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Abstract
Although the ependymal cells were reported to have the characteristics of neural stem cells (NSCs), the
properties of CD133-ependymal cells have not been uncovered, in particular, it is largely unknown about
the effect of Notch signaling pathway on the neurogenesis of CD133-positive ependymal cells. By using
the transgenic mouse and primarily cultured ependymal cells, we found that the immunoreactivity for
prominin-1/CD133 was exclusively localized in the subventricular zone (SVZ) and ependymal layer of
ventricles, moreover, most CD133-positive ependymal cells were co-labeled with Nestin. In addition, RBP-J,
a key nuclear effector of Notch signaling pathway, was highly active in CD133-positive ependymal cells.
Our results demonstrated that CD133-positive ependymal cells can differentiate into the immature and
mature neurons, in particular, the number of CD133-positive ependymal cells differentiating into the
immature and mature neurons was signi�cantly increased following the de�ciency or interference of RBP-
J in vivo or in vitro. By using real-time qPCR and Western blot, we found that RBP-J and Hes1 were down-
regulated while Notch1 was up-regulated in the expression levels of mRNAs and proteins following the
de�ciency or interference of RBP-J in vivo or in vitro. These results demonstrated RBP-J de�ciency
promoted the proliferation and differentiation of CD133-positive ependymal cells. Therefore, we
speculated that RBP-J could maintain CD133-positive ependymal cells in the characteristics of NSCs
possibly by regulating Notch1/RBP-J/Hes1 pathway.

Introduction
The new-born neurons exist in the two discrete locations throughout life, namely the sub-granular zone
(SGZ) of hippocampal dentate gyrus and the subventricular zone (SVZ) of lateral ventricle (LV) (Xie et al.
2017). In the LV-SVZ, the neural stem cells (NSCs) require a �nely-tuned balance between the self-renewal
and differentiation throughout life (Chojnacki et al. 2009; Pfenninger et al. 2011).

As an important surface marker of stem cells, CD133 protein was originally described as “Prominin-1” in
the murine embryonic NSCs (Weigmann et al. 1997; Fargeas et al. 2003), the putative NSCs of cerebellum
(Lee et al. 2005) and the embryonic neuroepithelial cells (Uchida et al. 2000; Marzesco et al. 2005). In
addition, CD133 was shown in the human fetal or adult myogenic and hematopoietic stem and progenitor
cells (Miraglia et al. 1997). Previous studies have revealed that CD133 immunoreactivity was mainly
distributed in the ventricular surface during the embryonic cortical development and in the early postnatal
stage, as well as in the ependymal cells of adult brain (Pfenninger et al. 2007; Coskun et al. 2008;
Pfenninger et al. 2011; Luo et al. 2015). Another study, however, reported that not all CD133-positive
ependymal cells can maintain the activity of NSCs (Codega et al. 2014).

In addition to the LV-SVZ, our study found that much more neural progenitor cells (NPCs) were distributed
around the third ventricle (3V)- and cerebral aqueduct (Aq)-SVZ following an intranigral injection of 6-
hydroxydopamine (6-OHDA) (Xie et al. 2017). Nevertheless, 6-OHDA-induced an increase in the NPCs of
LV-, 3V and Aq-SVZ could not keep up with the decreasing levels of dopaminergic neurons and their axon
terminals in the substantia nigra and striatum (Xie et al. 2017; Wang et al 2019; Chen et al. 2020).
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Carlen et al. (2009) reported that the murine LV-ependymal cells generated the neuroblasts and astrocytes
once the stroke, injury or inhibition of Notch pathway has developed, although they were lack of self-
renewal potential under physiological conditions. Since an incomplete neurogenesis of NSCs or NPCs
could not supply much more new-born neurons, the manipulation of neurogenesis will become very
critical to restore the lesioned neurons in the fetal or adult brains (Weill-Engerer et al. 2002; Hattiangady
and Shetty 2008; Ehm et al. 2010).

In a normal condition, the maintenance, proliferation and differentiation of the NSCs are tightly controlled
under Notch signaling pathway, which is essential for the neurogenesis of developing mammalian brain
(Furukawa et al. 2000; Scheer et al. 2001; Blanpain et al. 2006; Louvi and Artavanis-Tsakonas 2006;
Mizutani et al. 2007; Song et al. 2007). Among the established components of Notch signaling pathway,
RBP-J serves as a key and essential integrator, as a DNA-binding transcription factor of signal-binding
protein recombination (Han et al. 2002; Bray 2006). Once Notch ligands bind to their receptors, the
intracellular domain of Notch (NICD) is released, and then translocated into the nucleus, where NICD-RBP-
J complex is formed (Shi et al. 2012). NICD-RBP-J complex could activate such target genes as Hes1 and
Hes5, which represses the neuronal differentiation and maintain NSCs or NPCs in a pluripotent state
(Kageyama and Ohtsuka 1999; Bertrand et al. 2002; Yoon and Gaiano 2005; Louvi and Artavanis-
Tsakonas 2006; Imayoshi et al. 2008).

Ehm et al. (2010) reported that the differentiation of adult mouse hippocampal NSCs, which held a highly
active Notch/RBP-J signaling pathway, was signi�cantly increased at 3 weeks following a conditional
RBP-J inactivation. Carlen et al. (2009) reported that Notch signaling pathway could maintain the
ependymal cells in a quiescent state under normal conditions. Once Notch signaling pathway was
inhibited, the ependymal cells exited the cell cycle and then differentiated into the premature and mature
neurons. Nevertheless, it has not been fully elucidated how Notch signaling pathway modulates the
neurogenesis of CD133-positive ependymal cells in the adult SVZ and ependymal layer of ventricles
(Hitoshi et al. 2002; Yamamoto et al. 2003; Duncan et al. 2005; Basak and Taylor 2007; Mizutani et al.
2007; Andreu-Agullo et al. 2009).

By immunohisto (cyto)-chemical staining, real-time qPCR and Western blot, we sought to determine the
effect of RBP-J deletion or interference on the proliferation and differentiation of CD133-positive
ependymal cells, as well as observed the expression pro�les of essential components in Notch/RBP-J
signaling cascade including Notch receptor (Notch1), RBP-J and its target Hes1 in vitro and in vivo.

Materials And Methods

Cell Culture and Treatment Paradigm
Under an intraperitoneal anesthesia with 1% pentobarbital sodium (50 mg/kg, Merck, USA, #57-33-0), the
embryos were removed from the uterus of 12-d pregnant ICR female mice. All treatments were in strict
compliance with the guidelines of experimental animal center of Wenzhou Medical University and
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National Institute of Health Guide for Care and Use of Laboratory Animals (NIH Publications No.8023,
revised 1978). The whole forebrain of embryo was quickly dissected from the skull.

Having removed the blood vessels, the LV-wall tissue from the forebrain was harvested, micro-dissected
into 1 x 1 x 1 mm3 under a dissection microscope, digested with 0.05% trypsin/EDTA (Gibco Invitrogen,
USA, #59417C), triturated gently into the cell suspension and �nally �ltrated into a new centrifuged tube
by the cell mesh with 400-micro pores (37.4 µm). The cell suspension was centrifuged at 1,000 rpm for 5
min and the supernatant was discarded. The cell pellets were resuspended with 500-µl Neurobasal
proliferating medium (Gibco Invitrogen, #21103049) supplemented with 10% fetal bovine serum (FBS,
Gibco Invitrogen, #10100147C), 0.2% basic �broblast growth factor (bFGF, peprotech, USA, #450 − 33)
and 1% GlutaMAX (Gibco Invitrogen, #35050061) and then seeded to a 6- or 24-well plate at a density of 1
x 105 and kept at 37°C in 5% CO2 incubator for 24 h.

