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SUMMARY

RYBP (Ringl and YY1 binding protein), an essential component of the Polycomb repressive complex 1 (PRC1), plays pivotal roles in
development and diseases. However, the roles of Rybp in neuronal development remains completely unknown. In the present study,
we have shown that the depletion of Rybp inhibits proliferation and promotes neuronal differentiation of embryonic neural progenitor
cells (eNPCs). In addition, Rybp deficiency impairs the morphological development of neurons. Mechanistically, Rybp deficiency does not
affect the global level of ubiquitination of H2A, but it inhibits Notch signaling pathway in eNPCs. The direct interaction between RYBP
and CIR1 facilitates the binding of RBPJ to Notch intracellular domain (NICD) and consequently activated Notch signaling. Rybp loss
promotes CIR1 competing with RBP] to bind with NICD, and inhibits Notch signaling. Furthermore, ectopic Hes5, Notch signaling
downstream target, rescues Rybp-deficiency-induced deficits. Collectively, our findings show that RYBP regulates embryonic neurogenesis
and neuronal development through modulating Notch signaling in a PRC1-independent manner.

INTRODUCTION

Embryonic neurogenesis initiates with the transformation
from neuroepithelial cells (NECs) to radial glial cells
(RGCs), which are both identified as the fate-restricted neu-
ral progenitor cells (NPCs) (Fujita, 2003; Gotz and Huttner,
2005), and is tightly regulated by multiple mechanisms,
including genetic and epigenetic factors (Cao et al., 2020;
Gao et al., 2020; Kriegstein and Alvarez-Buylla, 2009; Liang
et al., 2020; Lim et al., 2018; Xia and Jiao, 2017; Yao et al.,
2016). Histone modifiers polycomb group proteins (PcGs)
form two repressive epigenetic factors, Polycomb repres-
sive complex 1 (PRC1) and 2 (PRC2), and involves mamma-
lian neuronal development (Desai and Pethe, 2020; Evans
et al., 2020; Liu et al., 2019; Tsuboi et al., 2018, 2019).
PRC1 catalyzes mono-ubiquitinated histone H2A on lysine
119 (H2AK119ub1) through Ring finger protein 1 (Ringl)
A/B E3 ligases (Blackledge et al., 2015; de Napoles et al.,
2004; Morey et al., 2013; Wu et al., 2013). Ring1b deficiency
in mice also leads to embryo lethality and causes morpho-
logical defects of embryonic brain via affecting Wnt/BMP/
Shh pathways (Hirabayashi et al., 2009; Morimoto-Suzki
et al., 2014). Ringlb deficiency also inhibits self-renewal
of NPCs and glial differentiation through regulating neuro-
genesis-related transcription factors (Eto et al., 2020; Ro-
man-Trufero et al.,, 2009). In addition, the deletion of

Bmil, another core component of PRC1, also inhibits the
proliferation of NPCs (Molofsky et al., 2003; Zencak et al.,
2005). These studies together suggest the crucial role of
PRC1 in neurogenesis.

Ring1 and YY1 binding protein (RYBP), a subunit of non-
canonical PRC1, functions through mediating the binding
of Ring1b to histone H2A and H2AK119ub1 (Tavares et al.,
2012; Zhan et al., 2018). Intriguingly, RYBP can regulate
gene expression through the recruitment of Oct4 to the
promoter of histone lysine demethylase gene Kdm2b in a
PRC1-independent pattern (Li et al., 2017a). RYBP is
involved in DNA double-strand break repair, spermatogen-
esis, and cancer (Ali et al., 2018; Chen et al., 2009; Tian
et al., 2020; Zhou et al., 2016). Furthermore, in mouse
brain, RYBP interacts with Hippi to enhance caspase 8-
mediated apoptosis (Stanton et al.,, 2007), and Rybp
deficiency causes forebrain overgrowth and the failure of
neural tube closure (Pirity et al., 2005). However, the func-
tion of RYBP and related mechanisms in regulating embry-
onic neurogenesis remains largely unknown.

Here, we show that RYBP is expressed in embryonic NPCs
(eNPCs) and neurons during cortical development. Rybp
deficiency inhibits the proliferation of eNPCs and pro-
motes neuronal differentiation, but newborn neurons
halt at an immature stage. Intriguingly, Rybp depletion
did not show a significant effect on the global level of
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H2AK119ub1 in eNPCs. Specifically, Rybp knockdown (KD)
increases the interaction between RBPJ-CIR1 complex and
HDAC2, but decreases the binding of RBPJ to Notch intra-
cellular domain (NICD).The reduced binding of RBPJ to
NICD inhibits Notch signaling and the expression of
Notch signaling downstream target Hes5. In addition,
ectopic Hes5 can rescue the aberrant neurogenesis induced
by Rybp depletion. Collectively, our study reveals the essen-
tial functions of RYBP in regulating embryonic neurogene-
sis as an activator of the Notch signaling pathway in a
PRC1-independent manner.

RESULTS

Dynamic expression of RYBP in embryonic
neurogenesis

Previous studies have suggested that RYBP is expressed in
eNPCs and neurons, but the expression of RYBP in eNPCs
and neurons during cerebral cortex development is not
clear, so we first investigated its expression pattern. Immu-
nofluorescence staining of brain sections of embryonic
mice at embryonic day 17 (E17) showed that the fluores-
cent signal of R RYBP was detected in both NESTIN positive
(Nestin*) eNPCs (Figure 1A) and B-III tubulin positive
(TUJ1") neurons (Figure 1B), suggesting the extensive dis-
tribution of RYBP in embryonic mammalian brain. West-
ern blot assay results showed that the level of RYBP
increased in the cerebral cortex from E14 to E17 along
with the generation of neurons (Figures 1C-1E).

