strand
cDNA. Quantitative real-time PCR (qQRT-PCR) was performed in a
20 pl reaction mixture using SYBR-qPCR master mix (Tiangen), and
signals were detected with the ABI7500 real-time PCR system
(Applied Biosystems). All PCRs were performed at least in three
independent biological repeats. Actin was used for normalization of
qPCRs. The primers used for qRT-PCR were in Table 1.

RNA sequencing analysis

Total RNA was extracted from E13.5 telencephalic tissue of KO and
WT mice. Then, total RNA was quality controlled and quantified
using an Agilent 2100 Bioanalyzer. After converting to cDNA and
building the library, high-throughput sequencing was performed
using the Illumina HiSeq 2500 platform in Annoroad Genomics. The
data have been deposited in NCBI's GEO and are accessible through
GEO Series accession number GSE147064.

Chromatin immunoprecipitation assays

ChIP analysis was performed essentially as previously described
(Tang et al, 2014). Briefly, neural progenitor cells were isolated
from E13.5 mouse brain cortex and cultured for three days in dif-
ferentiation medium. The cells were cross-linked with 1% formalde-
hyde solution (50 mM HEPES-KOH, pH 7.5, 100 mM NaCl, 1 mM
EDTA, 0.5 mM EGTA, and 1% formaldehyde) for 10 min at room
temperature, and the reaction was quenched with glycine. After
washing twice with ice-cold PBS, cells were resuspended in lysis
buffer 1 (50 mM HEPES-KOH, pH 7.5,140 mM NaCl, 1 mM EDTA,
10% glycerol, 0.5% NP-40, 0.25% Triton X-100, 1x protease inhibi-
tors) for 10 min at 4°C. Nuclei were isolated at 2,500 g for 5 min
at 4°C and resuspended in lysis buffer 2 (10 mM Tris-HCI, pH8.0,
200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 1x protease inhibitors)
and then rocked gently at room temperature for 10 min. Nuclei were
sonicated in lysis buffer 3 (1% SDS, 10 mM EDTA, 50 mM Tris—HCl
pH 8.1, 1x Protease Inhibitor) using a Scientz-IID sonicator. Chro-
matin was immunoprecipitated overnight at 4°C with 50 pl Protein
A beads (Dynabeads, Invitrogen) pre-coupled with 2 pg appropriate

qPCR oligonucleotides

Forward sequence (5’ > 3’)

Reverse sequence (5’ > 3’)

mH2A1 TCTTTGCAAGGGTCAGACG ACTGGAGACAGCGCATTACC
mH2A2 TGTCTTCCAGTTGCACGAG AGCACTTTGTTGTATACTGG
mH2A1.1 CCTATGTCCGAGATGAATGG ACTGAACCTCCCACCCTACC
mH2A1.2 GGCCGTATTCATCGACACCT GACGAGGGGTGATACGCT

NKX2.2 GTATGGAGGTGACGCCTCTG GCTGTACTGGGCGTTGTACT

PAX6 CCGGGACAACTACGATTCCA ACCTCCAGGGACAATCTGATG

SOX2 GAAGTTCGAGAACTCCGGGAG TTAGACCGATACCACTCTCTG

TUJ1 CCAGTGCGGCAACCAGATAGG AAAGGCGCCAGACCGAACACT
ACTIN AGGTCATCACTATTGGCAACGA CACTCATGATGGAATTGAATGTAGTT
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Table 2. ChIP-qPCR primers (5'-3').
qPCR oligonucleotides

Forward sequence (5’ > 3’)

EMBO reports

Reverse sequence (5’ > 3’)

NKX2.2-CDS GGGCCCGGAAGTCTAAGAAG TAAGGTTCAGCTTCTGGCCG
NKX2.2-1K TGGCCTCTGCTATGTAAGCG GCATGGCCCAACATTCAAGC
NKX2.2-2K AGCCAGAAGGAGCTCATAGTCT AGAGCATCACAGCAGGCGT
NKX2.2-3K GAGGGTCATGACTCCCTTG TCTGACACTCAGGATGGCTG
NKX2.2-4K CAGTACCCGTTCCATGGCTT AGCGAGTTTCAGTAAGAAAGAAACA
NKX2.2-5K AGTGAATACAGGAGAAAGCAGTC GAGCCTTTTGAGTTCTGCGG

antibodies. Beads were washed three times with low-salt buffer
(0.1% SDS, 1% Triton X-100, 2 mM EDTA, 150 mM NacCl, Tris—
HCI, pH 8.1) and three times with high-salt buffer (0.1% SDS, 1%
Triton X-100, 2 mM EDTA, 500 mM NaCl, Tris-HCI, pH 8.1). After
reverse crosslinking was performed, DNA was eluted and purified
using a DNA purification kit (Tiangen). The eluted DNA was
subjected to real-time PCR using a SYBR-qPCR master mix (Tian-
gen), and signals were detected with the ABI7500 real-time PCR
system (Applied Biosystems). Related primers (forward sequence
and reverse sequence) used for ChIP-qPCR were in Table 2.

Imaging and statistical analysis

All the confocal images were achieved through Zeiss LSM780. The
scale bars were specified in the figure legend. Generally, 1-2 brain
slices per mouse were analyzed with Photoshop CS6 (Adobe). Statis-
tical comparison between the two groups, using two-tailed unpaired
Student’s test, for multiple comparisons, one-way ANOVA with post
hoc Tukey’s test was used. All statistical analyses were performed
using GraphPad Prism5.0. Quantitative data are presented as
means + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 are consid-
ered significant, and n.s. means not significant.

Data availability

All sequencing-derived data reported in this study have been depos-
ited in NCBI Gene Expression Omnibus (GEO) under accession
number GSE147064 (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE147064).

Expanded View for this article is available online.
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