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Abstract
Major depressive disorder (MDD) is the most common psychiatric disease worldwide. The precise molecular and
cellular mechanisms underlying this disorder remain largely unknown. Wilms’ tumor 1 (Wt1), a transcription factor,
plays critical roles in cancer and organ development. Importantly, deletion of the 11p13 region that contains the WT1
gene is a major cause of WARG syndrome (Wilms’ tumor, aniridia, genitourinary anomalies, and mental retardation),
which is characterized by psychiatric disease, including depression. However, the roles and mechanisms of WT1 in
embryonic neurogenesis and psychiatric disease remain unclear. Here, we demonstrate that the brain-speciﬁc deletion
of Wt1 results in abnormal cell distribution during embryonic neurogenesis, which is accompanied by enhanced
proliferation of neural progenitors and reduced neuronal differentiation. Moreover, neurons exhibit abnormal
morphology during cortical development following Wt1 ablation. Furthermore, Wt1cKO mice exhibit depressive-like
behaviors, including immobility, despair, and anhedonia. Mechanistically, Wt1 recruits Tet2 to the promoter of
erythropoietin (Epo), which results in enhanced 5-hydroxymethylcytosine (5hmC) levels and the promotion of Epo
expression. Either Epo plasmid electroporation or Epo protein injection can partially restore the deﬁciency caused by
Wt1 deletion. Importantly, administration of Epo to both embryos and adults can ameliorate the depressive-like
behavior of Wt1cKO mice. In addition, WT1 plays a similar role in human neural progenitor cells (hNPCs) proliferation
and differentiation. Taken together, our ﬁndings reveal the critical role and regulatory mechanism of Wt1 in
embryonic neurogenesis and behavioral modulation, which could contribute to the understanding of MDD etiology
and therapy.
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Introduction
Major depressive disorder (MDD) is one of the most
prevalent psychiatric diseases worldwide, with an estimated frequency of one in six people [1]. Approximately
350 million people suffer from this disorder and
experience despondency, loss of interest, and even suicide [2–4]. Despite the great impact of MDD on disability, the mechanisms underlying MDD remain
unclear. Strong evidence has shown that genetic factors
contribute to the onset of depression [5]. Twin studies
showed that the heritability of the disease is ~30–40%
[6, 7]. Altered neurogenesis and neural plasticity are
related to MDD [8, 9]. In addition, structural brain
abnormalities, including hippocampal volume reduction,
are consistently found in MDD patients [10–12]. However, the roles of embryonic neurogenesis in MDD
remain largely unknown.
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Wilms’ tumor 1 (Wt1), initially identiﬁed as a tumor suppressor gene [13], is expressed in a variety of tissues and plays
critical roles in the development of organs, including kidney
[14], gonad [15, 16], and heart [17]. In the nervous system,
Wt1 is critical for the development of the retina [18] and
olfactory epithelium [19]. Although Wt1 plays essential roles
in organogenesis, the function of Wt1 in the central nervous
system (CNS), especially in cortical development, remains
largely unknown. Besides, the deletion of the chromosome
region 11p13, which contains the WT1 gene, is a major cause
of WAGR syndrome (Wilms’ tumor, aniridia, genitourinary
anomalies, and mental retardation) [20]. Genome-wide linkage
analysis showed that chromosome regions 11p, including the
region containing WT1, are genetic loci related to the development of depressive disorders [21]. However, the role of
WT1 in psychiatric disease also remains unclear. Here, we
found that Wt1 deﬁciency results in impaired embryonic
neurogenesis and that Wt1cKO mice exhibit depressive-like
behaviors. Mechanically, Wt1 regulates the expression of
erythropoietin (Epo) by recruiting Tet2 to bind to the Epo
promoter, thus enhancing 5hmC levels and promoting Epo
expression. Electroporation of Epo plasmid into the brain or
intraperitoneal injection of Epo protein can partially rescue the
deﬁciency caused by Wt1 depletion. Wt1 functions by targeting Epo through recruiting Tet2 to alter the 5hmC levels of
the Epo promoter. Together, our results reveal that Wt1 is an
essential regulator of embryonic neurogenesis and that Wt1
deﬁciency can cause depressive-like behaviors.

Materials and methods
Animals
Wt1ﬂ/ﬂ mice described previously [16] were kindly provided by Dr Fei Gao (Institute of Zoology, Chinese
Academy of Sciences). To generate Wt1 brain speciﬁc
deleted mice, Wt1ﬂ/ﬂ mice were crossed with Nestin-Cre
mice (Jackson Laboratory, B6. Cg-Tg(Nes-Cre)1Kln/J).
All animal experiments were carried out in accordance
with the guidelines approved by the Institutional Animal
Care and Use Committee of the Institute of Zoology,
Chinese Academy of Sciences.

Cell culture
The isolation and culture of primary NPCs were performed as previously described [22]. Human embryonic
stem (ES) cells were cultured in Essential 8TM Basal
Medium with Essential 8TM Supplement in Matrigelcoated plates. Human NPCs were maintained and differentiated as previously described [23].

Methylated DNA immunoprecipitation
(MeDIP)-qPCR and hydroxymethylated DNA
immunoprecipitation quantitative PCR
(hMeDIP-qPCR) analyses
MeDIP quantitative PCR and hMeDIP-qPCR were performed as described previously [24]. The primers used for
MeDIP-qPCR and hMeDIP-qPCR are: forward GCTGCG
CTTGAAGAACTGTC; reverse CAGGACAGTGGGGCA
GAAAA.