Once the neuro-spheres were formed, the cell medium was changed into the serum-free differentiation
medium including 2% B27 (Thermo Fisher Scienti�c, USA, #17504044) and 1% GlutaMAX. The siRNA
expression plasmid targeting RBP-J (RBP-J-siRNA) was constructed by Santa Cruz Biotechnology
Company (USA, #sc-38215). On day 3 in vitro cell culture (DIV 3), the ependymal cells were divided into
the control, Lipo2000, Control-siRNA (or empty vector) + lipo2000 and RBP-J-siRNA + lipo2000 groups.

The control group was referred as to the ependymal cells without any chemicals and reagents in the
differentiation medium. In the RBP-J-siRNA + lipo2000 group, RBP-J-siRNA (10 pM) was mixed with
lipo2000 (2:1; Thermo Fisher Scienti�c, #11668030) at room temperature for 15 min and the mixture was
added to 250-µl cell medium and then continued to culture for 24 h. In the control-siRNA + lipo2000 group,
RBP-J-siRNA was replaced with the empty vector. On DIV 5, 7 and 10, the ependymal cells were attached
onto poly-L-lysine-coated coverslips (Sigma-Aldrich, USA, #P0425) and the immuno�uorescent staining
was performed.

Mouse Breeding And Genotyping
Three types of transgenic lines, namely CD133-CreER™, ROSA26-LacZ and RBP-J�ox/�ox mice, were
obtained from Wenzhou Medical University. CD133-CreER™ were crossed with ROSA26-LacZ mice and
their offspring were then bred with RBP-J�ox/�ox mice to obtain CD133-CreERTM::ROSA26-LacZ::RBP-
J�ox/�ox progeny (Han et al. 2002).

In order to detect the alleles, Taq Platinum PCR Master Mix (TianGen Biotech, China, #4992790) was used
along with PCR primers (Gibco Invitrogen) for genotyping ROSA (Fig. 3a; PCR product-300 bp: 5'-
AAAGTCGCTCTGAGTTGTTAT-3'; 5'-GCGAAGAGTTTGTCCTCAACC-3'), RBP-J�ox/�ox (Fig. 3b; PCR product-
200 bp: 5'-TGCATAAAACCCCAGATGACTACC-3'; 5'-GCAATACCTTTCTGGGAGTTCTCT-3'; 5'-
GGGTAACCTTTGAGTTCTCTCAGT-3'), Cre (Fig. 3c; PCR product-300 bp: 5'-TCGATGCAACGAGTGATGAG-
3’; 5'-TCCATGAGTGAACGAACCTG-3') and CD133 (Fig. 3d; PCR product-586 bp for wild type or 320 bp for
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homozygote: 5'-CAGGCTGTTAGCTTGGGTTC-3'; 5'-TGCTGATTGCCTTCTGTCTG-3'; 5'-
AGGCAAATTTTGGTGTACGG-3').

The mice with the abovementioned four alleles were referred to as CD133-CreERTM::ROSA26-LacZ::RBP-
J�ox/�ox mice. CD133-driven Cre expression was present in CD133-positive ependymal cells, which were
located in the SVZ and ependymal layer of LV, 3V and Aq (Coskun et al. 2008; Pfenninger et al. 2011; Luo
et al. 2015). In order to inactivate RBP-J expression in CD133-positive ependymal cells, the adult CD133-
CreERTM::ROSA26-LacZ::RBP-J�ox/�ox mice were intraperitoneally injected with 15 mg/ml of tamoxifen
(TAM, 200 ~ 250 mg/kg/d; Sigma-Aldrich, #T5648) or the same amount of corn oil (vehicle solution) for
�ve consecutive days (Henry et al. 2009; Xie et al. 2017; Chen et al. 2020).

As a nonsteroidal antiestrogen, TAM was pre-dissolved in the corn oil to prepare a 75-mg/ml stock
solution. The expression of TAM-induced Cre-recombinase was activated under CD133 promoters to
excise both the transcriptional stop and RBP-J locus �anked by �ox sites and induce the expression of
LacZ gene in CD133-positive ependymal cells. The β-galactosidase (β-Gal) that was encoded by LacZ
gene can be detected by β-Gal immuno�uorescent staining. Thus, β-Gal-positive cells were regarded as
CD133-positive ependymal cells.

One day after the �nal intraperitoneal TAM treatment, four-month-old mice (25 ~ 30 g) were randomly
assigned to the RBP-J�ox/�ox-conditional knockout (RBP-J CKO mice) and control groups (CD133-
CreERTM::ROSA26-LacZ::RBP-J−/− mice). Since the larger the sample size, the more possible in re�ecting
the true condition, meanwhile, we considered that it is hard to obtain the CD133-CreERTM::ROSA26-
LacZ::RBP-J�ox/�ox mice, each group had 6 mice in this study according to our previous published paper
(Sun et al. 2012; Zhang et al. 2015; Xie et al. 2017; Chen et al. 2020).

Afterwards, the mice were sacri�ced and then the immuno�uorescent staining, Western blot and RT-qPCR
were performed, as have been previously described (Sun et al. 2012; Zhang et al. 2015; Xie et al. 2017;
Chen et al. 2020). During the experimental process, the RBP-J CKO and control groups of mice were
housed in a standard environment with a controlled light/dark cycle, temperature and humidity. The mice
can freely gain access to dry food pellets and water, in particular, their stress and pain should be reduced.

Immunohistochemical And Immunocytochemical Staining
For the immunocytochemical staining, the cells on the poly-L-lysine-coated coverslips in a 24-well plate
were washed 3 times for 15 min with 0.01 M phosphate-buffered saline (PBS, pH 7.4; Sigma-Aldrich,
#P3813) containing 0.1% Triton X-100 (Sigma-Aldrich, #T8787) followed by a �xation in 4% cold
paraformaldehyde (Sigma-Aldrich, #158127)/PBS for 10 min at the room temperature. For the
immunohistochemical staining, the RBP-J CKO and control group of mice were perfused intracardially
with 0.85% normal saline (Merck, #S0817) for 5 min followed by a �xative containing 4% cold
paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4; Sigma-Aldrich, #P5244) at the room
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temperature. The brain tissue was removed, post-�xed in the same �xative for 4 h, and subsequently
immersed in 30% sucrose solution (Merck, #718033) overnight at 4°C. The brain tissue was embedded in
OCT tissue freezing medium (Merck, #SHH0026).

Six sets of frozen serial coronal sections (40-µm thick) were collected utilizing Leica cryostat (Germany)
with 240-µm distance at each set of consecutive sections. An antigen retrieval was performed in the
antigen retrieval solution (10 mM trisodium citrate and 2 mM citric acid, pH 6.0; Sigma-Aldrich, #9999) for
6 min at 96°C. In order to avoid a non-speci�c binding, the cells on the coverslips or the tissue frozen
sections were subjected to the blocking solution containing 0.1% TritonX-100 (Thermo Fisher Scienti�c,
#9002-93-1) and 4% normal serum (Abcam, USA) for 90 min at the room temperature followed by 3 x 5
min washes with 0.01 M PBS.

In order to analyze the neuro-sphere formation of ependymal cells and their proliferation and
differentiation, the primary antibody incubation was carried out overnight at 4°C in the speci�ed dilution
of blocking solution with the following primary antibodies: mouse anti-Nestin (marker for the NSCs, 1:400;
Cell Signaling Technology or CST, USA, #33475S), rabbit anti-proliferating cell nuclear antigen (PCNA,
marker for the proliferating cells, 1:800; CST, #2568), rabbit anti-doublecortin (DCX, marker for the
immature neurons, 1:400; CST, #148025), rabbit anti-β-tubulin III (marker for the immature neurons, 1:400;
CST, #151155), rat anti-CD133 (marker for the ependymal cells, 1:100; eBioscience, USA, #14-1331-82),
mouse anti-microtubule-associated protein 2 (MAP2, marker for the mature neuron, 1:400; Gibco
Invitrogen, #AB5622), mouse anti-β-Gal (maker for CD133-positive ependymal cells and their progeny,
1:3200; CST, #14B7), rabbit anti-RBP-J (marker for a key integrator of Notch signaling pathway, 1:100;
CST, #720219), guinea pig anti-neuronal nuclear antigen (NeuN, marker for the mature neuron, 1:3000;
Merck Millipore, USA, #ABN90).

