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Abstract 

Objective  This study aimed to investigate the expression pattern and function of Nuclear receptor 
subfamily 2 group E member 1 (Nr2e1) in retinoic acid (RA)-induced brain abnormality. 

Methods  The mouse model of brain abnormality was established by administering 28 mg/kg RA, and 
neural stem cells (NSCs) were isolated from the mouse embryo and cultured in vitro. Nr2e1 expression 
was detected by whole mount in situ hybridization, RT-PCR, and Western blotting. Nr2e1 function was 
determined by transducing Nr2e1 shRNA into NSCs, and the effect on the sonic hedgehog (Shh) 
signaling pathway was assessed in the cells. In addition, the regulation of Nr2e1 expression by RA was 
also determined in vitro. 

Results  Nr2e1 expression was significantly downregulated in the brain and NSCs of RA-treated mouse 
embryos, and knockdown of Nr2e1 affected the proliferation of NSCs in vitro. In addition, a similar 
expression pattern of Nr2e1 and RA receptor (RAR) α was observed after treatment of NSCs with 
different concentrations of RA. 

Conclusion  Our study demonstrated that Nr2e1 could be regulated by RA, which would aid a better 
understanding of the mechanism underlying RA-induced brain abnormality. 
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INTRODUCTION 

etinoic acid (RA) is an active metabolite of 
vitamin A, closely related to the 
embryonic development of the brain and 

eye[1-3]. As an important morphogen, RA, at an 
optimal concentration, regulates central nervous 
system (CNS) development; however, RA deficiency 

or excess could lead to brain abnormalities. A 
previous study reported that cellular effects of 
retinoids are mediated through binding to their 
nuclear receptors-RA receptors (RARα, β, and γ) and 
retinoid receptors (RXRα, β, and γ)-which then bind 
to retinoic acid responsive elements (RARE) in the 
promoter regions of the target genes, thereby 
regulating various biological processes[4]. High 

R 
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expression of RARα in the CNS indicates its 
important roles in brain development[5]. 

Nuclear receptor subfamily 2 group E member1 
(Nr2e1), also known as Tlx, is a subset of nuclear 
receptors highly conserved in both the vertebrates 
and the invertebrates[6], and is prominently expressed 
in the developing forebrain and eye[7-9]. In mouse, 
abnormal regulation of Nr2e1 can result in retinal, 
brain, and behavioral abnormalities[10-12]. Transgenic 
Nr2e1 expression could lead to an enlarged brain[13]. 
Moreover, introducing human Nr2e1 gene into null 
mice could ameliorate brain and eye abnormalities[14]. 
Besides, several mutations in the Nr2e1 gene are 
strongly associated with microcephaly[15-16]. However, 
the possible role of Nr2e1 in RA-induced brain 
abnormality is largely unknown. 

In this study, the mouse model of brain 
abnormality was established by administering excess 
RA and regulation of Nr2e1 expression by RA was 
evaluated. The results of this study indicated that 
Nr2e1 might play an important role in RA-induced 
brain abnormality. 

MATERIALS AND METHODS 

Animals 

C57BL/6 mice (44007200007011, 9-10 week-old, 
weighing 18-23 g), were provided by Guangdong 
medical laboratory animal center and housed in SPF 
cage at an approved facility following a 12-h 
light/dark cycle. Mature male and female C57BL/6 
mice were mated overnight, and the vaginal plug 
was detected the following morning; embryonic day 
(E) 0.5 was set at noon of the day of vaginal plug 
detection. On E7.5, mice were randomly divided into 
two groups: the control group with 9 pregnant mice 
fed sesame oil and the experimental group with 15 
pregnant mice fed 28 mg/kg body weight RA (Sigma, 
USA) (dissolved in sesame oil) by gavage. Then, 
pregnant mice were euthanized by cervical 
dislocation and embryos were dissected from the 
decidual tissue at E8.5, E9.5, and E10.5, respectively. 
Embryos from three pregnant mice of the control group 
 

and five pregnant mice of the experimental group  
were collected at each of the time points. For further 
evaluation, embryos from three different pregnant 
dams were used for each experiment. All procedures 
involving animal handling were approved by the 
Animal Research Ethics Board of Guangdong medical 
laboratory animal center in China, and were in 
compliance with the institutional guidelines on the 
care of experimental animals (GDMLAC/FL01-18-B/0). 