Statistical analysis
For statistical comparisons between two groups, two-tailed
Student’s t tests were performed. For multiple comparisons,
one-way ANOVA with post hoc Tukey’s test was used. All
of the tests were performed using GraphPad Prism 6 or
Microsoft Excel. All data are presented as means ± S.E.M.
*p < 0.05 and **p < 0.01 are considered signiﬁcant and n.s.
mean not signiﬁcant.

Results
Wt1 is expressed in the embryonic cerebral cortex
during brain development
Wt1 was highly expressed at E13, and the levels gradually
decreased with the development of the cerebral cortex
(Supplementary Fig. 1a), which was consistent with the
results from our qPCR data (Supplementary Fig. 1b).
Immunostaining showed that Wt1 is dominantly expressed
in the ventricular zone and subventricular zone (VZ/SVZ)
and the cortical plate (CP) of the developing cortex (Supplementary Fig. 1c). In addition, Wt1 is colabeled with
Nestin (Supplementary Fig. 1d) and Tuj1 (Supplementary
Fig. 1e), indicating that Wt1 is expressed in neural progenitor cells and neurons, respectively. Consistent with the
in vivo ﬁndings, immunostaining of neurospheres or dissociated NPCs derived from E12 brains revealed that Wt1 is
coexpressed with the NPC marker Nestin (Supplementary
Fig. 1f, g).
To explore the potential roles of Wt1 in the developing
mouse cortex, two speciﬁc shRNAs targeting different region
of Wt1 coding sequence were subjected to lentivirus packaging. The expression of endogenous Wt1 was inhibited in
primary NPCs infected with two speciﬁc shRNA lentiviruses
(Supplementary Fig. 1h). Consistently, exogenous Flag-Wt1
was also signiﬁcantly decreased in Wt1-shRNA transfected
293FT cells (Supplementary Fig. 1i). In utero electroporation
experiments showed that Wt1 knockdown resulted in abnormal cell distribution in the embryonic mouse cortex. More

Brain-speciﬁc Wt1 deletion leads to depressive-like behaviors in mice via the recruitment of Tet2 to. . .

GFP+ cells were observed in the VZ/SVZ and the intermediate zone (IZ). Consistently, a signiﬁcant reduction in the
number of GFP+ cells was observed in the CP (Supplementary Fig. 1j, k), suggesting that Wt1 may have essential
functions in cortical development.

Wt1 regulates the proliferation and differentiation
of cortical progenitors
Compared with the control, Wt1 silencing caused a signiﬁcant increase in 5-bromo-2′-deoxyuridine (BrdU)

incorporation and mitotic activity in the GFP+ cells (Supplementary Fig. 2a–d). Concomitantly, the percentage of
cells exiting the cell cycle as deﬁned as BrdU+Ki67−
(Supplementary Fig. 2e, f), and the proportion of differentiation cells that were positive for the neuronal marker
Tuj1 were reduced when Wt1 was depressed (Supplementary Fig. 2g, h). These results, together with the reduction of
GFP+ cells in the CP, suggest that Wt1 has important roles
in embryonic neurogenesis.
To further illustrate the essential role of Wt1, Wt1 conditional knockout (Wt1cKO) mice were generated by crossing
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Fig. 1 Wt1 deﬁciency results in impaired neurogenesis. a Western
blot analysis shows that the expression of Wt1 is reduced in the brains
of Wt1cKO mice. Wt1ﬂ/ﬂ and Wt1cKO are referred to as WT and cKO,
respectively. n = 3 individual experiments. b Abnormal cell distribution is investigated in the cerebral cortex of Wt1cKO mice. The brains of
Wt1ﬂ/ﬂ and Wt1cKO mice were electroporated at E13 and were harvested
at E16. c The graph shows the percentage of GFP+ cells in each zone.
n = 5 mice, and p = 0.0001 for VZ/SVZ; p = 0.004 for IZ; p = 0.0003
for CP. d NPCs isolated from Wt1cKO mice give rise to larger neurospheres than those isolated from Wt1ﬂ/ﬂ mice. Primary NPCs isolated
from E12 Wt1ﬂ/ﬂ or Wt1cKO mice were seeded at a low density (200
cells/ml) for culture in proliferation medium for 3 days. e Statistics for
the neurosphere diameters. (n = 26 neurospheres for Wt1ﬂ/ﬂ or Wt1cKO
mice, p = 0.0004). f Immunostaining of mitotic marker pH3 in brain
sections of Wt1ﬂ/ﬂ or Wt1cKO mice at E13. g Number of pH3-positive
cells in the VZ/SVZ. n = 4 mice and p = 0.044. h Images of BrdU
immunostaining in GFP electroporated neocortex at E16. The brains of
Wt1ﬂ/ﬂ or Wt1cKO mice were electroporated with a GFP plasmid at E13.
BrdU was injected 2 h before the pregnant mice were sacriﬁced at E16.
i The graph shows the percentage of BrdU+GFP+ cells out of the total
number of GFP+ cells in the VZ/SVZ. n = 3 mice and p = 0.012.
j Statistics for BrdU+ cells per 100 μm2 of surface in the VZ/SVZ.
n = 3 mice and p = 0.025. k Representative images of cortices exhibiting Cux1 (red, marker of layers II–III) and Satb2 (green, marker of
layers II/III and layers IV/V) double labeling at P0. l Statistics for
Cux1+ cells in the upper layer of the CP. n = 8 mice and p = 0.004.
m Statistics for Satb2+ cells in the upper layer of the CP. n = 8 mice
and p = 0.008. Representative images are from at least three independent experiments. Error bars represent means ± S.E.M.; two-tailed
unpaired t-test, *p < 0.05, **p < 0.01, and n.s. not signiﬁcant. The
scale bar represents 100 μm.

