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SUMMARY

Although valproic acid (VPA), has been shown to induce neuronal differentiation of neural stem cells (NSCs), the underlying mechanisms
remain poorly understood. Here we investigated if and how mammalian target of rapamycin (mTOR) signaling is involved in the
neuronal differentiation of VPA-induced NSCs. Our data demonstrated that mTOR activation not only promoted but also was necessary
for the neuronal differentiation of NSCs induced by VPA. We further found that inhibition of mTOR signaling blocked demethylation of
neuron-specific gene neurogenin 1 (Ngn1I) regulatory element in induced cells. These are correlated with the significant alterations of pas-
sive DNA demethylation and the active DNA demethylation pathway in the Ngn1 promoter, but not the suppression of lysine-specific
histone methylation and acetylation in the promoter region of Ngn1. These findings highlight a potentially important role for mTOR
signaling, by working together with DNA demethylation, to influence the fate of NSCs via regulating the expression of NgnlI in VPA-

induced neuronal differentiation of NSCs.

INTRODUCTION

Neural stem cells (NSCs) can differentiate into functional
neurons and glial cells (e.g., astrocytes and oligodendro-
cytes) in the mammalian CNS, which holds powerful po-
tential for regenerative medicine in producing patient-spe-
cific cells. This neuronal replacement therapy is based on
the idea that neurological functions lost might be recov-
ered by introducing new cells that can differentiate and
integrate appropriately to replace the functions of the lost
neurons (Carabalona et al., 2016). However, the underlying
molecular mechanisms for their fate specification remain
ill defined. Accumulating evidence has confirmed that
the differentiation of NSCs is regulated by various intrinsic
and extrinsic factors (Toma et al., 2014).

The mammalian target of rapamycin (mTOR) is a serine/
threonine kinase of the phosphoinositide 3-kinase (PI3K)-
related kinases and the catalytic subunit of two distinct
complexes called mammalian target of rapamycin complex
1 mTORC1) and mTORC2. Activation of AKT can be initi-
ated by phosphatidylinositol 3-OH kinase (PI3K), which in
turn activates mTORC1 and further downstream targets
such as p70S6 kinase. This leads to stimulation of gene
transcription, protein synthesis (Parker et al.,, 2015).
mTOR kinase is also a key regulator of the homeostasis of
several stem cell pools in which it finely regulates the bal-

ance between self-renewal and differentiation in stem cells.
Several studies have shown that mTOR activation causes
enhanced generation of NSCs/neural progenitor cells, fol-
lowed by neuronal differentiation (Endo et al., 2009; Marfia
etal., 2011), and the inhibition of mTOR abrogates the in-
crease of differentiated neurons (Han et al., 2008). In the
CNS the mTOR pathway is also involved in axon regenera-
tion, neuronal activity, and dendritic arborization (Li et al.,
2016). Even though the important roles of mTOR in regu-
lating differentiation and development are known, the pro-
found target of mTOR undertaking this process is remained
to be addressed.

The transcriptional regulation of cell-type-specific gene
expression involves complicated epigenetic events such
as DNA demethylation, histone modifications, and chro-
matin remodeling. DNA methylation/hydroxymethyla-
tion influence different stages of NSC differentiation
and have been implicated in neural development and dif-
ferentiation (Kim et al., 2014). The deletion of DNMT1/
3b in neuronal progenitor cells results in DNA hypome-
thylation and triggers astrocyte and early neuronal differ-
entiations, respectively (Fan et al., 2005; Martins-Taylor
et al., 2012). In DNMT3a-null mice, impaired post-natal
neurogenesis is seen in both the subventricular zone
and subgranular zone (Wu et al., 2010). Moreover, DNA
methylation can also be catalyzed by TET enzymes such
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as TET1, TET2, and TET3 that revert the methylation sta-
tus of DNA by successive oxidation of 5-methylcytosine
(5-mC) into S5-hydroxymethylcytosine (5-hmC), 5-car-
boxycytosine, and 5-formylcytosine, which are interme-
diates of an active DNA demethylation mechanism (Hu
et al., 2015). Loss of TET1 results in a 45% decrease of
NSCs in the subgranular zone, and the neurosphere
derived from TET1~/~ mice shows impaired growth func-
tion (Zhang et al,, 2013). However, overexpression of
TET2 and TET3 increases 5-hmC formation and leads to
defects in neuronal differentiation (Hahn et al., 2013).
Furthermore, DNA methylation/demethylation is often
found to be coupled with histone modifications during
neural development. The upregulation of H3K9 acetyla-
tion enhances neural differentiation and activates multi-
ple neurodevelopmental genes (Qiao et al., 2015). How-
ever, decreased H3K9 trimethylation severely impairs
early neurogenesis and enhances astrocyte formation
(Tan et al., 2012). Pro-neural and terminal neuronal
genes are poised in stem/progenitor cells by the balance
between a repressor histone modification (H3K27me3)
and an activator modification (H3K4me3) (McGann
et al., 2014). Inhibition of histone deacetylase (HDAC) in-
duces neuronal differentiation of adult NSCs, which is
likely mediated through upregulation of neuronal-specific
genes, such as neurogenic basic-helix-loop-helix tran-
scription factors NeuroD, Ngnl, and Mathl (Hsieh et al.,
2004; Yu et al., 2009).