Further, we isolated eNPCs and cortical neurons from
the brains of E14 mice, and astrocytes from the brain of
postnatal day 1 (P1) mice, respectively. The cultured
eNPCs were positive for NPC markers NESTIN and SOX2
under proliferating conditions (Figure S1A), and upon dif-
ferentiation induced by retinoic acid and forskolin, eNPCs
generated TUJ1" neurons and GFAP" astrocytes (Fig-
ure S1B), suggesting the self-renewal and multipotent ca-
pabilities of eNPCs. The cultured cortical neurons were

positive for neural cell marker MAP2 (Figure S1C). Immu-
nostaining results showed that RYBP signal co-localized
with Nestin and MAP2, respectively, and RYBP predomi-
nantly localized in the nucleus of eNPCs and neurons,
whereas astrocytes had very weak RYBP signal (Figure 1F).
Consistently, western blot assay results revealed that
cortical neurons had the highest level of RYBP compared
with proliferating and differentiated eNPCs, and astro-
cytes (Figures 1G and 1H).

Rybp deficiency promotes neuronal differentiation of
eNPCs

To examine the roles of RYBP in regulating embryonic neu-
rogenesis, we then performed the acute KD of Rybp with
short hairpin RNA (shRNA) and analyzed the proliferation
and differentiation capabilities of eNPCs. Western blot
assay results showed the high KD efficiency of two shRNAs
against Rybp (Figures S2A and S2B). To examine the self-
renewal capability, a 5-bromo-2’-deoxyuridine (BrdU)
incorporation assay was performed in the control (Ctrl)
and Rybp KD (shRybp-1) group with proliferating eNPCs.
Immunostaining and quantification results showed that
Rybp deficiency significantly reduced the percentage of
BrdU™ cells (Figures 2A and 2B). Rybp KD also significantly
reduced the number of KI-67" cells (Figures S2C and S2D).
Collectively, these results suggest that Rybp deficiency
impaired the proliferating capability of eNPCs.

To determine the effects of RYBP on the differentiation of
eNPCs, eNPCs were induced for differentiation, and immu-
nostaining with TUJ1 and GFAP antibodies was performed,
respectively. We observed that Rybp KD significantly
increased the percentage of TUJ1" neurons (Figures 2C
and 2D) but reduced the percentage of GFAP* astrocytes
(Figures 2E and 2F). Consistently, a dual luciferase reporter
assay also showed that Rybp deficiency significantly
increased the promoter activity of neuronal cell marker
NEUROD1 (Figure 2E) and decreased the promoter activity
of glial cell marker GFAP (Figure S2F). These results indicate

Figure 1. Dynamic expression of RYBP in embryonic brain

(A) Representative images of RYBP and embryonic neuronal progenitor cells (eNPCs) marker NESTIN immunostaining with brain sections of
E14 embryonic mice. Scale bars, 50 um (left; lower magnification) and 100 um (right; higher magnification). SVZ, subventricular zone; VZ,
ventricular zone; IZ, intermediate zone; CP, cortical plate.

(B) Representative images of RYBP and neuronal cell marker TUJ1 immunostaining with brain sections of embryonic mice. Scale bars,
50 um (left; lower magnification) and 100 pum (right; higher magnification).

(C-E) Western blot (C) and quantification results showing the protein levels of RYBP (D) and TUJ1 (E) in the cerebral cortex of E14 and E17
mouse brains, respectively. n = 3 independent experiments for each group. Data are presented as mean + SEM. Unpaired t test; *p < 0.05;
**p < 0.01.

(F) Representative images of RYBP immunostaining in NESTIN® eNPCs, MAP2* neurons, and GFAP™ astrocytes, respectively. Scale bar,
50 pm.

(G and H) Western blot (G) and quantification results (H) showing that the levels of RYBP in eNPCs, neurons, and astrocytes. Actin was used
as an internal control. n = 3 independent experiments for each group. Data are presented as mean + SEM. Unpaired t test; *p <0.05; **p <
0.01.

2990 Stem Cell Reports | Vol. 16 | 2988-3004 | December 14, 2021



(<2 - -]
o o

2

BrdU*GFP*/GFP*(%)
S
o

B
o

£ *k*

o

230

Q

o 20

5

10

5

oo
Q N

0 QQ
=)

&

o
1

GFAP* GFP*/GFP* (%)
(2]
o

0-

Figure 2. Rybp deficiency inhibits the proliferation, but promotes neuronal differentiation, of eNPCs in vitro

(A) Representative images of BrdU immunostaining with eNPCs infected with lentivirus expressing GFP-scramble (control [Ctrl]) and GFP-
shRybp (shRybp), respectively. Scale bar, 50 um.

(B) The quantification results of GFP*BrdU™ cells in control and Rybp KD eNPCs. Rybp KD reduced the proliferative ability of eNPCs. n = 4
independent experiments for each group. Data are presented as mean + SEM, unpaired t test; *p < 0.05; **p < 0.01; ***p < 0.001.

(C) Representative images of neuronal cell marker TUJ1 immunostaining with control and Rybp KD eNPCs under proliferating conditions.
Scale bar, 50 um.

(D) Quantification of TUJ1*GFP* cells in control and Rybp KD eNPCs under proliferating conditions. n = 3 independent experiments for each
group. Data are presented as mean + SEM, unpaired t test; *p < 0.05; **p < 0.01; ***p < 0.001.

(E) Representative images of neuronal cell marker TUJ1 immunostaining with control and Rybp KD eNPCs at differentiation condition. Scale
bar, 50 pum.

(F) Quantification of TUJ1*GFP* cells in control and Rybp KD eNPCs at differentiation condition. n = 3 independent experiments for each
group. Data are presented as mean + SEM, unpaired t test; *p < 0.05; **p < 0.01; ***p < 0.001.
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that the lack of Rybp skews eNPCs to differentiate toward a
neuronal lineage with an inhibition of glial lineage.