Wt1ﬂ/ﬂ mice with Nestin-Cre mice. Unlike Wt1ﬂ/ﬂ mice, the
expression of Wt1 was ablated in the brains of Wt1cKO mice
(Fig. 1a). Furthermore, the brain size of Wt1cKO mice was
decreased compared with Wt1ﬂ/ﬂ mice (Supplementary
Fig. 3a, b). A comparable increase in GFP+ cells in the VZ/
SVZ and IZ was observed in Wt1cKO mice, and there was a
signiﬁcant reduction in GFP+ cells in the CP (Fig. 1b, c).
Compared with Wt1ﬂ/ﬂ mice, the size of neurospheres derived
from E12 Wt1cKO progenitors was signiﬁcantly increased
(Fig. 1d, e). Wt1cKO mice displayed an obvious increase in the
number of pH3+ cells in the VZ/SVZ (Fig. 1f, g). There were
more BrdU-labeled progenitors in Wt1cKO mice than that in
Wt1ﬂ/ﬂ mice (Fig. 1h–j). Consistently, more pH3+ cells were
detected in the E16 brains of Wt1-deleted mice than were
observed in Wt1ﬂ/ﬂ mice (Supplementary Fig. 3c, d). In NPCs
cultured in vitro, more BrdU+Ki67+ cells were investigated
following Wt1 ablation (Supplementary Fig. 3e, f). The percentage of cells exiting the cell cycle (BrdU+Ki67–) was
reduced when Wt1 was deletion (Supplementary Fig. 3g, h).
The numbers of Cux1+ neurons and Satb2+ neurons were
signiﬁcantly reduced in Wt1cKO mice at P0 (Fig. 1k–m).
Consistently, the numbers of Ctip2+ neurons and Tuj1+
neurons were also decreased in E16 when Wt1 was deleted
(Supplementary Fig. 3i–k). Importantly, overexpression of
Wt1 rescued the abnormal cell distribution in Wt1cKO
embryonic brains, demonstrating that the failures observed in

embryonic neurogenesis are speciﬁcally caused by Wt1 loss in
the brain (Supplementary Fig. 3l, m). To detect whether the
abnormal cell distribution still exist at later time points, we
electroperated GFP plasmid at E13 and harvested the brain at
P0. The result showed that most upper layer neurons have
ﬁnished their migration at P0 (Supplementary Fig. 4a), indicating Wt1 is essential for neural progenitor’s proliferation
and differentiation, but has no obvious effect on neuron
migration. Notably, the reduced neuron numbers were not
caused by apoptosis (Supplementary Fig. 4b, c). In addition,
the number of astrocytes, oligodendrocytes, and microglia
was not affected by Wt1 loss (Supplementary Fig. 4d).
Next, a Wt1 overexpression plasmid was electroporated
into the embryonic cortex at E13, and the tissue was harvested at E16. Compared with the control, the percentage of
GFP+ cells in the VZ/SVZ was decreased. In addition, more
GFP+ cells were found in the CP (Supplementary Fig. 5a,
b). Moreover, BrdU incorporation was signiﬁcantly reduced
compared with that of the controls (Supplementary Fig. 5c,
d), supporting the hypothesis that Wt1 inhibits the proliferation of NPCs. In addition, immunostaining of
Tuj1 showed an increase in neuronal differentiation upon
Wt1 overexpression (Supplementary Fig. 5e, f), indicating
an essential role for Wt1 in neuron production.

Wt1 deletion results in abnormal neuronal
morphology
The abnormal neuronal differentiation raised the question of
whether Wt1 loss affected neuronal morphology, which is
intertwined with brain function. To address this point, we ﬁrst
electroporated GFP plasmid into the brains of Wt1ﬂ/ﬂ and
Wt1cKO mice at E13. One day later, GFP-positive NPCs were
isolated and cultured in vitro in differentiated medium for
4 days. Compared with the control cells, the total dendritic
length was reduced in Wt1-deleted neurons (Supplementary
Fig. 6a, b). To investigate dendrite development of cortical
neurons in vivo, we electroporated the GFP plasmid into the
brains of Wt1ﬂ/ﬂ and Wt1cKO mice at E15 and detected neuron
morphology at P7. Consistent with the in vitro results, neurons that migrated to the CP also exhibited abnormal dendritic
length and branching in Wt1cKO mice (Supplementary Fig. 6c,
d), which further veriﬁed the Wt1-mediated regulation of
dendritic growth. In addition, the loss of Wt1 in cultured
neurons decreased the synapse density compared with that of
the control (Supplementary Fig. 6e, f).