Valproic acid (VPA) is a short-chain carboxylic acid
commonly used for the treatment of epilepsy and bipo-
lar disorders. Its pharmacological effects involve distinct
mechanisms that affect the transmission of nerve signals
in vitro and in vivo. Several intracellular pathways,
such as the mTOR pathway, are affected by VPA. VPA
activates mTOR signaling in the prefrontal cortex and
hippocampus of autistic model rats, characterized by
enhanced phospho-mTOR and phospho-S6 (Qin et al.,
2016). VPA activates the PI3K/AKT/mTOR pathway in
muscle, neuron, and induced pluripotent stem cells
(Gurpur et al., 2009; Teng et al., 2014). VPA could also
suppress the AKT/mTOR pathway in prostate cancer cells
and postmortem fusiform gyrus (Nicolini et al., 2015; Xia
et al., 2016). Some recent studies have shown that VPA re-
duces HDAC activity and promotes neuronal differentia-
tion of NSCs (Hsieh et al., 2004). However, the underly-
ing mechanisms are not fully understood.

Although both mTOR signaling and epigenetic regula-
tion are essential for the differentiation of NSCs in devel-
oping or adult brains, a direct connection between mTOR
signaling and epigenetic modifications remains uncharac-
terized in NSCs. In this study, we have set out to determine
whether such a link exists, and, if so, how it might impact
neural differentiation of VPA-induced NSCs.

RESULTS

Activation of mTOR Signaling Is Required for VPA-
Induced Neuronal Differentiation of NSCs

To evaluate the function of mTOR signaling in VPA-
induced neural differentiation, we examined the effects
of mTOR inhibition and overexpression on neural differen-
tiation, following VPA exposure. We found that VPA treat-
ment caused neuronal differentiation of NSCs (Figure 1A).
Interestingly, pretreatment of NSCs with the mTOR-spe-
cific inhibitor, rapamycin, remarkably attenuated NSCs
from VPA-induced neuronal differentiation (Figure 1A).
To further confirm the prodifferentiation role of mTOR,
we expressed constitutively active (CA)-mTOR activator
Rheb in NSCs and found that mTOR overexpression sensi-
tized NSCs to VPA-induced neuronal differentiation (Fig-
ures 1B and 1C). These results suggest that mTOR signaling
is critical for VPA-induced neuronal differentiation.

It has been well established that HDAC inhibitors
decrease the proliferation of NSCs (Dozawa et al., 2014).
We further determined whether the mTOR pathway medi-
ated the effect of VPA on the proliferation of NSCs. We
found that rapamycin increased the percentage of bromo-
deoxyuridine (BrdU)-positive cells and obviously prevented
the decrease of VPA-induced proliferation of NSCs. A total
of 17% of the cells in VPA-treated cultures were BrdU posi-
tive, compared with 47% of the cells in control cultures (Fig-
ure 1D). Unexpectedly, rapamycin dramatically enhanced
NSCs proliferation (from 17% in VPA-treated cultures to
38% in rapamycin-treated cultures). There was no signifi-
cant difference in NSC viability among three groups.

VPA Activates the AKT/mTOR/p70S6K Pathway
Previous studies have demonstrated that VPA activates the
PI3K/AKT/mTOR pathway in muscle (Gurpur et al., 2009).
However, the signaling pathway by which VPA induces
neuronal differentiation of NSCs is not clear. To determine
the mechanism by which VPA promotes neuronal differen-
tiation, the AKT/mTOR/p70S6K pathway was tested. NSCs
treated with VPA for 48 or 72 hr had higher levels of acti-
vated AKT, mTOR, and p70S6K (Figure 2A). Immunofluo-
rescence observation revealed that VPA activated p70S6K,
and that rapamycin attenuated the expression promoted
by VPA (Figure 2B), confirming that VPA activates AKT/
mTOR/p70S6K in NSCs.