To examine the function of RYBP in regulating embry-
onic neurogenesis in vivo, we performed in utero electropo-
ration (IUE) to deliver scramble and shRybp plasmids into
the brain of E14 embryonic mice, respectively, which
were sacrificed and analyzed on E17. Immunostaining of
BrdU and GFP showed that the percentage of BrdU*GFP*/
GFP" cells decreased in ventricular zone/subventricular
zone (VZ/SVZ) in Rybp KD group (shRybp) (Figures 3A
and 3B), suggesting the inhibited proliferation of eNPCs.
The percentage of PAX6* RGCs, one type of NPC, also
decreased in VZ/SVZ in Rybp KD group (Figures 3C and
3D). In addition, the percentage of TBR2" intermediate pro-
genitor cells (IPCs), one type of neuronal progenitor cell,
increased in VZ/SVZ (Figures 3E and 3F), but the percentage
of TUJ1" neurons significantly increased at the cortical
plate (CP) region in the Rybp KD group (Figures 3G and
3H). Collectively, these results suggest that Rybp deficiency
inhibits the self-renewal capability of eNPCs and promotes
neuronal differentiation in vitro and in vivo.

Rybp deficiency inhibits the morphological
development of neurons

Next, we examined the roles of RYBP in regulating the
morphological development of neurons. We performed
IUE experiment and observed that Rybp KD significantly
decreased the number of GFP* cells in the CP region (Fig-
ures S3A-S3D). Morphological analysis of GFP* cells in
CP showed that Rybp KD significantly reduced the length
of dendrites and the number of intersections (Figures 4A-
4C). In addition, Rybp KD also reduced the total length of
dendrites and the number of dendritic intersections of
newborn neurons generated from the differentiation of
eNPCs (Figures 4D-4F). Sholl analysis revealed the
decreased dendritic complexity in Rybp KD group
compared with the Ctrl group (Figure 4G). We further per-
formed Rybp KD in cultured cortical neurons at DIV 4 and
DIV 14, respectively. Three days after plasmid transfection,
neurons were harvested for analysis. We observed that Rybp
deficiency consistently resulted in a decreased complexity
of dendrites in primary neurons at both time points (Fig-
ures 4H-40). Meanwhile, we did not observe a significant
effect of Rybp KD on the cell survival according to TUNEL
staining assay (Figures S3E and S3F). Collectively, these re-
sults indicate that Rybp depletion inhibits the morpholog-
ical development of neurons.

RYBP regulates Notch signaling in eNPCs

To elucidate the molecular mechanisms by which RYBP
regulates embryonic neurogenesis, we performed an RNA
sequencing (RNA-seq) assay with Ctrl and Rybp KD eNPC
samples, which were infected with lentivirus expressing
scramble (Ctrl) and shRNA against Rybp (shRybp), respec-
tively. Pearson correlation analysis on intra-group samples
showed a relatively high correlation (R > 0.9, p < 2.2 X
10~ ') between the two biological duplicates of each group
(Figure S4A).

Given that RYBP is an essential component of the Poly-
comb repressive complex 1 (PRC1), and mediates histone
H2A ubiquitination on lysine 119 (H2AK119ub1), we spec-
ulated that Rybp KD should display overall promoting ef-
fects on gene expression. However, RNA-seq data analysis
showed that more genes were downregulated in the Rybp
KD group than were upregulated (922 downregulated
genes versus 544 upregulated genes) (Figure 5A; Table S1).
Gene Ontology (GO) enrichment analysis of the differen-
tially expressed genes (DEGs) suggested that the downregu-
lated genes, but not the upregulated genes, highly enriched
in terms related to neurogenesis and neural development
(Figure 5B). Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis showed that the downregulated genes
were involved in the pathways related to neural develop-
ment, such as axon guidance, glutamatergic synapse,
calcium signaling pathway, and synaptic vesicle cycle (Fig-
ure 5C). Furthermore, we did not observe a significant
change in the global level of H2AK119ubl in Rybp KD
eNPCs (Figures 5D and SE), which was consistent in embry-
onic stem cells (ESCs) (Rose et al., 2016; Zhao et al., 2020),
suggesting additional mechanisms by which RYBP func-
tions other than mediating H2AK119ub1.

Furthermore, we analyzed chromatin immunoprecipita-
tion sequencing (ChIP-seq) data from Rybp knockout and
control mouse ESCs generated recently (SRR11014805,
SRR11014806, SRR11014835, and SRR11014836)*°, and
found that the motif for RBPJ appeared in RYBP ChIP-seq
data (Figure S4B), suggesting a direct or indirect interaction
between RYBP and RBPJ. To determine the relationship be-
tween RYBP, CIR1, and RBPJ, ectopic Cirl and Rbpj
plasmids were transfected into Neuro2a cells followed by
co-immunoprecipitation and western blot assays, respec-
tively. We observed that CIR1 (hemagglutinin [HA]-
CIR1), but not RBPJ (FLAG-RBPJ), could easily precipitate
RYBP (Figures S5F and 5G), suggesting that RYBP directly in-
teracts with CIR1, but not RBPJ.

(G) Representative images of astrocyte cell marker GFAP immunostaining with control and Rybp KD eNPCs at differentiation condition.

Scale bar, 50 um.

(H) Quantification of GFAP"GFP* cells in control and Rybp KD eNPCs at differentiation condition. n = 3 independent experiments for each
group. Data are presented as mean + SEM, unpaired t test; *p < 0.05; **p < 0.01; ***p < 0.001.
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Previous studies have shown that RBP] and CIR1 could
form a complex that recruits HDAC and consequently reg-
ulates gene expression, including Notch signaling pathway
(Hsieh et al.,, 1999; Pajerowski et al., 2009). We next
analyzed the fragments per kilobase of transcript per
million (FPKM) values of Notch signaling components
based on the RNA-seq data, and observed that Rybp KD
did not significantly alter the expression of Notch1-3 and
Rbpj at the transcriptional level (Figure S4C). However,
the expression of some Notch ligands, such as DII1 and
DII3, decreased, but Jagl increased in the Rybp KD group
(Figure S4D). Interestingly, Hes5, one of the downstream
targets of Notch signaling, decreased in the Rybp KD group
compared with the Ctrl group (Figure S4E). The altered
expression of these transcripts was also determined with
quantitative real-time PCR (qQRT-PCR) (Figures S4F-S4R).
Western blot assay results showed that Rybp KD did not
affect the level of NOTCHI1 but significantly decreased
the level of HESS (Figures 5SH-5]). Together, these results
suggest that Rybp deficiency disturbs Notch signaling and
consequently inhibits the expression of its downstream
targets.23