Wt1 deﬁciency leads to depressive-like behavior
To determine whether the loss of Wt1 resulted in behavioral
deﬁciency in adult mice, Wt1cKO mice and their littermate
Wt1ﬂ/ﬂ mice at ~8–12 weeks of age were ﬁrst examined by
the open ﬁeld test (Supplementary Fig. 7a). Compared with
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Fig. 2 Wt1 deﬁciency leads to depressive-like behaviors. a The
open ﬁeld test shows that the time spent in the center is signiﬁcantly
reduced in Wt1cKO mice. n = 11 for Wt1ﬂ/ﬂ mice, n = 13 for Wt1cKO
mice, and p = 0.004. b Compared with Wt1ﬂ/ﬂ mice, the Wt1cKO mice
spend much more time in the closed arms. n = 12 for Wt1ﬂ/ﬂ mice, n =
14 for Wt1cKO mice, and p = 0.0004. c Compared with Wt1ﬂ/ﬂ mice, the
Wt1cKO mice spend less time in the open arms. n = 12 for Wt1ﬂ/ﬂ mice,
n = 14 for Wt1cKO mice, and p = 0.014. d The percentage of spontaneous changes in the Y maze is reduced in Wt1cKO mice. n = 15 for
Wt1ﬂ/ﬂ mice, n = 15 for Wt1cKO mice, and p = 0.015. e The immobile
time of Wt1cKO mice is prolonged in the forced swimming test. n = 11
for Wt1ﬂ/ﬂ mice, n = 11 for Wt1cKO mice, and p = 0.03. f The latency to
immobility is signiﬁcantly shortened in Wt1cKO mice. n = 11 for Wt1ﬂ/ﬂ
mice, n = 11 for Wt1cKO mice, p = 0.006. g The total immobile time of
Wt1cKO mice in the tail suspension test is increased compared with that

of the control. n = 13 for Wt1ﬂ/ﬂ mice, n = 10 for Wt1cKO mice, and p
= 0.034. h The sucrose consumption of Wt1cKO mice is reduced in the
sucrose preference test. n = 12 for Wt1ﬂ/ﬂ mice, n = 14 for Wt1cKO
mice, and p = 0.018. i The social interaction test shows that Wt1cKO
mice spend similar time in the chamber with a novel mouse (stranger
1) or in the opposite chamber (empty), while Wt1ﬂ/ﬂ mice spend more
time in the chamber with stranger 1 than in the empty chamber. n = 9
for Wt1ﬂ/ﬂ mice, and p = 0.021; n = 10 for Wt1cKO mice, and p =
0.432. j Wt1cKO mice spend similar time in the chamber with familiar
mouse (stranger 1) and in the opposite chamber with a new unfamiliar
mouse (stranger 2), while Wt1ﬂ/ﬂ mice are prone to staying in the
chamber with stranger 2 mice. n = 9 for Wt1ﬂ/ﬂ mice, p = 0.047; n =
10 for Wt1cKO mice, p = 0.402. Error bars represent means ± S.E.M.;
one-way ANOVA, *p < 0.05, **p < 0.01, and n.s. not signiﬁcant.

Wt1ﬂ/ﬂ mice, Wt1cKO mice spent less time in the center of the
ﬁeld (Fig. 2a). It is worth noting that the total traveled distance of Wt1cKO mice was also reduced, although the run
speed was not signiﬁcantly different when the mice were
moving (Supplementary Fig. 7b, c), indicating that the
exploratory behavior and the locomotor activity of Wt1cKO
mice were reduced. To detect whether Wt1cKO mice exhibited

anxiety-like behavior, an elevated-plus maze was employed
(Supplementary Fig. 7d). The results showed that Wt1cKO
mice spent more time in closed arms and less time in open
arms compared with Wt1ﬂ/ﬂ mice (Fig. 2b, c), suggesting that
the anxiety of the mice was increased. Consistently, the total
traveled distance of Wt1cKO mice was also signiﬁcantly
decreased (Supplementary Fig. 7e). In the Y maze test, the
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percentage of spontaneous changes was lower in Wt1cKO mice
than it was for their Wt1ﬂ/ﬂ littermates (Fig. 2d), suggesting
that working memory was impaired when Wt1 was lost.
Simultaneously, the number of arms entered and the total
traveled distance of Wt1cKO mice were also reduced (Supplementary Fig. 7f, g). A novel object recognition experiment
showed that the discrimination index was reduced in Wt1cKO
mice (Supplementary Fig. 7h) compared with that in control
mice, indicating that the reduction of Wt1 had an effect on
learning and memory.
Since Wt1cKO mice showed a general reduction in locomotor activity, we next assessed whether the reduction was
caused by motor dysfunction. In the rotarod test, Wt1cKO
mice did not exhibit a signiﬁcant difference from control
mice in the latency to fall (Supplementary Fig. 7i). The
stride length and grip strength test results showed there were
no signiﬁcant difference between Wt1cKO mice and Wt1ﬂ/ﬂ
mice (Supplementary Fig. 7j–l). Collectively, these results
suggest that the loss of Wt1 has no obvious effect on motor
function. Next, we suspected that the reduction in locomotor activity might have been caused by depression. For
this purpose, the Wt1cKO mice and their littermate Wt1ﬂ/ﬂ
mice were subjected to forced swimming tests (FSTs), tail
suspension tests (TSTs), and sucrose preference tests (SPTs)
to analyze potential depressive-like behaviors. The immobility time was increased in Wt1cKO mice compared with
that of control mice during FSTs and TSTs, and the latency
time to immobility was decreased in FSTs, indicating that
the Wt1cKO mice exhibited behavioral despair (Fig. 2e–g). In
addition, the sucrose consumption of Wt1cKO mice was less
than that of Wt1ﬂ/ﬂ mice, and the Wt1cKO mice had no
obvious preference for sucrose in SPTs (Fig. 2h), indicating
that anhedonia was a characteristic of the Wt1cKO mice. As
social interactivity was also impaired in MDD, we next
detected social interaction using three-chamber social arena
assays. The results showed that Wt1cKO mice had no
apparent preference for interacting with stranger 1 or
stranger 2, whereas Wt1ﬂ/ﬂ mice spent more time in the
chamber where a novel mouse was placed in the cage
(Fig. 2i, j), indicating that the social interactivity was also
reduced when Wt1 was deleted in mice. All behavioral
experiments included both male and female mice. No signiﬁcant gender difference was found in all behavioral data.
Taken together, these results indicate that Wt1 deﬁciency
leads to depressive-like behavior.