On the following day, the cells on the coverslips or the tissue sections were incubated with the appreciate
host-speci�c secondary antibodies coupled to Alexa Fluor 594 goat-anti rabbit IgG (1:400; Jackson
ImmunoResearch, USA, #SAB4600322), Alexa Fluor 488 goat-anti rat IgG (1:400; Jackson
ImmunoResearch, #SAB4600235), DyLight™ 594 donkey-anti mice IgG (1:400; Jackson ImmunoResearch,
#SAB4600098) or DyLight™ 488 donkey-anti guinea pig IgG (1:400; Jackson ImmunoResearch,
#SAB4600033) at the room temperature for 90 min. After 3 x 5 min washes with 0.01 M PBS, the cells on
the coverslips or the tissue sections were sealed by 75% glycerol mounting medium with or without 1
mg/ml Hoechst (marker for the cell nuclei; Beyotime, China, #HC08).

According to the previous published paper (Sun et al. 2012; Zhang et al. 2015; Xie et al. 2017; Wang et al.
2019; Chen et al. 2020), we have determined the targeted protein expressions in the cells and brain
tissues. If the localization and expression of these proteins are expected, these antibodies are considered
as to be speci�c. On the other hand, the appropriate immunoreactive controls were applied by replacing
the primary antibodies with normal serum or 0.01 M PBS and the results showed as negative.

Rna Isolation And Real-time Qpcr Analysis
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According to Chen et al. (2020) report with the minor modi�cations, the total RNA (5 µg) was extracted
from the dissociated LV-wall tissue or cells using 1-ml Trizol reagent (Gibco Invitrogen, #A33253) and the
isolated RNA was treated with the DNase (Promega, USA, #M6101). The cDNA templates were generated
using the reverse transcription-PCR (RT-PCR, Gibco Invitrogen, #C11730017) according to the
manufacturer’s instructions. The real-time quantitative PCR (qPCR, Gibco Invitrogen, #CS11733038) for
Notch1, RBP-J, Hes1 and β-actin was performed in 10 µl-reaction mixtures containing 1-µl cDNA, 5-µl 2
× TaqPCR MasterMix and 1-µl primer. The expressions of related genes were subjected to 40 cycles of

PCR ampli�cation (PCR conditions: initial denaturation at 94℃ for 30 sec; primer annealing at 60℃ for
30 sec; primer extension at 60°C for 1 min).

The following primers were used including Notch1 (forward primer: 5’TCGTGTGTCAAGCTGATGAGGA3’;
reverse primer: 5’GTTCGGCAGCTACAGGTCACAA3’), RBP-J (forward primer: 5’
GCCTGTTGTGACAGGGAAGTT 3’; reverse primer: 5’ GATACACACAAGGAGGAGGGC 3’), Hes1 (forward
primer: 5’ CAACACGACACCGGACAAAC 3’; reverse primer: 5’ GGAATGCCGGGAGCTATCTT 3’) and β-actin
(forward primer: 5’ GCCTTCCTTCTTGGGTATGGAA 3’; reverse primer: 5’ CAGCTCAGTAACAGTCCGCC’).

The PCR products of Notch1, RBP-J and Hes1 were analyzed by 1.5% agarose gel electrophoresis (Gibco
Invitrogen, #16500500) and quanti�ed by 2-ΔΔCT method using ChamQ SYBR qPCR Master Mix reagent
(High ROX Premixed, China, #Q311) and StepOne™ Software v2.1 (Thermo Fisher Scienti�c) according to
the ratio between the cycle threshold (Ct) that the �uorescent signal crossed within the logarithmic phase
of Notch1, RBP-J and Hes1 and that of the reference β-actin. The mRNA level of each sample was
expressed as the percentage of control group. The real-time qPCR experiments were carried out by the six
independent replicates.

Protein Isolation And Western Blot Analysis
The total protein was extracted according to the manufacture’s instruction (Beyotime, #AMJ-KT0007).
Western blot has been previously described with a slight change (Wang et al. 2019; Chen et al. 2020).
Brie�y, the dissociated cells in a 6-well plate (1 x 105/well) and the homogenized LV-wall tissue (5 mg)
were washed with the ice-cold 0.01 M PBS (pH 7.4), and then lysed in 200 ~ 250-µl radio
immunoprecipitation assay (RIPA)/phenylmethanesulfonyl �uoride (PMSF) lysis buffer (100:1; Beyotime,
#36978) for 30 min. The lysed cells and tissue were centrifuged at 12,000 rpm for 20 min at 4°C. The
supernatants were collected, transferred to pre-chilled Eppendorf tube (total protein fraction), and then
stored at -80°C for further analysis.

The protein concentration was determined by BCA assay (Beyotime, #P0010S). Forty micrograms of
proteins that were isolated from the cells or brain tissues were loaded with 5 x loading buffer containing
2% sodium dodecyl sulfate (SDS; Sigma-Aldrich, #L4390) at 95°C water bath for 10 min, run onto 10%
SDS-polyacrylamide gel (PAGE; Merck, #PCG2003) at 60 and 100 V successively for 1.5 h. The protein
band was cut out from PAGE according to a pre-stained marker (Thermo Fisher Scienti�c, #PLU00464)
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and electro-transferred onto the polyvinylidene di�uoride (PVDF) membrane (Merck, #3010040001) at
300 mA for 1 h.

Thereafter, the non-speci�c binding sites were blocked with 5% non-fat milk in 50 mM Tris-buffered saline
and 0.1% Tween 20 (TBST, pH 7.5; Sigma-Aldrich, #91414) at the room temperature for 2 h. The
membrane was incubated overnight at 4°C with the following speci�c primary antibodies containing
rabbit anti-Notch 1 (CST, 1:1000, #114-10200), rabbit anti-RBP-J (CST, 1:1000, #720219), rabbit anti-Hes1
(CST, 1:1000, #ab71559) and mouse anti-β-actin (domestic loading controls, 1:2000, Abgent, China,
#AF0003). Having washed for 3 x 10 min washes with 1 x TBST, the membrane was incubated with the
appropriate horseradish peroxidase (HRP)-conjugated goat anti-rabbit or mouse secondary antibody
(1:5000, Jackson ImmunoResearch, #111-035-003 or #115-035-003) at the room temperature for 2 h. The
immuno-reactive protein band was detected with an enhanced chemiluminescent (ECL) kit (Beyotime,
#P0018FS). The protein level was normalized with respect to β-actin and the relative O.D. was calculated
using an Image J software (NIH, Version 1.39×).

Image Acquisition And Cell Counting
According to the mouse brain atlas (Golmohammadi et al. 2008), a nonbiased stereological estimation
was performed on every sixth serial brain section (240-µm apart) throughout the rostro-caudal axis of
brain. At the commencement of olfactory bulb, the �rst coronal brain section was collected. The number
of β-Gal-, DCX-, β-tubulin III-, NeuN- and PCNA-immuno-positive cells was quanti�ed in approximately 0.1-
mm area surrounding the LV (1.94, -2.92 relative to the bregma), the third ventricle (3V; 0.38, -2.80) and the
cerebral aqueduct (Aq; -2.92, -5.02) from the randomly selected 16 frames with each measuring 30 µm×30
µm (Xie et al. 2017; Chen et al. 2020). The immuno-positive cells that fell inside the optical frame were
counted via an optical fractionator (Q-imaging, Canada).

In the primarily cultured CD133-positive ependymal cells, the number of CD133-, DCX-, β-tubulin III-, MAP2-
and PCNA-immuno-positive cells was counted by the randomly selected 5 visual �elds containing left,
right, superior, central and inferior parts, and then expressed as the average value using an Image J
software.