Rybp KD represses Notch signaling as a competitive
inhibitor of CIR1/RBPJ complex formation

Given that Rybp deficiency did not affect the expression
level of the Notch receptor, but physically associated with
CIR1, we hypothesized that RYBP inhibited Notch
signaling via regulation of the CIR1/RBP] complex. To
test this hypothesis, we co-transfected ectopic CIR1 (HA-
CIR1) and RBPJ (FLAG-RBPJ) with scramble and shRybp
plasmids in N2a cells, respectively. Co-immunoprecipita-
tion followed by western blot assay showed that Rybp defi-
ciency enhanced the physical interaction between CIR1
and RBPJ in N2a cells (Figures 6A and 6B). Since CIR1/
RBPJ complex could recruit HDAC, we then examined

the association between HDAC2 and RBPJ] and observed
that Rybp KD significantly increased the interaction be-
tween HDAC2 and RBPJ in N2a cells (Figures 6C and 6D).
Next, we examined the effects of Rybp KD on the interac-
tion between NICD and RBPJ. Co-immunoprecipitation
followed by western blot assay showed that that Rybp KD
significantly decreased the interaction between NICD and
RBPJ in N2a cells (Figures 6E and 6F). In addition, we
observed that Rybp deficiency decreased the levels of his-
tone H3 on lysine 27 acetylation (H3K27Ac) and total H3
acetylation, but not histone H3 on lysine 27 methylation
(H3K27me3) in eNPCs (Figures 6G-6]). In addition, ectopic
NICD and RBPJ could restore the expression of several key
components of Notch signaling pathway under Rybp KD
condition in eNPCs cells, respectively (Figures SSA-S5G).
Collectively, these results suggest that RYBP could bind
with CIR1 in competition with RBPJ. Under Rybp depletion
condition, more RBPJ could bind with CIR1 and recruit
HDAC2, which consequently inhibited gene expression.

Ectopic Hes5 rescues the neurogenesis deficits induced
by Rybp KD

Next, we aimed to examine whether promoting Notch
signaling could rescue the abnormal neurogenesis induced
by Rybp depletion. We performed the electroporation of
ectopic Hes5 in eNPCs. BrdU immunostaining and quanti-
fication results showed that ectopic Hes5 could signifi-
cantly increase the percentage of BrdU" cells in Rybp KD
eNPCs (Figures 7A and 7B). In addition, ectopic HESS could
reduce the excessive neurons induced by Rybp KD upon the
differentiation of eNPCs (Figures 7C and 7D). Morpholog-
ical analysis showed that ectopic HESS could significantly
increase the total length of dendrites, the number of inter-
sections, and the dendritic complexity (Figures 7E-7H).
gRT-PCR results showed that ectopic Hes5 could signifi-
cantly restore the expression of Notch signaling pathway

Figure 3. Rybp deficiency represses the proliferation, but promotes neuronal differentiation of eNPCs in vivo

(A) Representative images of BrdU immunostaining with control and Rybp KD brain sections. Scramble and shRybp plasmids were delivered
into the brain via in utero electroporation at E14, and mice were sacrificed for assay at E17. BrdU was injected (100 mg/kg, intraperi-
toneally [i.p.]) 2 h prior to the sacrifice. Scale bar, 50 um.

(B) The quantification results showed the percentage of GFP*BrdU*/GFP* in SVZ/VZ layer decreased in Rybp KD group. n = 5 independent
experiments for each group. Data are presented as mean + SEM, unpaired t test; *p < 0.05; **p < 0.01; ***p < 0.001.

(C) Representative images of radial glial marker PAX6 immunostaining with control and Rybp KD brain sections. Scramble and shRybp
plasmids were delivered into the brain with in utero electroporation at E14 and mice were sacrificed for assay at E17. Scale bar, 50 um.
(D) The quantification results showed the percentage of GFP*PAX6"/GFP* in SVZ/VZ layer decreased in Rybp KD group. n = 4 independent
experiments for each group. Data are presented as mean + SEM, unpaired t test; *p < 0.05; **p < 0.01; ***p < 0.001.

(E) Representative images of intermediate progenitor marker TBR2 immunostaining with control and Rybp KD brain sections. Scale bar,
50 um.

(F) The quantification results showed the percentage of GFP*TBR2*/GFP* in SVZ/VZ layer increased in Rybp KD group. n = 5 independent
experiments for each group. Data are presented as mean + SEM, unpaired t test; *p < 0.05; **p < 0.01; ***p < 0.001.

(G) Representative images of neuronal cell marker TBR2 immunostaining with control and Rybp KD brain sections. Scale bar, 50 pum.
(H) The quantification results showed that the percentage of GFP*TUJ1*/GFP* in CP layer increased in Rybp KD group. n = 5 independent
experiments for each group. Data are presented as mean + SEM, unpaired t test; *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 4. Rybp deficiency inhibits morphological development of neurons

(A) Representative images of GFP* cells in control and Rybp KD brain sections. Scramble and shRybp plasmids were delivered into the brain
via in utero electroporation at E14 and mice were sacrificed for assay at E17. Scale bar, 50 um.

(B and C) The quantification results showed that the length of dendrites (B) and the number of branch points (C) both significantly
decreased in the Rybp KD group compared with control group. n = 4 independent experiments for control group and n =5 for Rybp KD group.
Data are presented as mean + SEM, unpaired t test; *p < 0.05; **p < 0.01; ***p < 0.001.

(D) Representative images of newborn neurons (TUJ1*) generated from the differentiation of eNPCs. Scale bar, 50 pum.
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components, including Notchl1, DIl1, DII3, Jagl, and Jag2,
in eNPCs under Rybp KD condition (Figures SSH-SSN).
Collectively, these results suggest that enhancing Notch
signaling by ectopic Hes5 can rescue the abnormal neuro-
genesis and neuronal development induced by Rybp
depletion.