Cell Culture and RA Treatment 

Primary NSCs were isolated from mouse 
embryos at E10.5. Briefly, the brain vesicles of 
mouse embryos were collected under sterile 
conditions, suspended as single cells, adjusted to a 
density of about 106 cells/mL, and added to 4 mL 
DMEM/F12 medium (HyClone, USA) supplemented 
with 2% B27 (Gibco, USA), EGF (20 ng/mL, Peprotech, 
USA), and bFGF (20 ng/mL, Peprotech, USA). The 
cells were incubated at 37 °C/5% CO2 and passaged 
every 4 days[17]. NSCs were passaged at least twice 
before they were used for the subsequent 
experiments. The cells were treated with 0, 1, 5, 10, 
50, and 100 μmol/L RA for 24 h, respectively. 

Whole Mount in Situ Hybridization  

Dioxygenin-labeled probes were generated from 
cDNA derived from the embryo brain using 5’-CGTGG 
ACACAAGGAAGACAA-3’ as the forward primer and 
5’-CAGCATTCCGGAAACTTCTC-3’ as the reverse primer 
for Nr2e1. Then the whole mount in situ hybridization 
was performed as described previously[20]. 

RT-PCR 

Total RNA was extracted from the brain vesicle 
tissues or NSCs of mouse embryos using TRIzol 
method (Ambion, USA). cDNA was synthesized using 
Oligo (dT) primers and RevertAid First Strand cDNA 
Synthesis Kit (Thermo, USA). PCR was performed 
using PCR Master Mix (2×) (Thermo, USA); primers 
used for the amplification are shown in Table 1. 
Expression of genes was normalized to that of the 
Actb gene. 

Table 1. Primer Sequences Used for RT-PCR Analysis 

Symbol Forward Primer (5’-3’) Reverse Primer (5’-3’) 

Nr2e1 GCACAAAGTCACAGGGTAATGA AGATGGAGACACGGAAATGG 

RARα CGACGAAGCATCCAGAAGAAC CGCAGAATCAGGATATCCAGG[18] 
Shh TGCTTTGTAACCGCCACTTT CTACAGGCTCCATCCTCGTG 

Ptch1 GACTGGGAAACTGGGAGGAT CCAAGCGGTCAGGTAGATGT 
Gli1 GCCACCAAGCCAACTTTATG ATTACGGTTTGCAGGTCGAG 

Actb GTCCCTCACCCTCCCAAAAG GCTGCCTCAACACCTCAACCC 
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RNA Interference  

NSCs were resuspended in PM and adjusted to a 
density of 5 × 105 cells/mL; 2 mL cell suspension was 
added in each well and transduced with lentivirus 
carrying shRNA. The duplexes of Nr2e1-specific 
shRNA 5’-GAATTTGCCTGTCTGAAATGT-3’ and a 
non-specific shRNA 5’-TTCTCCGAACGTGTCACGT-3’ 
were designed, synthesized, and cloned into the 
pGLV3/H1/GFP+Puro vector (Sangon Biotech, China). 
The vector was transduced as negative control. 
Seventy-two hours after transduction, NSCs were 
harvested for RNA and protein extraction, and Nr2e1 
expression at the mRNA and protein levels was 
detected by RT-PCR and Western blotting, 
respectively. 

Cell Proliferation Assay 

The proliferation of NSCs was analyzed by 
colony counting or CCK-8 assays. The neurospheres 
with diameter > 50 μm were considered to be a 
colony-forming unit and counted from five or six 
random fields[19]. For CCK-8 assay, NSCs were 
adjusted to a density of 2 × 105 cells/mL and 100 μL 
cell suspension was seeded in each well of 96-well 
plates. Then, 10 μL CCK-8 solution was added to 
each well and incubated at 37 °C for 4 h. The 
absorbance was measured at 450 nm immediately 
by Biotek Eon microwell spectrophotometer (Biotek, 
USA). Five or seven wells were included for each 
group. 

Immunofluorescence  

NSCs were resuspended and adjusted to a 
density of 1 × 105 cells/mL, and 1 mL cell suspension 
was seeded in each well of the 24-well plate 
chamber slides pre-coated with polylysine (Solabio, 
China), and the cells were proliferated for 24 h or 
differentiated for 7 days by adding 5% FBS. Then 
NSCs were identified by the standard 
immunofluorescence staining. The primary 
antibodies used were the mouse monoclonal 
anti-Nestin antibody (1:500, Abcam, UK) for neural 
precursor cells, rabbit monoclonal 
anti-microtubule-associated protein 2 (Map2; 1:500; 
Abcam, UK) for neurons, or mouse monoclonal 
anti-glial fibrillary acidic protein antibody (Gfap, 
1:500, Abcam, UK) for astrocytes. 