enriched with genes involved in autonomic nervous system
development, neuron fate speciﬁcation, cell proliferation and
differentiation, and forebrain neuron development (Supplementary Fig. 8a). Concomitantly, gene ontology analysis of
upregulated genes showed that the genes were enriched in
negative regulation of development process, cell fate commitment and cell proliferation (Supplementary Fig. 8b). These
results support the conclusion that Wt1 regulates embryonic
neurogenesis during brain development. To identify the direct
target of Wt1, a set of differentially expressed genes was
analyzed (Supplementary Fig. 8c). Among the downregulated
genes, Foxa1, Oligo3, Shox2, and Epo were downregulated
signiﬁcantly in the RNA-seq. To verify the results of RNAseq, we detected the expression of these gene by RT-PCR and
found Epo was mostly downregulated. Therefore, Epo was
considered to be a prioritized candidate gene. The results of
semiquantitative RT-PCR and qRT-PCR further veriﬁed Wt1
regulated Epo at the mRNA level (Supplementary Fig. 8d, e).
In addition, when Wt1 was lost, Epo protein was also
decreased and accompanied by an increase in PCNA (proliferating cell nuclear antigen) and a reduction in Tuj1 (Supplementary Fig. 8f), indicating that the regulation of Wt1 on
NPC proliferation and differentiation might occur through its
regulation of Epo. In support of this hypothesis, the expression of Epo was synchronous with Wt1 during the differentiation of NPCs in vitro (Supplementary Fig. 8g).
Epo was not only expressed in the E13 cerebral cortex
but also colabeled with the NPC marker Sox2 and the
neuron marker Tuj1 (Supplementary Fig. 9a–c). Overexpression of Epo resulted in fewer GFP+ cells in the VZ/
SVZ and more GFP+ cells in the CP compared with what
was observed in the control (Supplementary Fig. 9d, e). The
number of proliferating NPCs, labeled by Ki67 and pH3,
was reduced when Epo was overexpressed (Supplementary
Fig. 9d, f–h). In addition, more Tuj1+ cells were detected in
GFP+ cells (Supplementary Fig. 9i, j) in the experimental
group than what was observed in the control. When Epo
was silenced by shRNA, the number of GFP+ cells in the
VZ/SVZ and IZ was increased, whereas the number
of GFP+ cells in the CP was reduced (Supplementary
Fig. 10a, b) in comparison with control. In addition, the
number of proliferating NPCs, which were labeled by pH3,
was increased, and the number of differentiating neurons,
which were labeled by Tuj1, was decreased (Supplementary
Fig. 10c–f) compared with that of the control. These results
indicate that Epo is regulated by Wt1.

Wt1 regulates neurogenesis by targeting Epo
To gain insight into the molecular mechanisms by which Wt1
regulates embryonic neurogenesis, RNA isolated from the
brains of E13 Wt1ﬂ/ﬂ mice and Wt1cKO mice was analyzed by
RNA-seq to determine variation in gene expression. Data
analysis revealed that downregulated genes were signiﬁcantly

Wt1 regulates Epo expression by increasing
Tet2-mediated 5hmC levels on the Epo promoter
To determine the potential mechanism by which Wt1 regulates the expression of Epo, we ﬁrst detected the interaction of Wt1 with Tet2 by coimmunoprecipitation, since a
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previous report showed that the loss of Tet2 increases susceptibility to stress [25]. The experiment demonstrated that
Wt1 and Tet2 interact with each other (Fig. 3a, b). Coexpression of Wt1 and Tet2 in NPCs led to an obvious
increase in Epo protein levels. Compared with Wt1 or Tet2
overexpression alone, more Epo was detected following the
coexpression of Wt1 and Tet2, as shown by Western blotting (Fig. 3c). Consistently, the levels of Epo protein were
signiﬁcantly decreased when both Wt1 and Tet2 were
suppressed (Fig. 3d). Correspondingly, the mRNA levels of
Epo were also increased when Wt1 and Tet2 were coexpressed and decreased when Wt1 and Tet2 were cosilenced
(Fig. 3e, f). To verify that the regulatory function of Wt1 on