The well-focused immuno-positive cells were captured under an upright �uorescent Olympus microscope
equipped with a MicroFire CCD camera (Olympus Corporation, Japan). In order to identify the co-
localization, the double immuno-positive cells were photographed in the three-dimensional (3D)
reconstruction (x-y, x-z, and y-z planes) under a confocal laser scanning microscope (NIKON A1R, Japan),
and then the confocal images were obtained along Z-axis with a 1-µm interslice gap.

During the experimental process, the brain sections were coded prior to the immuno-processing and cell
counting. The observers who were blinded to the experimental conditions manifested these condes until
all tasks have been completed.
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Statistical Analysis
The normality and variance homogeneity were assessed by applying Shapiro-Wilk normality test,
Kolmogorov-Smirnov normality test and ordinary ANOVA test with Prism 8.0.1 software (GraphPad
Software Incorporation, USA). All data were expressed as the mean ± standard error mean (SEM) and
statistically analyzed by ordinary one-way ANOVA with Tukey’s test if the homoscedasticity was equal or
Brown-Forsythe and Welch ANOVA tests with Dunnett’s T3 test if the homoscedasticity was not equal for
four groups, as well as unpaired two-tailed t tests if both samples had the same SD or unpaired t test with
Welch’s correction if the SDs were not equal, respectively. The results were considered to be statistically
signi�cant when the probability (p) value was ≤ 0.05, 0.01, 0.001and 0.0001.

Results

Embryonic CD133-Positive Ependymal Cells Possessed the
Characteristics of NSCs
The SVZ and ependymal layer of LV-wall tissue were isolated, micro-dissected and dissociated into a
single ependymal cell from the forebrain of embryonic day 12 (E12) mouse. Our results found that a very
large percentage of cells (94.63 ± 2.09%) were CD133-positive ependymal cells when these cells were
immunoreactive with CD133/Hoechst, revealing that CD133 was highly expressed in these primarily
cultured ependymal cells (Fig. 1a).

Having been plated on the uncoated surfaces for 2 ~ 3 days, most CD133-positive ependymal cells
showed an oval or tadpole-like morphology with short processes. There was approximately 3 ~ 5 neuro-
spheres on the adherent surfaces at a low (Fig. 1c) or high magni�cation of visual �eld (Fig. 1d) and
these neuro-spheres were immunoreactive with Nestin, demonstrating that CD133-positive ependymal
cells possessed the properties of NSCs (Fig. 1e).

With the prolonged time in vitro primary culture, the soma of ependymal cells became much larger in
diameter, meanwhile, their processes gradually grew rami�cations vigorously and formed the neural
networks. Having been seeded into the differentiation medium without bFGF, CD133-positive ependymal
cells-derived neuro-spheres ultimately generated the bipolar or multipolar cells on DIV 9 (Fig. 1b).

RBP-J Interference Promoted the Proliferation and Differentiation of CD133-Positive Ependymal Cells in
Vitro

To determine the effect of RBP-J inactivation on the neurogenesis of CD133-positive ependymal cells,
CD133-positive ependymal cells were administrated with RBP-J-siRNA on DIV 3 and then were co-labelled
with DCX, β-tubulin III, MAP2 and PCNA on DIV 5, 7 and 10. Our studies showed that CD133 was mainly
enriched in the plasma membrane of ependymal cells and their projections. Under a �uorescent
microscope, a cluster morphology-like DCX (Fig. 2a), as well as β-tubulin III (Fig. 2c) and MAP2 (Fig. 2e)
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were expressed in the prominent cytoplasm and neurite extension while PCNA was mainly present in the
obvious nucleus (Fig. 2g).

As compared with the control, Lipo2000 and Control-siRNA + lipo2000 groups, RBP-J interference induced
by RBP-J-siRNA signi�cantly upregulated the ratio of CD133/DCX- (Fig. 2b; F(3.000, 16.64) = 692.4,
W(3.000, 10.90) = 440.7, p<0.0001), CD133/MAP2- (Fig. 2f; F(3.000, 17.88)=559.8, W(3.000, 10.97)=640.1,
p<0.0001) and CD133/PCNA-double positive cells (Fig. 2h; F(3.000, 7.230)=344.1, W(3.000, 9.773)=1952,
p<0.0001) (Fig. 2i; F(3.000, 15.35)=691.4, W(3.000, 10.74)=452.9, p<0.0001) (Fig. 2j; F(3.000,
17.38)=557.9, W(3.000, 10.90)=525.2, p<0.0001) relative to the total CD133-positive ependymal cells, as
well as the number of DCX- (Fig. 2b; F(3.000, 14.50)=76.89, W(3.000, 8.802)=63.53, p<0.0001), MAP2-
(Fig. 2f; F(3.000, 8.288)=9.721, p=0.0044; W(3.000, 9.060)=201.4, p<0.0001) and PCNA-positive cells (Fig.
2h; F(3.000, 14.45)=97.87, W(3.000, 9.331)=70.24, p<0.0001) (Fig. 2i; F(3.000, 11.25)=77.57, W(3.000,
10.20)=41.78, p<0.0001) (Fig. 2j; F(3.000, 12.99)=95.65, W(3.000, 10.17)=54.79, p<0.0001) (normality and
variance homogeneity, Brown-Forsythe and Welch ANOVA tests), except for the ratio of CD133/β-tubulin III
double-positive cells (Fig. 2d; F(3, 20)=2.683, p=0.0743) or the number of β-tubulin III -positive cells (Fig.
2d; F(3, 20)=0.3696, p=0.7757) (normality and variance homogeneity, ordinary one-way ANOVA test) on
DIV 5, 7 and 10.

There was a signi�cant decrease in CD133-positive ependymal cells of RBP-J-siRNA + lipo2000 groups
(Fig. 2b; F(3.000, 10.36) = 14.40, p<0.001; W(3.000, 10.25)=53.47, p<0.0001) (Fig. 2f; F(3.000,
14.22)=4.237, p=0.0247; W(3.000, 8.480)=10.48, p=0.0032), as compared with the control, Lipo2000 and
Control-siRNA+lipo2000 groups (normality and variance homogeneity, Brown-Forsythe and Welch ANOVA
tests). However, no increase or decrease existed in the number of CD133-positive ependymal cells (Fig. 2d;
F(3, 20)=2.951, p=0.0575) (Fig. 2h; F(3, 20)=1.509, p=0.2428) (Fig. 2i; F(3, 20) = 2.536, p = 0.0857) (Fig. 2j;
F(3, 20)=0.7938, p = 0.5116) (normality and variance homogeneity, ordinary one-way ANOVA test).

RBP-J Was Expressed in CD133-Positive Ependymal Cells in Vivo

To determine whether RBP-J was detected in CD133-positive ependymal cells, ROSA26-LacZ reporter mice
were crossed with both CD133-CreER™ and RBP-J+/+ or RBP-J−/− mice. Since β-Gal-positive cell was
regarded as an indicator of CD133-positive ependymal cell and its downstream lineage, we performed an
immuno�uorescent staining for β-Gal. Our present results indicated that the immunoreactivity for β-Gal
was exclusively localized in the SVZ or ependymal layer, as well as the vicinity of LV, 3V and Aq, which
was in accordance with the previous studies (Henry et al. 2009; Xie et al. 2017).