Western Blotting 

Standard Western blotting assay was used to 
analyze the levels of protein extracted from cells. 

Thirty micrograms protein from each sample was 
loaded. The primary antibodies used in the 
immunoblots were rabbit anti-Nr2e1 monoclonal 
antibody (1:500, Abcam, UK) or mouse anti-beta actin 
monoclonal antibody (1:1000, ZSGB-BIO, China). 

Statistical Analysis 

Statistical analysis was performed using 
GraphPad Prism 5.0. Data were expressed as mean ± 
SEM. Probabilities (P) were calculated by two-tailed 
Student’s t-test for two-group comparisons or 
One-way ANOVA with Dunnett’s test for multiple 
comparisons. P < 0.05 was considered statistically 
significant. 

RESULTS 

RA-induced Mouse Brain Abnormality and NSC 
Impairment  

RA is an important morphogen essential for the 
normal development of the brain. Figure 1A 
indicated that the brain vesicle of control mouse 
embryos at E10.5 appeared as distinct bulges. 
Compared to normal mouse embryos, those treated 
with 28 mg/kg RA showed obvious overall growth 
retardation along with a small and hypoplastic brain 
vesicle. NSCs have the capacity to differentiate into 
the major cell types during CNS development[20]. 
Immunofluorescence staining results showed that 
NSCs isolated from the mouse embryos were 
positive for the marker Nestin, and were capable of 
differentiation into Map2-positive neurons and 
Gfap-positive astrocytes (Figure 1B). In addition, 
NSCs derived from embryos of RA-treated mice were 
found to be abnormal (Figure 1C). It was observed 
that neurospheres derived from embryos of 
RA-treated mice were significantly fewer with lower 
proliferation ability than those derived from the 
embryos of the control mice (Figure 1D and 1E). The 
results indicated that NSCs derived from embryos of 
RA-treated mice were impaired. 

Nr2e1 Expression Was Downregulated in Embryos 
and NSCs from RA-treated Mice  

High expression of Nr2e1 has been reported in 
the brain of the mouse embryo since E8[8]. To 
investigate the expression pattern of Nr2e1 in 
embryos of RA-treated mice, whole mount in situ 
hybridization and RT-PCR analysis were performed. 
The results of in situ hybridization showed that Nr2e1 
was mainly expressed in the embryonic forebrain, 
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and increased rapidly during the development of the 
embryos of control mice, but not in embryos of 
RA-treated mice (Figure 2A). The results of RT-PCR 
assay also indicated that Nr2e1 expression increased 
during the normal brain development; in contrast, a 
significant decrease in expression was observed in 
embryos of RA-treated mice at E9.5 and E10.5 
compared to that in the embryos of the control mice 
(Figure 2B). 

In addition, Nr2e1 expression at the mRNA and 

protein levels was detected in NSCs isolated from 
embryos of control and RA-treated mice by RT-PCR 
and Western blotting, respectively. Interestingly, 
Nr2e1 was downregulated in NSCs derived from 
embryos of RA-treated mice (Figure 2C and 2D), 
consistent with the change in the protein levels in 
the brain of embryos of RA-treated mice, suggesting 
that downregulation of Nr2e1 may play an important 
role in RA-induced brain abnormality by regulating 
NSC development. 

 

 
Figure 1. RA induced obvious brain abnormality and NSC impairment in mouse embryos. (A) Obvious 
abnormality was observed in the brain of embryos of RA-treated mice. Con: 25 ×, RA: 50 ×. (B) 
Identification of Nestin-, Map2-, and Gfap-positive NSCs by immunofluorescence. Scale bar in the 
fluorescence field: 50 μm. Scale bar in the bright field: 20 μm. (C) NSCs derived from embryos of 
RA-treated mice were abnormal. Scale bar: 100 μm. (D) NSCs derived from embryos of RA-treated mice 
formed few neurospheres compared to that formed by embryos of control mice. (E) NSCs derived from 
embryos of RA-treated mice had lower proliferation ability than the embryos of control mice, as 
detected by CCK-8 assay. The data were expressed as mean ± SEM (n = 5), analyzed by Student’s t-test,  
***P < 0.001 versus control. 
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Knockdown of Nr2e1 Gene Affected NSC Proliferation 
and Sonic Hedgehog Signaling Pathway 