the Epo promoter occurs via the recruitment of Tet2, we
detected the binding enrichment of Wt1 and Tet2 on the
Epo promoter with chromatin immunoprecipitation (ChIP)
experiments. The results showed that Wt1 occupied the
promoter 500 bp upstream but not 2 kb upstream of the Epo
start codon and the coding region. Notably, the occupancy
of Tet2 on the Epo promoter was substantially increased
when it was coexpressed with Wt1 in NPCs (Fig. 3g),
suggesting that Tet2 was recruited by Wt1 to the Epo promoter to regulate the expression of Epo. To further assess
the contribution of Tet2 to Epo expression, we silenced the
expression of Wt1 when Tet2 was overexpressed and found
that the level of Epo was decreased relative to that of the
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Fig. 3 Wt1 regulates Epo expression by recruiting Tet2, thereby
enhancing the 5hmC levels on the Epo promoter. a Coimmunoprecipitation experiments show that Wt1 interacts with Epo. Flag-Wt1
and HA-Tet2 were cotransfected or were transfected individually into
N2A (Neuro-2a) cells. After 3 days, HA beads were used to pull down
the binding proteins, which were subjected to Western blot and
detected by anti-Flag. n = 3 individual experiments. b Tet2 can be
pulled down by Wt1. Flag beads were used to pull down the binding
proteins, and bound Tet2 was detected by anti-HA. n = 3 individual
experiments. c The protein levels of Epo are increased when Wt1 and
Tet2 are coexpressed in primary NPCs. n = 3 individual experiments.
d Lower levels of Epo are found in Wt1-shRNA and Epo-shRNA
lentivirus coinfected NPCs. n = 3 individual experiments. e The
relative mRNA levels of Epo are substantially increased when Wt1 or
Tet2 are overexpressed individually or together. n = 3 individual
experiments and p = 0.048 and p = 0.01, respectively. f The relative
mRNA levels of Epo are substantially decreased when Wt1 or Tet2 are
silenced individually or together. n = 3 individual experiments and
p = 0.003, 0.003, and 0.002, respectively. g ChIP analysis shows that
Wt1 occupied the promoter of Epo and that binding enrichment was
higher when Tet2 was coexpressed. n = 3 individual experiments and
p = 0.044 and 0.003, respectively. h The level of Epo was decreased
relative to that of the control when Wt1 was silenced. n = 3 individual
experiments and p = 0.0001 and 0.067, respectively. i Dot blot results
show that the levels of 5mC were reduced and the levels of 5hmC were
increased when Wt1 and Tet2 are coexpressed. Primary NPCs isolated
from E13 brains were infected with Wt1 and Tet2 overexpression
lentivirus or together. After 3 days of culture, the cells were subjected
to DNA extraction. DNA (500 ng) was used for the dot blot. n = 3
individual experiments. j MeDIP-qPCR show that the binding
enrichment of 5mC on the Epo promoter was reduced when Wt1 and
Tet2 were coexpressed in NPCs. n = 3 individual experiments and
p = 0.028. k The 5hmC enrichment at the Epo promoter is increased in
Wt1 and Tet2 coexpressed NPCs. n = 3 individual experiments and
p = 0.039. Error bars represent means ± S.E.M.; two-tailed unpaired
t-test, *p < 0.05, **p < 0.01, and n.s. not signiﬁcant.

control (Fig. 3h), suggesting that the regulation of Epo by
Wt1 is mediated by Tet2. To detect whether the regulation
by Wt1 requires the catalytic activity of Tet2, we examined
the levels of 5-methylcytosine (5mC) and 5hmC by dot blot.
The results showed that coexpression of Wt1 and Tet2 in
NPCs resulted in an increase in 5hmC and a concomitant
decrease in 5mC (Fig. 3i). hMeDIP-qPCR analysis showed
that the 5hmC levels at the promoter regions of Epo were
signiﬁcantly increased when WT1 and Tet2 were coexpressed in NPCs (Fig. 3j, k). These results suggest that Wt1
regulates Epo expression by increasing Tet2-mediated
5hmC levels on the Epo promoter.

The defects caused by Wt1 depletion can be rescued
by Epo
Although Epo was regulated by Wt1 and had a similar
effect on cortical development, whether Epo could rescue
the defects caused by Wt1 loss was unknown. To address
this question, Epo overexpression plasmid and control were
electroporated into E13 Wt1ﬂ/ﬂ and Wt1cKO mouse brains.
The results showed that the abnormal GFP+ cell distribution

can be partially rescued by the electroporation of Epo
(Fig. 4a, b). To further illustrate the function of Epo in the
rescue experiment, Epo protein was administered from E13
to E16 by intraperitoneal injection into Wt1ﬂ/ﬂ mice and
Wt1cKO mice with a dose of 1000 IU/kg once a day. Compared with the control, the Epo protein level was increased
in the brain following Epo injection (Fig. 4c). In line with
the results of Epo plasmid electroporation, Epo injection
also partially rescued the abnormal cell distribution, proliferation, and differentiation related to Wt1 deletion during
cerebral cortex development (Fig. 4d–i). These results
provided further evidence that Wt1 regulates embryonic
neurogenesis through its downstream target, Epo.

Epo administration ameliorates depressive-like
behaviors in Wt1cKO mice
To determine whether Epo can rescue depressive-like
behaviors in Wt1cKO mice, pregnant mice were administered Epo protein with a dose of 1000 IU/kg by intraperitoneal injection once a day from E13 until Wt1cKO mice and
Wt1ﬂ/ﬂ mice were born. The behavior test was carried out on
the sixth week after birth (Fig. 5a). We found that Epo
treatment decreased immobility in the FSTs and TSTs, and
increased the latency to immobility in Wt1cKO mice
(Fig. 5b–d). Furthermore, no signiﬁcant difference in
sucrose consumption between Wt1cKO mice and Wt1ﬂ/ﬂ mice
was found (Fig. 5e). These results suggest that embryonic
Epo administration can partially rescue the depressive-like
behavior of Wt1cKO mice. To test whether Epo injection
could rescue depressive-like behaviors in adult mice, 6week-old Wt1cKO mice and Wt1ﬂ/ﬂ mice were treated with
Epo protein (1000 IU/kg) by intraperitoneal injection once a
day for 10 days and were then subjected to behavioral test
(Fig. 5f). The results showed that the immobile time, the
latency to immobility and the preference for sucrose were
all rescued by the Epo injection (Fig. 5g–j), suggesting that
the depressive-like behavioral deﬁcits in Wt1cKO mice can
be ameliorated by administration of Epo in adults.