DISCUSSION

Mammalian embryonic neurogenesis is orchestrated by
diverse genetic and epigenetic mechanisms, which coordi-
nate the responses to extracellular cues and control the
multiple stages of neurogenesis, including the proliferation
and differentiation of eNPCs and fate determination of
newborn neurons (Yao et al., 2016). In the present study,
we have showed that Rybp depletion represses the prolifer-
ation and promotes neural differentiation of eNPCs,
inhibits the morphological development of newborn neu-
rons, and consequently leads to aberrant neurogenesis in
mice. Mechanisticallyy, RYBP modulates the Notch
signaling pathway as the competitive inhibitor of RBPJ in
a PRC1-independent manner. The Rybp-depletion-induced
aberrant neurogenesis could be rescued by restoring Notch
signaling.

Consistent with recent studies that have showed that
RYBP inhibits the passive dilution of H2AK119ub1 during
cell division and exerts an influence on its abundance
(Rose et al., 2016; Zhao et al., 2020), our present results
showed that Rybp depletion did not affect the global level
of H2AK119ub1 in eNPCs. We speculate that the neurogen-
esis deficits caused by Rybp KD are not due to the overall

decrease of H2AK119ub1 in eNPCs. In line with this specu-
lation, RNA-seq data analysis has showed that Rybp defi-
ciency did not display overall promoting effects on gene
expression in eNPCs, but inhibits gene expression. Consis-
tent with this, Rybp KD significantly decreases the level of
histone H3 acetylation, a marker for active gene expres-
sion. In ESCs, ChIP-seq data have shown that around
30% of RYBP enrichment sites did not overlap with
H2AK119ub1 sites (Zhao et al., 2020). These results suggest
that RYBP directly or indirectly acts a transcription
regulator.

Notch signaling plays important roles in maintaining the
stemness of neural stem/progenitor cells and regulating
neurogenesis (Basak and Taylor, 2007; Chen et al., 2021;
de la Pompa et al., 1997; Gaiano and Fishell, 2002; Hata-
keyama et al., 2004; Stump et al.,, 2002). Once Notch
signaling is activated, NICD is released and competitively
binds to RBPJ. The NICD/RBPJ complex promotes the
expression of its target genes, such as Hes5 and Heyl, via
mediating histone acetylation (Castel et al., 2013; Kopan
and Ilagan, 2009; Oswald et al., 2001). The inhibition of
the Notch signaling pathway reduces cell proliferation
and increases neuronal differentiation in the embryonic
cerebral cortex, resulting in focal cortical dysplasia (Cotter
et al., 1999; Lasky and Wu, 2005; Zhang et al., 2018). In
ESCs, Rybp deficiency reduces the level of H2AK119ub1l
and promotes the expression of Notchl (Zhao et al.,
2020). In eNPCs, Ring1b depletion inhibits Notch signaling
without affecting H2AK119ub1 and transcriptional level of
Notch receptors (Roman-Trufero et al., 2009). Our present
data suggested a direct interaction between RYBP and
CIR1, but not RYBP and RBP]. We speculated that the

(E and F) The quantification results showed that the length of dendrites (E) and the number of branch points (F) were both significantly
decreased in Rybp KD neurons compared with control group. n = 14 cells from three brains for control group and n = 19 cells from three
brains for Rybp KD group. Data are presented as mean + SEM, unpaired t test; *p < 0.05; **p < 0.01; ***p < 0.001.

(G) Sholl analysis results showed that Rybp KD reduced the dendritic complexity of cortical neurons compared with control group. n = 14
cells from three brains for control group and n = 19 cells from three brains for Rybp KD group. Data are presented as mean + SEM, unpaired t
test; *p < 0.05; **p < 0.01; ***p < 0.001.

(H) Representative images of cultured cortical neurons at DIV 7. Primary neurons were isolated from the cerebral cortex of E15 mice brain
and transfected with control and shRybp plasmids at DIV 4, respectively. Cells were collected for assay at DIV 7. Scale bar, 50 um.

(I and J) The quantification results showed that Rybp KD significantly decreased the length of dendrites (I) and the number of branch
points (J) of cortical neurons compared with control group. n = 14 cells from three brains for control group and n = 19 cells from three
brains for Rybp KD group. Data are presented as mean + SEM, unpaired t test; *p < 0.05; **p < 0.01; ***p < 0.001.

(K) Sholl analysis results showed that Rybp KD reduced the dendritic complexity of cortical neurons compared with control group. n = 14
cells from three brains for control group and n =19 cells from three brains for Rybp KD group. Data are presented as mean + SEM, unpaired t
test; *p <0.05; **p < 0.01; ***p < 0.001.

(L) Representative images of cultured cortical neurons at DIV 17. Cultured neurons were transfected with control or shRybp plasmid at DIV
14 and collected for assay at DIV 17, respectively. Scale bar, 50 pum.

(M and N) The quantification results showed that the length of dendrites (M) and the number of branch points (N) were both significantly
decreased in Rybp KD group compared with control group. n = 23 cells from three brains for each group. Data are presented as mean + SEM,
unpaired t test; *p < 0.05; **p < 0.01; ***p < 0.001.

(0) Sholl analysis results showed that Rybp KD reduced the dendritic complexity of neurons compared with control group. n =23 cells from
three brains for each group. Data are presented as mean + SEM, unpaired t test; *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 5. Rybp KD alters transcriptome and inhibits Notch signaling in eNPCs
(A) The heatmap showing DEG between control and Rybp KD eNPCs.
(B) GO analysis showed that the downregulated genes in Rybp KD eNPCs were highly enriched for the terms related with neuronal

development.
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observed RBPJ] motif in RYBP ChIP-seq data in mESCs could
be due to the interaction between RYBP and CIR1, and
CIR1 and RBPJ. The interaction between RYBP and CIR1
facilitated the binding of RBPJ to NICD and consequently
activated Notch signaling; the loss of Rybp promoted
CIR1 competing with RBPJ to bind with NICD, and conse-
quently inhibited Notch signaling. Therefore, our findings
suggest that RYBP serves as a critical regulator of Notch
signaling during neurogenesis.