To elucidate the function of Nr2e1, a lentiviral 
vector with Nr2e1-shRNA was constructed and 
transduced into NSCs to knockdown endogenous Nr2e1 
 

expression. Additionally, a non-specific shRNA was 
transduced to serve as a negative control. The 
results indicated that shRNA plasmid was transduced 
into NSCs effectively (Figure 3A), and Nr2e1 
expression was reduced at the mRNA (Figure 3B) and 
protein (Figure 3C) levels. Next, the effect of Nr2e1 on 

 

 
Figure 2. Nr2e1 expression was decreased in embryos and NSCs of RA-treated mice. (A) Whole mount 
in situ hybridization was performed to detect Nr2e1 in mouse embryos from E8.5 to E10.5. A1, A2, and 
A3 indicate embryos of control mice at E8.5, E9.5, and E10.5, respectively, and B1, B2, and B3 indicate 
embryos of RA-treated mice at E8.5, E9.5, and E10.5, respectively. Blue stain (arrowheads) represents 
Nr2e1 expression. A1, B1: 100 ×, A2, B2, B3: 50 ×, A3: 25 ×. (B) Temporal expression profile of Nr2e1 
gene was determined by RT-PCR analysis. The Actb gene was used as a control. (C) Nr2e1 expression in 
NSCs was analyzed by RT-PCR analysis. The Actb gene was used as a control. (D) Nr2e1 expression in 
NSCs was analyzed by Western blotting. β-actin was used as a control. The data were expressed as 
mean ± SEM (n = 3), analyzed by Student’s t-test, *P < 0.05, **P < 0.01 versus control. 
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NSC growth was investigated by colony counting and 
CCK-8 assays. The results indicated that Nr2e1 
downregulation inhibited the NSC proliferation 
(Figure 3D and 3E). In addition, downregulation of 

sonic hedgehog (Shh), Ptch1, and Gli1, the main 
components of Shh signaling pathway, was detected 
in the Nr2e1 shRNA group compared to that in the 
NC shRNA group (Figure 3F). 

 
 

 

Figure 3. Knockdown of Nr2e1 affected NSC proliferation and Shh signaling pathway. (A) GFP 
expression images indicate that NSCs were transduced with a lentivirus carrying non-specific or Nr2e1 
shRNA effectively. Scale bar: 50 μm. (B) Transduction of Nr2e1 shRNA knocked down Nr2e1 gene 
expression as analyzed by RT-PCR analysis. The Actb gene was used as a control. (C) Transduction of 
Nr2e1 shRNA knocked down Nr2e1 expression as analyzed by Western blotting. β-actin was used as a 
control. (D) NSCs transduced with Nr2e1 shRNA formed fewer neurospheres compared with those 
transduced with NC shRNA group. (E) Proliferation of NSCs transduced with Nr2e1 shRNA was lower 
than that of NSCs in NC shRNA group as detected by CCK-8 assay. (F) Relative mRNA levels of Shh, Ptch1, 
and Gli1 were downregulated after Nr2e1 knockdown as analyzed by RT-PCR analysis. The Actb gene 
was used as a control. The data were expressed as mean ± SEM (n = 3), analyzed by Student’s t-test, *P 
< 0.05, **P < 0.01 versus NC shRNA. 
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RA Regulated Nr2e1 Expression in vitro 

To examine the regulation of Nr2e1 expression 
by RA, NSCs were exposed to 0, 1, 5, 10, 50, and 100 
μmol/L RA for 24 h, respectively. An optimal 
concentration of RA was found to be essential for 
NSC proliferation in vitro. The results of the colony 
counting assay showed that the number of 
neurospheres increased gradually until 10 μmol/L RA; 

 

however, it decreased rapidly at 50 and 100 μmol/L 
RA (Figure 4A and 4B), and the results of CCK-8 assay 
also showed a similar tendency (Figure 4C). These 
results indicated that RA could promote NSC 
proliferation at lower concentrations, and inhibit 
NSC proliferation at higher concentrations. Furthermore, 
the change in Nr2e1 expression induced by different 
concentrations of RA was noted. The results of 
RT-PCR analysis showed that Nr2e1 expression increased 

 