In CD133-CreERTM::RBP-J−/−::ROSA26-LacZ mice, RBP-J was expressed in the nuclear fraction of β-Gal-
stained CD133-positive ependymal cells (Fig. 3e) after the mice have treated with TAM intraperitoneally
for 5 consecutive days, moreover, approximately 90.26% of β-Gal-positive cells were co-expressed with
RBP-J, revealing that RBP-J was active in the vast majority of CD133-positive ependymal cells. In contrast
to the littermate controls, RBP-J expression was almost absent among the recombined cells of RBP-J CKO
mice (Fig. 3f), leaving less than 5% of β-Gal-positive cells were co-labelled with RBP-J. These results
indicated that RBP-J knockout was validated in CD133-positive ependymal cells of RBP-J CKO mice.
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RBP-J Knockout Promoted the Proliferation and Differentiation of β-Gal-Labelled CD133-Positive
Ependymal Cells in Vivo

Since CD133-positive ependymal cells could be labelled with β-Gal, we examined β-Gal-positive cells with
a variety of cell markers including PCNA, DCX or β-tubulin III and NeuN to determine the proliferation and
differentiation of adult CD133-positive ependymal cells following a conditional ablation of RBP-J by a
double immuno�uorescent staining. The �uorescent microscope showed that β-Gal- (Fig. 4a, c, e and g;
Fig. 5a ~ h), DCX- (Fig. 4a, 5a, 5b), β-tubulin III- (Fig. 4c, 5c, 5d) and PCNA-expressing cells (Fig. 4g, 5g, 5h)
were prevalent in the regions surrounding LV-, 3V- and Aq-SVZ or ependymal layer. Interestingly, most
NeuN-positive cells were seen to be away from the SVZ or ependymal layer into the adjacent parenchyma
(Fig. 4e, 5e, 5f). The expression of β-Gal, DCX, β-tubulin III, NeuN and PCNA in vivo were in accordance
with those of CD133, DCX, β-tubulin III, MAP2 and PCNA in vitro.

In the LV-, 3V- and Aq-SVZ or ependymal layer, our statistical results revealed that RBP-J ablation in
CD133-positive ependymal cells resulted in a dramatic increase in the number of DCX- (Fig. 4b; t(9.522) = 
54.31, p<0.0001) (Fig. 5a’; t(7.816)=7.019, p<0.001) (Fig. 5b’; t(6.782)=10.11, p<0.0001), β-tubulin III- (Fig.
4d; t(5.416)=14.45, p<0.0001) (Fig. 5c’; t(9.690)=5.696, p = 0.0002) (Fig. 5d’; t(6.265)=29.22, p<0.0001),
NeuN- (Fig. 4f; t(6.791)=5.230, p=0.0013) (Fig. 5e’; t(9.317)=14.14, p<0.0001) (Fig. 5f’; t(7.179)=8.935,
p<0.0001) and PCNA-positive cells (Fig. 4h; t(6.085)=10.31, p<0.0001) (Fig. 5g’; t(6.214)=6.492, p<0.001)
(Fig. 5h’; t(9.764)=3.933, p = 0.0029), as compared with the control group (unpaired t test with Welch’s
correction).

In comparison with the control group, RBP-J CKO mice had a signi�cant increase in the fraction of β-
Gal/DCX- (Fig. 4b; t(6.261) = 18.41, p<0.0001) (Fig. 5a’; t(8.482)=15.92, p<0.0001) (Fig. 5b’;
t(9.779)=25.85, p<0.0001), β-Gal/β-tubulin III- (Fig. 4d; t(5.606)=10.50, p<0.0001) (Fig. 5c’; t(6.351)=10.27,
p<0.0001) (Fig. 5d’; t(6.565)=18.84, p<0.0001), β-Gal/NeuN- (Fig. 4f; t(9.282)=7.223, p<0.0001) (Fig. 5e’;
t(5.061)=17.61, p<0.0001) (Fig. 5f’; t(7.682)=7.014, p<0.001) and β-Gal/PCNA-double positive cells
(Fig. 4h; t(5.725)=20.65, p<0.0001) (Fig. 5g’; t(9.981) = 17.91, p<0.0001) (Fig. 5h’; t(5.584) = 13.34,
p<0.0001) relative to β-Gal-positive cells (unpaired t test with Welch’s correction). Strikingly, our results
showed that β-Gal-positive cells differentiation into the immature neurons (DCX and β-tubulin III) were
much higher than the mature neurons (NeuN), further con�rming that RBP-J deletion easily made β-Gal-
positive cells differentiate into the immature rather than the mature neurons.

In addition, our results revealed that there was almost lack of an obvious alteration in the number of most
β-Gal-positive cells of RBP-J CKO mice (Fig. 4b; t(10) = 1.380, p = 0.1976) (Fig. 4h; t(10) = 0.6654, p = 
0.5208) (Fig. 5a’; t(10) = 0.3270, p = 0.7504) (Fig. 5b’; t(10) = 0.9825, p = 0.3490) (Fig. 5c’; t(10) = 0.4066, p 
= 0.6929) (Fig. 5e’; t(10) = 2.143, p = 0.0577) (Fig. 5g’; t(10) = 1.857, p = 0.0930) except for some increased
(Fig. 4d; t(5.778) = 7.203, p<0.001) (Fig. 5d’; t(5.079)=5.882, p=0.0019) (Fig. 5f’; t(5.332)=12.19, p<0.0001)
(Fig. 5h’; t(6.132) = 11.37, p<0.0001) or decreased β-Gal-positive cells (Fig. 4f; t(9.389)=4.336, p = 0.0017)
(unpaired two-tailed t tests and unpaired t test with Welch’s correction), which was in coincidence with
those �ndings in the primarily cultured CD133-positive ependymal cells.
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RBP-J Interference or Knockout Regulated the RBP-J-, Notch1- and Hes1-mRNA Expressions in Vitro or in
Vivo

Notch1 is an upstream component that binds RBP-J while Hes1 is a downstream target that represses the
expression of pro-neural genes, thus we examined whether the expression levels of Notch1- and Hes1-
mRNA were altered following RBP-J inactivation in vitro and in vivo using real-time qPCR. As compared
with the control, Lipo2000 and Control-siRNA + lipo2000 groups in the primarily cultured CD133-positive
ependymal cells, our results indicated that the relative expression level of RBP-J-mRNA was signi�cantly
decreased following RBP-J interference (Fig. 6a; F(3.000, 14.76) = 3507, W(3.000, 10.14) = 5032,
p<0.0001) (normality and variance homogeneity, Brown-Forsythe and Welch ANOVA tests). RBP-J
knockout in CD133-positive ependymal cells also signi�cantly decreased RBP-J mRNA expression level in
the LV-wall tissue to about 85.18~91.5% of the control group (Fig. 6g; t(9.644)=36.82, p<0.0001)
(unpaired t test with Welch’s correction), indicating that TAM-induced Cre-expression resulted in an
e�cient recombination of RBP-J.

Meanwhile, the relative expression level in RBP-J-siRNA + lipo2000 group of primarily cultured CD133-
positive ependymal cells or RBP-J CKO mice had a signi�cant increase in Notch1-mRNA (Fig. 6b: F(3.000,
5.690) = 194.4, W(3.000, 10.64) = 61.01, p<0.0001; Fig. 6h: t(5.008)=13.77, p<0.0001) and decrease in
Hes1-mRNA (Fig. 6c: F(3.000, 16.50) = 149.5, W(3.000, 10.59) = 117.4, p<0.0001); Fig. 6i: t(5.480)=48.17,
p<0.0001) (Brown-Forsythe and Welch ANOVA tests and unpaired t test with Welch’s correction). These
results demonstrated that RBP-J deletion could upregulate and downregulate the relative expression
levels of Notch1- and Hes1-mRNA, respectively.

RBP-J Interference or Knockout Regulated the RBP-J, Notch1 and Hes1 Protein Expressions in Vitro or in
Vivo

Additionally, we examined the expression levels of RBP-J, Notch1 and Hes1 proteins using Western blot in
order to further con�rm whether these protein expressions were in accordance with their mRNA levels.
Consistent with RBP-J-mRNA, the decreased relative expression level of RBP-J protein was more evident
following RBP-J interference, as compared to the control, Lipo2000 and Control-siRNA + lipo2000 groups
in the primarily cultured CD133-positive ependymal cells (Fig. 6d; F(3.000, 18.22) = 2363, W(3.000, 10.83) 
= 1861, p<0.0001) (normality and variance homogeneity, Brown-Forsythe and Welch ANOVA tests).
Furthermore, RBP-J knockout in CD133-positive ependymal cells abruptly decreased RBP-J protein
expression level in the LV-wall tissue to about 69.03~71.71% of the control group (Fig. 6j; t(5.233)=46.66,
p<0.0001) (unpaired t test with Welch’s correction).