In summary, our present study has revealed the impor-
tant function of RYBP in regulating embryonic neurogene-
sis. The interaction between RYBP and CIR1 affects the
binding of RBPJ to NICD in a PRC1-independent pattern,
and consequently regulates Notch signaling pathway.

EXPERIMENTAL PROCEDURES

Mice

C57BL/6 pregnant mice were purchased from Shanghai Laboratory
Animal Center (SLAC). Mice were housed on a 12-h light/dark
schedule and fed ad libitum. All experiments were conducted
following the protocols approved by The Animal Ethics Commit-
tee of Zhejiang University.

Isolation and culture of embryonic NPCs

The isolation of eNPCs was performed as described previously (Li
et al., 2017b; Szulwach et al., 2010). Briefly, the cerebral cortex of
mice (E14) was dissected and cut into small pieces. Tissue samples
were treated with 0.1% Trypsin at 37°C for 5 min, and the enzyme
digestion was stopped with FBS. After washing with DMEM/F-12
basal medium, cells were cultured with DMEM/F-12 medium con-
taining 2% B27 (minus vitamin A), 20 ng/mL EGF, 20 ng/mL FGF-
2, 2 mM L-glutamine, and 1% antibiotic-antimycotic in a 5% CO,
incubator at 37°C. The medium was half replaced every 2 days.
eNPCs usually grew up around 2 weeks under proliferating
conditions, and were passaged about three or four times. The ho-
mogeneity of eNPCs was determined by immunostaining with
lineage-specific markers.

To perform the proliferation and differentiation assay, eNPCs
were plated onto the coated coverslips with proliferation medium.
For the proliferation assay, eNPCs were cultured with fresh
proliferation medium containing 5 uM BrdU for 4 h. For the differ-
entiation assay, eNPCs were cultured with DMEM/F-12 medium
containing 2% B27 (minus vitamin A), 2 mM L-glutamine, 1%
antibiotic-antimycotic, 1 pM retinoic acid, and 5 uM forskolin (dif-

ferentiation medium) for 48 h. At the scheduled time point, eNPCs
were fixed with 4% paraformaldehyde (PFA) followed by immuno-
staining with proper antibodies. The information for the used pri-
mary and secondary antibodies can be found in Table S2.

BrdU labeling and immunostaining

BrdU (100 mg/kg) was administered to pregnant mice 1.5 h before
the sacrifice. Pregnant mice were anesthetized with isoflurane and
transcardially perfused with cold phosphate-buffered saline (PBS)
followed by cold 4% PFA. The brains of embryonic mice were
dissected and post-fixed with 4% PFA overnight. After being
completely dehydrated with 30% sucrose at 4°C, brain samples
were embedded with optimal cutting temperature (OCT) compound
and coronally sectioned at a thickness of 20 um with a cryostat (Le-
ica). The sections were stored in preservative solution at —20°C.

To perform immunostaining, mouse brain sections were washed
with PBS for 30 min. Cultured cells were washed with 1 x PBS, fixed
in 4% PFA in 1x PBS for 30 min, and then were incubated with
blocking buffer (3% goat serum and 0.1% Triton X-100 in 1x
PBS) for 1 h atroom temperature. Sections were incubated with pri-
mary antibodies at 4°C overnight. For BrdU immunostaining, the
sections were pretreated with 1M HCI and incubated at 37°C for
30 min. After being washed three times with PBS, tissue and cell
samples were incubated with DAPI (4',6-diamidino-2-phenylin-
dole) and fluorescence-labeled secondary antibodies for 1 h. Sam-
ples were viewed and images were taken with Olympus confocal
microscope (Olympus IX83-FV3000).

Plasmid transfection

shRNAs targeting mouse Rybp (#1, 5-GATCCTCCTAGTGAAGC
TAAC-3'; #2, 5'-CAGCAGTGAATGATGAATCTT-3') and scramble
shRNA (5-TTCTCCGAACGTGTCACGT-3’) were cloned into the
pLKO.1 vector and pSicoR vector (Li and Jiao, 2020), respectively.
For the overexpression of Rybp, Cirl, Rbpj, NICD, and Hes5, the
mouse cDNA was amplified and cloned to pcDNA3.1(+) vector.
Half volume of medium was changed with fresh medium 6 h
before the transfection. Five hours later, the maintaining medium
was replaced with neurobasal medium, and 3 pg of lentivirus vec-
tor plasmids was mixed with 4 pL of lipo2000 in 200 pL of neuro-
basal medium. Thirty minutes later, the mixture was added to one
well of a 24-well plate. The medium was replaced with fresh main-
taining medium 4 h after transfection.

Co-immunoprecipitation assay
For co-immunoprecipitation, cells were lysed with co-immunopre-
cipitation lysis buffer (50 mM Tris-HCI [pH 7.8], 150 mM KCl, 0.1%

(C) KEGG analysis showed that downregulated genes were involved in pathways relating to neuronal development.
(D and E) Western blot (D) and quantification (E) showed that Rybp KD did not alter the level of H2AK119ub1 in eNPCs compared with
control group. n = 3 independent experiments for each group. Data are presented as mean + SEM, unpaired t test; *p < 0.05; **p < 0.01;

***p < 0,001.

(F) Immunoprecipitation followed by western blot assay showed that RYBP did not directly interact with RBPJ (FLAG-RBPJ) in N2a cells.
(G) Immunoprecipitation followed by western blot assay showed that RYBP physically interacted with CIR1 (HA-CIR1) in N2a cells.
(H-J) Western blot (H) and quantification results showed that Rybp KD did not significantly alter the level of Notch1 (I), but significantly
decreased the level of HES5 (J) in eNPCs. TUBULIN was used as an internal control. n = 3 independent experiments for each group. Data are
presented as mean + SEM, unpaired t test; *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 6. RYBP promotes Notch signaling as a competitive inhibitor of CIR1/RBPJ complex formation

(A and B) Immunoprecipitation followed by western blot assay (A) and quantification results (B) showed that Rybp KD significantly
increased the physical interaction between RBPJ (FLAG-RBPJ) and CIR1 (HA-CIR1) in N2a cells. n = 3 independent experiments for each
group. Data are presented as mean + SEM, unpaired t test; *p < 0.05; **p < 0.01; ***p < 0.001.