Figure 4. RA regulated Nr2e1 expression in vitro. (A) Morphology of NSCs induced by 0, 1, 5, 10, 50, and 
100 μmol/L RA. Scale bar: 50 μm. (B) Formation of neurospheres induced by 0, 1, 5, 10, 50, and 100 
μmol/L RA (n = 6). (C) Proliferation of NSCs induced by 0, 1, 5, 10, 50, and 100 μmol/L RA was detected 
by CCK-8 assay (n = 7). (D) mRNA expression of Nr2e1 and RARα in NSCs induced by 0, 1, 5, 10, 50, and 
100 μmol/L RA was analyzed by RT-PCR analysis. The Actb gene was used as a control. The data were 
showed as mean ± SEM, analyzed by Dunnett’s test, *P < 0.05, ***P < 0.001 versus 0 μmol/L RA. 
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when induced by low concentration of 0, 1, 5, and 10 
μmol/L RA, but decreased when induced by high 
concentration of 50 and 100 μmol/L RA. To 
understand whether RARα, an important RA 
receptor mainly expressed in CNS tissues, is involved 
in Nr2e1 regulation, the mRNA expression of RARα 
was further detected. The expression profile of RARα 
was noted to be similar to that of Nr2e1 (Figure 4D). 

DISCUSSION 

Correct organization of the anterior-posterior 
axis is a crucial step in brain development[21]. RA is 
an important morphogen involved in patterning the 
anterior-posterior axis[22]. Maternal insufficiency or 
excess of RA may cause abnormalities of the CNS, 
indicating that a precisely regulated supply of RA is 
required for the normal embryo development[23]. In 
this study, we observed obvious brain abnormalities 
in mouse embryos after treatment with excess RA. 
Because NSCs are important in CNS development[24], 
we further isolated NSCs from embryos of control 
and RA-treated mice. After culture, NSCs derived 
from embryos of RA-treated mice showed lower 
proliferation than those derived from embryos of 
control mice, indicating that the former were 
functionally impaired.  

Nr2e1, expressed mainly in the embryonic 
forebrain, has been reported to play an essential 
role in body-pattern formation during early 
embryogenesis[25-26]. Therefore, we hypothesized 
that Nr2e1 might play an important role in 
RA-induced brain abnormality. Here, we detected 
Nr2e1 expression in RA-induced brain abnormality 
by subjecting the mouse embryos from E8.5 to E10.5, 
which is the early stage of brain development, to 
whole mount in situ hybridization and RT-PCR 
analysis; furthermore, we confirmed that Nr2e1 
expression was decreased in embryos of RA-treated 
mice. In addition, the precise control of NSC 
behavior is essential to the architecture and function 
of the CNS[27]. Nr2e1 is required for NSCs 
development[28]; therefore, the change in Nr2e1 
expression in NSCs was next confirmed. Interestingly, 
we also found that Nr2e1 expression was 
downregulated in NSCs derived from embryos of 
RA-treated mice, accompanied by lower cell 
proliferation ability compared to that in NSCs 
derived from embryos of control mice. 

NSCs are self-renewing multipotent progenitors 
important for CNS development[24]. Nr2e1 is 
essential in NSC maintenance and self-renewal in the 

embryonic brain[29]. The Shh signaling pathway also 
plays an important role in NSC development[30-31]. A 
previous study showed that Nr2e1 interacts with Shh 
during mouse retinal development[32]. In this study, 
NSCs were transduced with a lentivirus carrying 
Nr2e1 shRNA, and Nr2e1 reduction considerably 
inhibited NSC proliferation and Shh signaling 
pathway. Until now, Nr2e1 has been confirmed to 
control NSC activation, proliferation, and 
differentiation by modulating p53, BMP-Smad, and 
Wnt/β-catenin signaling pathways[33-35]. Our study 
suggested that Shh signaling pathway might 
participate in Nr2e1-regulated NSC development. 

Interestingly, we observed that RA could 
regulate Nr2e1 expression in vitro. At a low RA 
concentration, Nr2e1 expression was upregulated, 
and at a high RA concentration, Nr2e1 expression 
was downregulated, which was consistent with the 
proliferation ability of NSCs. As reported, RA plays 
roles in various biological functions through different 
RA receptors[4]. Here, we found that the expression 
of the RA receptor, RARα, showed a similar trend to 
that of Nr2e1, indicating that RA might regulate 
Nr2e1 expression through RARα. 

We demonstrated that Nr2e1 was 
downregulated after treatment with excess RA in 
vivo and in vitro, which is important in the 
development of RA-induced brain abnormality. 
However, the mechanism underlying regulation of 
Nr2e1 expression by RA is still unclear and should be 
elucidated in further studies.  

CONCLUSIONS 

The induction of brain abnormality by RA is a 
complex process. Our findings indicated that Nr2e1 
could be regulated by RA; this insight may aid in 
developing a better understanding of the mechanism 
underlying RA-induced brain abnormality. 
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