Our results demonstrated that the relative expression levels following RBP-J siRNA or knockout had a
signi�cant increase in Notch1 protein (Fig. 6e: F(3.000, 16.81) = 489.7, W(3.000, 10.83) = 338.3, p<0.0001;
Fig. 6k: t(6.493)=24.23, p<0.0001) and an obvious reduction in Hes1 protein (Fig. 6f: F(3.000,
13.14)=720.0, W(3.000, 9.911)=1715, p<0.0001; Fig. 6l: t(5.472)=22.84, p<0.0001), which was in
accordance with their mRNA expression levels. Taken together, our results suggested that Notch1 and
Hes1 were speci�cally upregulated and downregulated in the absence of RBP-J by the transcriptional and
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translational mechanisms, which might account for RBP-J deletion-induced the proliferation and
differentiation of CD133-positive ependymal cells.

Discussion
It has been widely accepted that the LV-SVZ-NPCs or NSCs had a neurogenic capacity, so they could
transiently amplify, migrate into the damaged brain areas and differentiate into the neuroblasts once
activated (Doetsch et al. 2002; Carlen et al. 2009). In the LV-SVZ, four types of cells have been
characterized as the identities of NSCs, which are referred to as the neuroblast A cells, subependymal
astrocyte B cells, transit-amplifying immature precursor C cells and ependymal E cells (Doetsch et al.
1997; Beckervordersandforth et al. 2010).

During the activation of NSC, B cells produce C cells that give rise to a large number of A cells (Doetsch
2003; Luo et al. 2015). A large amount of published literature revealed that the NSCs residing in the
forebrain LV-SVZ neurogenic niche of the adult mouse could maintain a homeostasis between the
quiescent state and neurogenesis throughout the lifetime (Doetsch 2003; Merkle et al. 2007; Coskun et al.
2008; Morrison and Spradling 2008; Beckervordersandforth et al. 2010; Li and Clevers 2010; Lugert et al.
2010; Ming and Song 2011).

Several studies have demonstrated that the ependymal E cells residing in the LV-wall tissue display the
properties of NSCs, because they are in close proximity to the LV-SVZ (Johansson et al. 1999; Coskun et
al. 2008; Nakafuku et al. 2008). Our �ndings indicated that the primarily embryonic cultured CD133-
positive ependymal cells possessed the capacity of forming the neuro-spheres, which was in agreement
with in vivo studies that CD133-positive ependymal cells could differentiate and give rise to neurons,
although it has been debated about the contribution of ependymal E cells to the lineage of postnatal SVZ
(Reya et al. 2001; Singh et al. 2004; Spassky et al. 2005; Coskun et al. 2008; Carlen et al. 2009; Chojnacki
et al. 2009; Luo et al. 2015).

Some studies suggested that the ependymal E cells were structural cells and could not serve as the NSCs
(Chiasson et al. 1999; Doetsch et al. 1999; Capela and Temple 2002). According to our presented protocol,
the isolated embryonic CD133-positive ependymal cells gave rise to the immature or mature neurons,
which expressed DCX, β-tubulin III or MAP2 in vitro. Since CD133-positive ependymal cells had a
proliferative and differentiated potential, they could be consumed in the process of generating the
progeny, thus serving as a reservoir of NSCs (Horner et al. 2000; Nagao et al. 2007; Coskun et al. 2008;
Meletis et al. 2008; Carlen et al. 2009; Barnabe-Heider et al. 2010; Alfaro-Cervello et al. 2012).

Our study demonstrated that CD133-positive ependymal cells were greatly reduced when they
differentiated into the DCX- and MAP2-postive cell following the inactivation of RBP-J. Nevertheless, we
also noticed that the number of CD133-positive ependymal cells was unchanged when they were stained
with the proliferative marker PCNA, indicating that CD133-positive ependymal cells in a proliferative state
immediately differentiated into the immature and mature neurons. These results suggested that it was
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essential to ensure a balance between the maintenance of CD133-positive ependymal cells and their
neurogenesis.

Some reports proposed that CD133-expressing ependymal cells in the SVZ and ependymal layer of
mammalian forebrain rendered a quiescent NSC population under physiological conditions (Doetsch et al.
1999; Capela and Temple 2002; Spassky et al. 2005; Coskun et al. 2008). In response to exposure to the
vascular endothelial growth factor (VEGF) and bFGF, CD133-positive ependymal cells are recruited,
mitotically activated and then driven into the neurogenesis (Carlen et al. 2009; Luo et al. 2015; Kitada et
al. 2018).

Pfenninger et al. (2011) reported that the administration of VEGF was capable of activating CD133-
positive ependymal cells lining not only the LV but also the fourth ventricle, as well as eliciting their
subsequent migration and differentiation. It was worth noting that our studies in the adult mice indicated
that the prominin-1-gene-encoding CD133-positive ependymal cells were also located in the 3V- and Aq-
SVZ and ependymal layer except for the LV.

Many studies have shown that the ependymal cells migrate away from the ependymal layer toward the
dorsal part of the spinal cord following the neural injury, where they differentiate into the glial cells
(Johansson et al. 1999; Mothe and Tator 2005; Kitada et al. 2018). By constructing a recombinant
plasmid prominin-1-mP2-driven Cre, our studies revealed that the progeny of CD133-positive ependymal
cells gradually migrated toward the surrounding parenchyma from the 3V- and Aq-ependymal layer
following an intranigral injection of 6-OHDA (Xie et al. 2017). These �ndings indicated that the ependymal
cells have a migratory activity over the boundary between the ependymal layer and parenchyma.

Although the neurogenesis of adult NPCs is involved in the self-repair processes and provides a prospect
to restore the lost neurons in a complementary pattern, the newly generated neuroblasts are poor survival
in an unfavorable microenvironment (Weill-Engerer et al. 2002; Hattiangady and Shetty 2008; Carlen et al.
2009; Cave et al. 2014). In addition, a substantial loss of ependymal cells appeared to be unable to self-
renew su�ciently to maintain their own population during the regeneration following the stroke (Carlen et
al. 2009).

Shi et al. (2012) and Kitada et al. (2018) have demonstrated that the intracellular abundant signals of
ependymal cells are similar to those of NSCs. Moreover, many signal transduction pathways are required
for the neurogenesis of ependymal cells in the adult mouse brain (Zhao et al. 2003; Höglinger et al. 2004;
Shan et al. 2006; Zhao and Janson 2009; Berg et al. 2011; Peng and Andersen 2011). As mentioned in
many studies, Notch/RBP-J signaling pathway is known to contribute to the adult NSCs maintenance and
their self-renewal (Tanigaki et al. 2001; Hitoshi et al. 2002; Chojnacki et al. 2003; Takizawa et al. 2003;
Duncan et al. 2005; Nagao et al. 2007; Shimizu et al. 2008).

Some studies have shown that a soluble Notch ligand infusion into the niche of LV-wall tissue could
promote the proliferation of NPCs and their migration into the parenchyma (Androutsellis-Theotokis et al.
2006; Carlen et al. 2009). Carlen et al. (2009) reported that Notch signaling may maintain the ependymal
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cells of forebrain in a quiescent state following a stroke. Ki67-positve proliferating cells that were
originated from the progeny of ependymal cells were observed in close proximity of the ependymal layer
after NICD gene was introduced into the ependymal cells (Andreu-Agullo et al. 2009; Ehm et al. 2010;
Kitada et al. 2018).

By using the transgenic mice, our present study found that a nearly 90% of β-Gal-positive cells were co-
labelled with RBP-J in CD133-CreERTM::RBP-J−/−::ROSA26-LacZ mice. Since β-Gal-positive cell was
regarded as an indicator of CD133-positive ependymal cell, our results indicated that RBP-J expression
was enriched in CD133-positive ependymal cells of adult mouse LV-wall tissue. The phenotype of RBP-J-
CKO was the consequence of RBP-J de�ciency.