(C and D) Immunoprecipitation followed by western blot assay (C) and quantification results (D) showed that Rybp KD increased the
physical interaction between RBPJ (FLAG-RBPJ) and Hdac2 in N2a cells. n = 3 independent experiments for each group. Data are presented

as mean + SEM, unpaired t test; *p < 0.05; **p < 0.01; ***p < 0.001.

(legend continued on next page)
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Triton X, SmM EDTA) containing one protease inhibitor cocktail
on ice for 30 min. The supernatant was directly incubated with
anti-FLAG M2 magnetic beads or anti-HA magnetic beads over-
night at 4°C. The second day, samples were washed with washing
buffer (50 mM Tris-HCI [pH 7.8], 150 mM KCl, 0.01% Triton X,
5 mM EDTA) containing 1 x protease inhibitor cocktail three times.
Then, the beads were resuspended with 30 pL of RIPA buffer and
10 uL of 4% loading buffer, and denatured for 5 min at 100°C, fol-
lowed by immunoblotting assays.

Electroporation and luciferase assays

Electroporation was performed as described previously (Szulwach
et al., 2010). Briefly, around 2 x 10° eNPCs were resuspended in
100 pL of nucleofection solution and electroporated according to
the manufacturer’s protocol. For each electroporation, 4 pg of
scramble or shRybp plasmids, 0.1 pg of Renilla-luciferase plasmids,
and 2 pg of NeuroD1- or Gfap-luciferase plasmids were used,
respectively. The cells were further cultured with fresh prolifera-
tion medium, and the medium was replaced with differentiation
medium on the second day. Forty-eight hours later, cells were
collected for a dual luciferase assay with a luminometer according
to the manufacturer’s protocol.

In utero electroporation

The detailed protocols of in utero electroporation have been
described previously (Li and Jiao, 2020; Saito, 2006). The C57BL/
6 pregnant mice (E14) were anesthetized by inhaled isoflurane
(RWD). Two microliters of recombinant plasmid (final concentra-
tion 1 pg/ul) mixed with Venus-GFP at a ratio of 3:1 and fast green
(0.01%) were manually microinjected into the fetal lateral
ventricle using a glass capillary (Hirschmann DE-M 16). For elec-
troporation, the uterine horns were exposed and five 100-pspulses
of 35 Vat 900-usintervals were delivered across the uterus using an
electroporator (BEX, SN. 101438). After electroporation, the preg-
nant mice were killed at E17. Fetuses were perfused with PBS, fol-
lowed by perfusion of 4% PFA. Fetal brains were gently removed
and post-fixed in 4% PFA overnight at 4°C. Twenty-four hours
later, the brain samples were transferred into 30% sucrose solution
at 4°C for 24 h. The brain tissue was embedded in OCT (Thermo
Fisher Scientific) and sectioned in the coronal plane (15 um)
with a cryostat. Brain sections were analyzed by confocal micro-
scopy (OLYMPUS 1X83-FV3000 2019, Olympus, Japan), and the
numbers of GFP-positive or multi-marker co-labeled cells in
distinct brain regions were quantified using ImageJ software.

Isolation and culture of primary neurons and
astrocytes

The fetal cortex was dissected from the brain of E15 mice pups and
treated with 0.25% trypsin at 37°C for 30 min. Around 150,000

cortical neurons were plated onto a cell climbing slice (Corning)
coated with poly-D-lysine (5 pg/mL, Sigma, P0899-10). Neurons
were cultured with DMEM (Gibco, 11095-080) supplemented
with 10% FBS (Gibco, 10091-148), 1% L-Glu (Gibco, 5030-149),
and 1% sodium pyruvate (Gibco, 11360-070) for 4 h. The medium
was replaced with neurobasal medium (Gibco, 21103-049) supple-
mented with 2% B27 (Gibco, 17504-044), 0.25% L-Glu (Gibco,
25030-149), and 0.125% Glutamax (Thermo, 35050061).

Neonatal mice (postnatal day 1-3) were sacrificed, and cortical
and hippocampi regions were dissected out under a microscope.
The tissues were digested with 0.25% trypsin (Gibco, 25200072)
for 25 min at 37°C to dissociate into single cell suspensions. About
1 x 107 cells were plated onto one poly-D-lysine-coated T25 cul-
ture flask with DMEM medium supplemented with 10% FBS, 1%
antibiotic-antimycotic, and 2 mM L-glutamine, and the medium
was replaced every 2 days. After culture for 7-10 days, samples
were put on a shaker (240 rpm) for 12 h at 37°C, and the medium
was completely replaced with fresh culture medium.

Culture of Neuro2a cells

Neuroblastoma (NeuroZ2a) cells were cultured with DMEM medium
containing 10% FBS, 2 mM L-glutamine, and 1% antibiotic-anti-
mycotic in a 5% CO; incubator at 37°C, and medium was replaced
every 24 h.

Total RNA extraction and qRT-PCR

Total RNA was extracted from the control and Rybp KD eNPCs,
respectively, by TRIzol reagent according to the manufacture’s pro-
tocol, and the concentration was determined with a NanoDrop
spectrophotometer 2000 (Thermo Fisher Scientific); 0.5 ug of total
RNA was used for reverse transcription, and qRT-PCR assays were
performed using SYBR Green (Vazyme) in triplicate. The results
were analyzed using the **Ct method. The used primers for qRT-
PCR are shown in Table S3.