WT1 also plays an essential role in human NPCs
proliferation and differentiation
To examine whether WT1 has a similar function in human
NPCs, we ﬁrst detected their expression of WT1. The
results showed that WT1 is expressed in human neural
progenitor cells (hNPCs), and it is colabeled with NESTIN
(Supplementary Fig. 11a). During the differentiation from
ES cells to hNPCs, the expression of WT1 ﬁrst decreased
and then increased, indicating that WT1 plays critical roles
in the fate determination of ES cells (Supplementary
Fig. 11b). Compared with the control, more hNPCs were
labeled by NESTIN, and fewer neurons were labeled by
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Fig. 4 Deﬁciency caused by Wt1 depletion can be partially rescued
by Epo. a Electroporating the Epo overexpression plasmid can partially rescue the cell distribution defects caused by Wt1 loss. b Statistics for GFP+ cells distributed in each zone. n = 3 mice. c Compared
with the control, the Epo levels are increased in the cerebral cortex of
Epo-injected mice. n = 3 individual experiments. and p = 0.037 (WT
and cKO) and 0.110 (WT and Epo rescue) for VZ/SVZ; p = 0.048
(WT and cKO) and 0.087 (WT and Epo rescue) for IZ; p = 0.017 (WT
and cKO) and 0.035 (WT and Epo rescue) for CP. d Epo injection can
partially rescue the abnormal cell distribution related to Wt1 loss.
e Statistics for GFP+ cells distributed in each zone. n = 5 mice, and
p = 0.007 (WT and cKO) and 0.089 (WT and Epo injection) for VZ/
SVZ; p = 0.032 (WT and cKO) and 0.209 (WT and Epo injection) for

IZ; p = 0.0007 (WT and cKO) and 0.001 (WT and Epo injection) for
CP. f The increase of BrdU incorporation in Wt1cKO brains can be
partially restored by Epo injection. g The reduction of differentiated
neurons in Wt1cKO brains can be partially restored by Epo injection.
h Statistics for BrdU+GFP+ cells in the GFP+ population located in
the VZ/SVZ. n = 5 mice, p = 0.002 (WT and cKO) and p = 0.237
(WT and Epo injection). i Statistics for Tuj1+GFP+ cells among the
total GFP+ population. n = 5 mice, p = 0.035 (WT and cKO) and P =
0.147 (WT and Epo injection). Representative images are from at least
three independent experiments. Error bars represent means ± S.E.M.;
two-tailed unpaired t-test, *p < 0.05, **p < 0.01, and n.s. not signiﬁcant. The scale bar represents 100 μm.

TUJ1 in the WT1-shRNA lentivirus-infected group (Supplementary Fig. 11c–f). These results suggest that WT1 also
plays an essential role in the proliferation and differentiation
of human NPCs.

Discussion
Dysregulated embryonic neurogenesis increases the likelihood of neurodevelopmental and psychiatric disorders
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Fig. 5 Epo administration ameliorates depressive-like behavior in
Wt1cKO mice. a Illustration of Epo administration in embryonic mice.
b The immobile time of mice in the forced swimming test (saline
group, n = 11 for Wt1ﬂ/ﬂ mice, n = 11 for Wt1cKO mice, and p = 0.032;
Epo group, n = 14 for Wt1ﬂ/ﬂ mice, n = 10 for Wt1cKO mice, and p =
0.442). c Statistics for the latency to immobility (saline group, n = 11
for Wt1ﬂ/ﬂ mice, n = 11 for Wt1cKO mice, and p = 0.014; Epo group, n
= 14 for Wt1ﬂ/ﬂ mice, n = 10 for Wt1cKO mice, and p = 0.296). d The
total immobile time of mice in the tail suspension test (saline group, n
= 10 for Wt1ﬂ/ﬂ mice, n = 9 for Wt1cKO mice, and p = 0.029; Epo
group, n = 15 for Wt1ﬂ/ﬂ mice, n = 11 for Wt1cKO mice, and p =
0.831). e The sucrose consumption of mice in the sucrose preference
test (saline group, n = 7 for Wt1ﬂ/ﬂ mice, n = 8 for Wt1cKO mice, p =
0.01; Epo group, n = 16 for Wt1ﬂ/ﬂ mice, n = 11 for Wt1cKO mice, and
p = 0.376). f Illustration of Epo injection in adult mice. g The