In absent of Notch receptor or NICD, RBP-J is bound to a repressor complex to promote the differentiation
of NSCs (Bertrand et al. 2002; Han et al. 2002; Baron M 2003; Bray 2006; Imayoshi et al. 2008). Either the
ablation or inhibition of RBP-J promotes the premature neuronal differentiation, leading to the depletion
of NPCs or NSCs (Yoon and Gaiano 2005; Louvi and Artavanis-Tsakonas 2006). However, our results
demonstrated that although the differentiation of β-Gal-positive cells was increased, the number of β-Gal-
positive cells was also increased or kept constant when RBP-J was interfered. It was likely that an
increasing fraction in the double-positive cells of RBP-J CKO mice was not completely caused by the
recombined β-Gal-positive cells. We cannot fully exclude that the non-recombined cells might be recruited
into the proliferation and differentiation and at least in part functionally compensate for RBP-J loss
(Androutsellis-Theotokis et al. 2006). In addition, a different recombination e�ciency of β-Gal-positive
cells might contribute to the con�icting results in RBP-J-CKO mice.

A report has proved that RBP-J inactivation increases the neurogenesis of CD133-positive ependymal
cells, since RBP-J becomes an inhibitor in the differentiation of CD133-positive ependymal cells (Lie et al.
2004). Our study indicated that an increased trend in the ratio of β-gal/β-tubulin III was observed in RBP-J-
CKO, while it was not the case in the primarily cultured CD133-positive ependymal cells. An alternative
interpretation is that CD133-positive cells consist of the NSCs, NPCs and immature neurons at the
embryonic stage, which are stained with the β-tubulin III, thus RBP-J deletion hardly affects the ratio of β-
gal/β-tubulin III in vitro.

Because Hes1 is regulated by its upstream RBP-J, a drastic downregulation in Hes1-mRNA and its protein
was observed in the absence of RBP-J. RBP-J deletion inhibits the expression of transcription factor Hes1,
and �nally promotes the neuronal differentiation (Kageyama and Ohtsuka 1999; Machold and Fishell
2005). A group of studies have revealed that Notch/RBP-J maintains the quiescence of radial glia-like
NSCs by controlling the expression of Hes (Ohsawa et al. 2005; Louvi and Artavanis-Tsakonas 2006).
Another report indicated that RBP-J inactivation could not maintain the adult SVZ-derived NSCs in a
pluripotent state, leading to a phenotype of neurogenesis (Yoon and Gaiano 2005; Imayoshi et al. 2010).

Our results suggested that RBP-J deletion displayed a dramatically enhanced neurogenesis of CD133-
positive ependymal cells, which might be attributable to RBP-J deletion-induced a depression effect on
the expression of Hes1. Androutsellis-Theotokis et al. (2006) reported that RBP-J-dependent Notch
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signaling promoted the proliferation of NSCs in the adult mouse brain, however, our results indicated that
RBP-J de�ciency induced an increase in the proliferation of β-Gal-labelled CD133-positive ependymal cells
when the β-Gal cells were stained with PCNA.

As showed in our research results, the expression of Notch1-mRNA and its protein was upregulated
following RBP-J disruption, which was likely to be due to the rescue of Notch1 consumption since NICD-
RBP-J complex failed to be formed. Some studies reported that the forced Notch1 signaling led to a
transient increase in the proliferation of hippocampal NSCs, whereas Notch1 ablation promoted the exit
of cell cycle and the neuronal differentiation (Breunig et al. 2007; Ables et al. 2010), which was in
accordance with our study that the upregulated Notch1 expression can induce an increase in the
proliferation of CD133-positive ependymal cells.

However, we also cannot fully exclude the possibility that these proliferative CD133-positive ependymal
cells might be mediated through an intact RBP-J-independent Notch signaling pathways, because RBP-J-
independent pathway was intact in RBP-J-CKO mice (Androutsellis-Theotokis et al. 2006), but it is fully
uncovered about its detailed mechanisms.

Conclusions
Taken together, our data have reached the conclusion that RBP-J ablation may be implicated in the
neurogenesis of CD133-positive ependymal cells by inducing a downregulation in Hes1 and an
upregulation in Notch1 expression. These �ndings indicate that RBP-J-dependent Notch signaling
pathway is essential for the balance between the maintenance of CD133-positive ependymal cells and
their differentiation within the SVZ of ventricles. Our study provides a novel molecular insight into the
function of RBP-J, as well as facilitates a future investigation of CD133-positive ependymal cells with
respect to their potential application in Parkinson disease.
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Figures

Figure 1

Identi�cation of embryonic CD133-positive ependymal cells. a, b The red color of CD133-positive cells and
blue color of Hoechst-positive nuclear were observed on DIV 0 (a) and 9 (b) from the forebrain of E12
mouse. c, d The phase-contrast images of neuro-spheres were shown at a low (c) and high magni�cation
(d) of visual �eld. e The �uorescent microscope displayed the neuro-spheres that were labelled by the
green color of Nestin-positive NSCs and blue color of Hoechst-positive nuclear. Scale bar=1 mm for image
a or 100 μm for images b-c or 200 μm for images d-e.
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Figure 2

Distribution of CD133-, DCX-, β-tubulin III-, MAP2- and PCNA-positive cells and comparison of the number
or ratio of these positive cells following RBP-J interference in vitro. a, c, e, g The representative images for
CD133- (green color), DCX- (a) or β-tubulin III- (c) or MAP2- (e) or PCNA- (g) (red color) positive cells and
Hoechst-positive nucleus (blue color) were visualized on DIV 5, 7 and 10 by the confocal laser scanning
microscopy. The triple-labeled CD133/DCX/Hoechst-, CD133/β-tubulin III/Hoechst-,
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CD133/MAP2/Hoechst- and CD133/PCNA/Hoechst-positive cells were denoted by the white arrows. Scale
bar=20 μm for images a, c, e and g. b, d, f, h~j The comparison of number of CD133-, DCX-, β-tubulin III-,
MAP2- and PCNA-positive cells and ratio of double-positive cells among groups. The data were expressed
as the mean  SEM of average in the 5 visual �elds from 6 independent experiments of the primarily
cultured CD133-positive ependymal cells and analyzed by ordinary one-way ANOVA with Tukey’s test or
Brown-Forsythe and Welch ANOVA tests with Dunnett’s T3 test, *p 0.05, **p 0.01 and ****p 0.0001, the
comparison of number of CD133-, DCX-, MAP- and PCNA-positive cells as well as ratio of CD133/DCX-,
CD133/MAP2- and CD133/PCNA-double positive cells between the control group and RBP-J-
siRNA+lipo2000; #p 0.05, ##p 0.01 and ####p 0.0001, the comparison of number of CD133-, DCX-,
MAP- and PCNA-positive cells as well as ratio of CD133/DCX-, CD133/MAP2- and CD133/PCNA-double
positive cells between Lipo2000 and RBP-J-siRNA+lipo2000; &p 0.05, &&&p 0.001 and &&&&p 0.0001, the
comparison of number of CD133-, DCX-, MAP2- and PCNA-positive cells as well as ratio of CD133/DCX-,
CD133/MAP2- and CD133/PCNA-double positive cells between Control-siRNA+lipo2000 and RBP-J-
siRNA+lipo2000. NS, no signi�cance.
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Figure 3

Identi�cation of genotyping and expression of RBP-J in the transgenic mice. a~d showed the genotyping
for ROSA (a), RBP-J�ox/�ox (b), Cre (c) and CD133 (d) using PCR primers in ROSA26-LacZ, RBP-
J�ox/�ox and CD133-CreERTM mice. PCR product was 300, 200, 300 and 586 (320) bp for ROSA, RBP-
J�ox/�ox, Cre and CD133, respectively. Molecular weight range of marker: 100~2000 bp. Blank: no DNA
sample from the mouse toe in PCR reaction system. e-f showed RBP-J nuclear expression (red color) in
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the control group (e) and RBP-J CKO (f). β-Gal-stained CD133-positive ependymal cells were showed as
the green color of �uorescence. β-Gal-positive cells co-expressed with RBP-J were denoted by white
arrows. Scale bar=20 μm for images e and f.