RNA-seq and data analysis
All samples used for the cDNA library were assessed by NanoDrop
2000 (Thermo Fisher Scientific), and the RNA integrity value (RIN)
was determined with the RNA Nano 6000 Assay Kit of the Bio-
analyzer 2100 system (Agilent Technologies). A total amount of
3 pg of RNA per sample was used as input. Sequencing libraries
were generated following the manufacturer’s recommendations,
and index codes were added to attribute sequences to each sample
using NEBNext Ultra™ RNA Library Prep Kit for Illumina (NEB).
Raw reads of fastq format were processed. Clean reads were map-
ped to mm10 using Hisat2 v2.0.5, and only uniquely mapped reads
were used for further analysis. FeatureCounts v2.0.1 was used to
count the read numbers mapped to each gene, and FPKM of each
transcript was calculated based on the length of the gene and

(E and F) Immunoprecipitation followed by western blot assay (E) and quantification results (F) showed that Rybp KD significantly
decreased the physical interaction between NICD (FLAG-NICD) and RBPJ (HA-RBPJ) in N2a cells. n = 3 independent experiments for each
group. Data are presented as mean + SEM, unpaired t test; *p < 0.05; **p < 0.01; ***p < 0.001.

(G-J) Western blot assay (G) and quantification results (H-J) showed that Rybp KD significantly decreased the levels of H3Ac (H) and
H3K27Ac (I), but not altered the level of H3K27me3 (J) in eNPCs. n = 3 for each group. Data are presented as mean + SEM, unpaired t test;

*p < 0.05; **p <0.01; ***p < 0.001.
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read counts mapped to this gene. Pearson correlations were per-
formed on all samples. The differential expression genes between
samples were analyzed with edge2. A p value of 0.05 and absolute
fold change of 1.5 were set as the threshold for significantly differ-
ential expression.

Western blot

Cortex tissues or cells were dissected on ice and quick-frozen in
liquid nitrogen before total protein extraction. Tissues were tritu-
rated with cold radio immunoprecipation assay (RIPA) lysis buffer
on ice and transferred to a microfuge tube, followed by centrifu-
gation at 4°C for 30 min at 12,000 rpm. Cell pellets were
collected and the total proteins were lysed with cold RIPA lysis
buffer on ice and then centrifuged at 4°C for 30 min at
12,000 rpm. Supernatants were collected and quantified by
bicinchoninic acid (BCA) protein assay. Samples were subjected
to sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) at different concentrations of separating gels accord-
ing to molecular weights of target proteins, and then transferred
onto nitrocellulose membranes. Membranes were blocked with
5% non-fat milk or 5% BSA in Tris-HCI buffer with 0.1% Tween
(pH 7.6) at room temperature for 1 h and incubated with primary
antibodies at 4°C overnight. After washing with TBST three
times, membranes were incubated with horseradish peroxidase
(HRP)-labeled secondary antibodies at room temperature for 1
h. Membranes were washed three times with TBST and incubated
with UltraSignal ECL. The signal was detected by Tanon 5200
Detection system, and the intensity of images was analyzed
with Adobe Photoshop software.

Statistical analysis

All data are presented as mean + SEM and were analyzed with
GraphPad Prism software (GraphPad Software, CA). For statisti-
cal analyses of cell distribution and labeling in vivo, three to five

tions were examined for each embryo. For comparisons between
two groups, a two-tailed unpaired Student’s t test was used. A
value of p < 0.05 was considered statistically significant (statisti-
cal significance: n.s., not significant; *p < 0.05; **p < 0.01; ***p <
0.001).

Data and code availability
The accession number for the RNA-seq data reported in this paper
is GEO: GSE174147.
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Figure 7. Ectopic Hes5 rescues the neuronal deficits induced by Rybp KD

(A) Representative images of BrdU immunostaining with eNPCs transfected with scramble + vector (Ctrl + pc), shRybp + vector (shRybp +
pc), and shRybp + Hes5 plasmids, respectively. Scale bar, 50 um.

(B) Quantification results showed that ectopic Hes5 could rescue the decreased self-renewal capability of eNPCs induced by Rybp KD, which
was indicated by the percentage of BrdU* cells. n = 3 independent experiments for each group. Data are presented as mean + SEM, unpaired
t test; *p < 0.05; **p < 0.01; ***p < 0.001.

(C) Representative images of TUJ1 immunostaining with the differentiated eNPCs. After transfection with scramble + vector (Ctrl + pc),
shRybp + vector (shRybp + pc), and shRybp + Hes5 plasmids, respectively, eNPCs were induced for differentiation for 2 days. Scale bar,
50 um.

(D) Quantification results showed that ectopic Hes5 could inhibit the excessive neuronal differentiation induced by Rybp KD, which was
indicated by the percentage of TUJ1" cells. n = 3 independent experiments for each group. Data are presented as mean + SEM, unpaired t
test; *p < 0.05; **p < 0.01; ***p < 0.001.

(E) Representative images of cortical neurons transfected with scramble + vector (Ctrl + pc), shRybp + vector (shRybp + pc), and shRybp +
Hes5 plasmids at DIV 4, respectively, and collected for assay at DIV 7. Scale bar, 50 um.

(Fand G) The quantification results showed that ectopic Hes5 significantly increased the length of dendrites (F) and the number of branch
points (G) of cortical neurons, which were significantly decreased by Rybp KD. n = 34 cells from three brains for control group, n =33 cells
from three brains for Rybp KD group, and n = 38 cells from three brains for Rybp KD + Hes5 group. Data are presented as mean + SEM,
unpaired t test; *p < 0.05; **p < 0.01; ***p < 0.001.

(H) Sholl analysis results showed that ectopic Hes5 significantly increased the dendritic complexity of cortical neurons. n = 34 cells from
three brains for control group, n =33 cells from three brains for Rybp KD group, and n = 38 cells from three brains for Rybp KD + Hes5 group.
Data are presented as mean + SEM, unpaired t test; *p < 0.05; **p < 0.01; ***p < 0.001.
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