immobile time of mice in the forced swimming test (saline group, n =
11 for Wt1ﬂ/ﬂ mice, n = 10 for Wt1cKO mice, and p = 0.018; Epo group;
n = 11 for Wt1ﬂ/ﬂ mice, n = 10 for Wt1cKO mice, and p = 0.931).
h Statistics for the latency to immobility (saline group, n = 11 for
Wt1ﬂ/ﬂ mice, n = 10 for Wt1cKO mice, and p = 0.009; Epo group, n =
11 for Wt1ﬂ/ﬂ mice, n = 10 for Wt1cKO mice, and p = 0.985). i The total
immobile time of mice in the tail suspension test (saline group, n = 10
for Wt1ﬂ/ﬂ mice, n = 10 for Wt1cKO mice, and p = 0.031; Epo group,
n = 14 for Wt1ﬂ/ﬂ mice, n = 11 for Wt1cKO mice, and p = 0.947). j The
sucrose consumption of mice in the sucrose preference test (saline
group, n = 13 for Wt1ﬂ/ﬂ mice, n = 11 for Wt1cKO mice, and p = 0.018;
Epo group, n = 14 for Wt1ﬂ/ﬂ mice, n = 10 for Wt1cKO mice, and p =
0.432). Error bars represent means ± S.E.M.; one-way ANOVA, *p <
0.05, **p < 0.01, and n.s. not signiﬁcant.
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[26]. Wt1 is an important transcription factor, but its function in brain development and its role in behavior remains
unclear. In this study, we found that the balance between
proliferation and differentiation of NPCs is disrupted when
Wt1 is deleted. WT1cko mice show abnormal neuronal
morphology and exhibit depressive-like behavior.
Mechanically, Wt1 regulates the expression of Epo by
recruiting Tet2 to promote the 5hmC levels of the Epo
promoter (Supplementary Fig. 12). Upregulated Epo can
partially rescue the deﬁciency caused by Wt1 loss. Our
results not only explore the role of Wt1 in embryonic
neurogenesis but also illustrate the underlying mechanism,
highlighting the physiological and pathological signiﬁcance
of Wt1 in brain development.
In this study, Nestin-Cre mice were used to study the
deletion of WT1 in the CNS. As Nestin-Cre is also
expressed in several other nonneuronal tissues [27] that
might potentially affect the phenotype in WT1cKO mice, we
performed rescue experiments by electroporating Wt1
overexpression plasmids into WT1cKO mouse brains. The
results show that Wt1 can restore the deﬁciency of
embryonic neurogenesis in WT1cKO mice, demonstrating
that the deletion of Wt1 in the brain, but not in other tissues,
is a major cause of developmental deﬁciency in the brain. In
addition, the abnormal neurogenesis observed in WT1cKO
mice is consistent with the RNAi results, further supporting
the function of Wt1 in the brain.
Epo, the downstream target of Wt1, stimulates the proliferation, differentiation, and maturation of erythroid progenitor cells by interacting with Epo receptor (EpoR) during
erythropoiesis [28, 29]. Previous reports showed Epo is also
expressed in the nervous system during development [30]
and Epo-null mice exhibit extensive apoptosis in fetal brain
[31]. The Epo signaling not only supports neural cell survival during development [32], but also enhances neuronal
recovery after injury in the developing brain [33]. More and
more works showed that Epo promotes neurogenesis following brain injury [34–36]. Although hypoxia-induced
Epo and EpoR expression have neuroprotective activity
[37, 38], and Epo promotes postnatal neuronal differentiation in the hippocampus [39], the function of endogenous
Epo under normal conditions during brain development
remains largely unknown. In this study, we found disruption
of Epo results in abnormal cell distribution, progenitor
proliferation and neuronal differentiation in the embryonic
brains. These results highlight the importance of endogenous expressed Epo in embryonic neurogenesis under normoxic conditions.
Wt1 plays multiple roles by interacting with different
partners. The mechanism underlying the regulation of
Wt1 on Epo is unknown. ChIP experiments show that Wt1
can directly bind the promoter of Epo in NPCs, which is
consistent with a previous report that Wt1 is a

transcriptional activator of Epo in cell lines [40]. In
addition, whether other proteins are involved in this regulation is unknown. A previous report showed that
Wt1 suppressed leukemia cell proliferation by recruiting
Tet2 to the promoter of the regulated gene [41]. In our
study, interaction between Wt1 and Tet2 was also veriﬁed. Co-overexpression of Wt1 and Tet2 increased the
expression of Epo as well as the 5hmC levels in the Epo
promoter, while cosilencing of Wt1 and Tet2 reduced the
expression of Epo and the 5hmC level in the Epo promoter, suggesting that the regulation of Wt1 on Epo is
carried out by promoting Tet2-mediated 5hmC modiﬁcation of the Epo promoter.
To date, genetic, environmental, and psychological
factors and the etiology of MDD have not been fully
explored. Several lines of evidence, such as neural plasticity and hippocampal volume reduction [42], suggest
that brain development is a critical factor for the onset of
MDD. Therefore, exploring embryonic neurogenesis is
helpful for our understanding of how MDD arises. In our
study, WT1cko mice initially exhibited behavioral deﬁcits,
including reduced exploratory activity and increased
anxiety. Of note, the total traveled distance of WT1cko
mice in the open ﬁeld test, elevated-plus maze and Y maze
were all decreased, and the locomotor activity was
reduced in comparison with that of the control, resembling
the characteristics of patients with MDD. Therefore, we
designed MDD-related experiments for subsequent testing. As expected, the WT1cko mice exhibited depressivelike behavior, including immobility, despair, and anhedonia. In addition, WT1cko mice had impaired working and
recognition memories. Although cognitive impairment is
one characteristics of patients with MDD [43, 44], the
cognitive deﬁcits could not be explained by the onset of
MDD, as multiple neuropsychiatric disorders also exhibit
these phenotypes. The cognitive impairment in WT1cko
mice indicates the essential role of Wt1 in neuronal
development processes might contribute to memory related cognitive functions in adult mice. Further experiments
are required for fully delineating the potential mechanism
of cognitive deﬁciency related with MDD. Supporting the
role of Wt1 in MDD, the downstream target of Wt1, Epo,
which is known to cross the blood-brain barrier [45], is a
potential target for the treatment of depression [46–48]. In
addition, a previous report showed that loss of Tet2, a
partner of Wt1, increases susceptibility to stress [25],
giving indication that the regulated pathway of Wt1 is
crucial for the onset of MDD. Collectively, understanding
the biological roles of Wt1 in brain development at the
molecular, cellular, and behavioral levels not only contributes to the prevention of MDD but also leads to a
better understanding of MDD etiology and future drug
development.
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