Figure 4

Distribution of β-Gal-, DCX-, β-tubulin III-, NeuN- and PCNA-positive cells in the LV-SVZ or ependymal layer
and the comparison of number or ratio of these positive cells following RBP-J deletion in CD133-positive
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ependymal cells in vivo. a, c, e, g The representative images for β-Gal- (green color for a, c and g; red color
for e), DCX- (a) or β-tubulin III- (c) or PCNA- (g) (red color), NeuN- (e, green color) positive cells were
visualized in the LV-SVZ or ependymal layer in vivo by a confocal laser scanning microscopy. The β-
Gal/DCX-, β-Gal/β-tubulin III-, β-Gal/NeuN- and β-Gal/PCNA-double positive cells were denoted by the
white arrows and their colocalization was veri�ed in the three planes (x, y, and z). Note: LV, lateral
ventricle. Scale bar=20 μm for images a, c, e and g. b, d, f, h The comparison of number of β-Gal-, DCX-, β-
tubulin III-, NeuN- and PCNA-positive cells and ratio of double-positive cells between the control group and
RBP-J CKO. The data were expressed as the mean ± SEM of average from N=6 in either RBP-J CKO mice
or control groups and analyzed by unpaired two-tailed t tests or unpaired t test with Welch’s correction, **p
0.01 and ****p 0.0001, the comparison of number of β-Gal-positive cells between the control group and

RBP-J CKO; ##p 0.01 and ####p 0.001, the comparison of number of DCX-, β-tubulin III-, NeuN- and
PCNA-positive cells between the control group and RBP-J CKO; &&&&p 0.0001, the comparison of ratio of
β-Gal/DCX-, β-Gal/β-tubulin III-, β-Gal/NeuN- and β-Gal/PCNA-double positive cells between the control
group and RBP-J CKO. NS, no signi�cance.
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Figure 5

Distribution of β-Gal-, DCX-, β-tubulin III-, NeuN- and PCNA-positive cells in the 3V- or Aq-SVZ or ependymal
layer and the comparison of number or ratio of these positive cells following RBP-J deletion in CD133-
positive ependymal cells in vivo. a~h The representative images for β-Gal- (green color for a~d, g-h; red
color for e-f), DCX- (a, b) or β-tubulin III- (c, d) or PCNA- (g, h) (red color), NeuN- (e and f, green color)
positive cells were visualized in the 3V- (a, c, e and g) or Aq-SVZ or ependymal layer (b, d, f and h) in vivo
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by a confocal laser scanning microscopy. The β-Gal/DCX-, β-Gal/β-tubulin III-, β-Gal/NeuN- and β-
Gal/PCNA-double positive cells were denoted by the white arrows and their colocalization was veri�ed in
the three planes (x, y, and z). Note: 3V, the third ventricle; Aq, cerebral aqueduct; Scale bar=20 μm for
images a~h. a’~h’ The comparison of number of β-Gal-, DCX-, β-tubulin III-, NeuN- and PCNA-positive cells
and ratio of double-positive cells in the 3V (a’, c’, e’ and g’) and Aq (b’, d’, f’ and h’) between the control
group and RBP-J CKO. The data were expressed as the mean ± SEM of average from N=6 in either RBP-J
CKO mice or control groups and analyzed by unpaired two-tailed t tests or unpaired t test with Welch’s
correction, **p 0.01 and ****p 0.0001, the comparison of number of β-Gal-positive cells in the Aq between
the control group and RBP-J CKO; ##p 0.01, ###p 0.001 and ####p 0.0001, the comparison of number
of DCX-, β-tubulin III-, NeuN- and PCNA-positive cells in the 3V and Aq between the control group and RBP-
J CKO; &&&p 0.001 and &&&&p 0.0001, the comparison of ratio of β-Gal/DCX-, β-Gal/β-tubulin III-, β-
Gal/NeuN- and β-Gal/PCNA-double positive cells in the 3V and Aq between the control group and RBP-J
CKO. NS, no signi�cance.
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Figure 6

Relative expression levels for RBP-J-, Notch1- or Hes1-mRNA and their proteins in vitro or in vivo. a~c The
comparison of relative expression levels for RBP-J- (a), Notch1- (b) or Hes1-mRNA (c) among groups in
vitro. The data were expressed as the mean ± SEM of average from 6 independent experiments of the
primarily cultured CD133-positive ependymal cells and analyzed by ordinary one-way ANOVA with Tukey’s
test or Brown-Forsythe and Welch ANOVA tests with Dunnett’s T3 test, ****p 0.0001, the comparison of



Page 34/36

relative expression levels for RBP-J-, Notch1- and Hes1-mRNA between RBP-J-siRNA+lipo2000 and the
control group; ####p 0.0001, the comparison of relative expression levels for RBP-J-, Notch1- and Hes1-
mRNA between RBP-J-siRNA+lipo2000 and Lipo2000; &&&&p 0.0001, the comparison of relative
expression levels for RBP-J-, Notch1- and Hes1-mRNA between RBP-J-siRNA+lipo2000 and Control-
siRNA+lipo2000. NS, no signi�cance. d~f The representative protein bands for RBP-J (60 kD, d), Notch1
(120 kD, e) or Hes1 (30kD, f) and the comparison of their relative protein expression levels among groups
in vitro. Lane 1~4: the control group, Lipo2000, Control-siRNA+lipo2000 and RBP-J-siRNA+lipo2000. β-
actin (43 kD): loading control. The data were expressed as the mean ± SEM of average from 6
independent experiments of the primarily cultured CD133-positive ependymal cells and analyzed by
ordinary one-way ANOVA with Tukey’s test or Brown-Forsythe and Welch ANOVA tests with Dunnett’s T3
test, ****p 0.0001, the comparison of relative protein expression level for RBP-J, Notch1 and Hes1
between RBP-J-siRNA+lipo2000 and the control group; ####p 0.0001, the comparison of relative protein
expression level for RBP-J, Notch1 and Hes1 between RBP-J-siRNA+lipo2000 and Lipo2000; &&&&p
0.0001, the comparison of relative protein expression level for RBP-J, Notch1 and Hes1 between RBP-J-
siRNA+lipo2000 and Control-siRNA+lipo2000. NS, no signi�cance. g~i The comparison of relative
expression levels for RBP-J- (g), Notch1- (h) or Hes1-mRNA (i) in the LV-wall tissue between the control
group and RBP-J CKO. The data were expressed as the mean ± SEM of average from N=6 in either RBP-J
CKO mice or control groups and analyzed by unpaired two-tailed t tests or unpaired t test with Welch’s
correction, ****p 0.0001, the comparison of relative expression level for RBP-J-mRNA between the control
group and RBP-J CKO; ####p 0.0001, the comparison of relative expression level for Notch1-mRNA
between the control group and RBP-J CKO; &&&&p 0.0001, comparison of relative expression level for
Hes1-mRNA between the control group and RBP-J CKO. j~l The representative protein bands for RBP-J (60
kD, j), Notch1 (120 kD, k) or Hes1 (30 kD, l) and the comparison of their relative protein expression levels in
the LV-wall tissue between the control group and RBP-J CKO. Lane 1~2: the control group and RBP-J CKO.
β-actin (43 kD): loading control. The data were expressed as the mean ± SEM of average from N=6 in
either RBP-J CKO mice or the control group and analyzed by unpaired two-tailed t tests or unpaired t test
with Welch’s correction, ****p 0.0001, the comparison of relative protein expression level for RBP-J
between the control group and RBP-J CKO; ####p 0.0001, the comparison of relative protein expression
level for Notch1 between the control group and RBP-J CKO; &&&&p 0.0001, the comparison of relative
protein expression level for Hes1 between the control group and RBP-J CKO.
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