To determine whether this AKT activation and its result-
ing downstream effects are triggered by VPA at a shorter
time after exposure, 1-day-old differentiating cultures were
treated with various concentrations of VPA for 1 hr, ex-
tracted, and immunoblotted for total and phosphorylated
AKT. Treatment of NSCs with VPA activated AKT within
1 hr. Activation of AKT exhibited a dose-dependent response
to VPA (Figure 2C).
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Figure 1. mTOR Activity Is Necessary for Neuronal Differentiation of NSCs Treated with VPA

(A) Immunofluorescence staining and quantification for NeuN, DCX, and GFAP on NSCs. Scale bar, 200 um. **p = 0.005, 0.002,
0.004 < 0.01 compared with control; #p = 0.006, 0.002, 0.007 < 0.01 compared with VPA. Data are from three independent ex-
periments.

(B) Western blots of total proteins extracted from NSCs using lentiviral mTOR. The specific protein probed was mTOR and its phosphorylated
form. Representative western blot of three independent experiments.

(C) Representative NSCs induced by VPA plus mTOR or VPA. Scale bar, 100 um. **p =0.001 < 0.01 compared with control; *#*p=0.008 < 0.01
compared with control; *p = 0.03 < 0.05 compared with VPA. Data are from three independent experiments.

(D) Quantification of proliferation in HDAC inhibitor-treated cultures with or without rapamycin (Rapa). Scale bar, 250 um. Data are from
three independent experiments.

(E) Quantification of viability was assessed by CCK-8 assay. **p = 0.001 < 0.01 compared with control; #p = 0.04 < 0.01 compared
with VPA. One-way ANOVA and Student’s t test were used to determine the statistical significance. Data are from four independent ex-

periments.

AKT Activation by VPA Is Dependent on PI3K

Since VPA has HDAC inhibitor activity, kinases expressed or
activated as a result of gene modulation may activate AKT
independently of PI3K. Alternatively, VPA may activate
AKT through the classical PI3K pathway. To differentiate be-
tween these possibilities, 1 mmol/LVPA was added on day 2
of differentiation either with or without 100 nmol/L wort-
mannin, a potent inhibitor of PI3K. Fresh VPA and wort-
mannin were added every 24 hr thereafter. Microscopic ob-
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servations revealed that wortmannin attenuated neuronal
differentiation of NSCs promoted by VPA (Figure 2D).
Immunofluorescence and western blots of extracts made
48 hr after drug exposure demonstrated that wortmannin
attenuated the activation of AKT by VPA, confirming that
VPA activates AKT through PI3K (Figures 2E and 2F). To
exclude the non-specificity of wortmannin on PI3K, the
data from knockdown PI3K p110a or p110p were consistent
with our above results (Figure S1).
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Figure 2. VPA Activates the AKT/mTOR/p70S6K Pathway through a PI3K-Dependent but Not a Histone Acetylation-Dependent
Manner in NSCs

(A) VPA (1 mmol/L) was added to duplicate cultures of NSCs for 48 or 72 hr, followed by western blotting using antibodies against the
signaling proteins. Higher levels of activated AKT, mTOR, and p70S6K were detected in the VPA-treated NSCs. Representative western blot
of three independent experiments.

(B) Immunofluorescence staining for p-p70S6K on NSCs. Higher expression was observed at 1 mmol/L VPA. Scale bar, 50 um. Repre-
sentative graph of three independent experiments.

(C) NSCs were exposed to various concentrations of VPA for 1 hr, followed by extraction and western blotting for AKT. VPA activates AKT in a
dose-dependent manner, with highest activation seen at 1 mmol/L VPA. Representative western blot of three independent experiments.
(D) NSCs were treated for 48 hr with 1 mmol,/L VPA with or without 100 nmol/L wortmannin. Immunofluorescence staining for NeuN showed
that the prodifferentiation effect of VPA on NSCs was attenuated by wortmannin. Scale bar, 250 pum, indicating that VPA depends on PI3K
for this effect. **p = 0.001 < 0.01 compared with control; ##p = 0.006 < 0.01 compared with VPA. Data are from three independent ex-
periments.

(E) NSCs treated as above were extracted and immunoblotted for phosphor AKT (p-AKT) and total AKT. Ratios of p-AKT to total AKT band
intensities were plotted. The AKT-activating effect of VPA was attenuated by wortmannin. *p = 0.02 < 0.05 compared with VPA. Data are
from three independent experiments.

(F) Immunofluorescence staining for p-AKT on NSCs. Wortmannin decreased the expression of p-AKT induced by VPA. Scale bar, 250 pum.
Representative graph of three independent experiments.

(G) VPA activated AKT/p70S6K signaling and enhanced histone H3 and H4 acetylation. NSCs were stimulated with 1 mM of VPA for various
times and the levels of p-AKT, phospho-p70S6K, acetyl-H3, and acetyl-H4 were analyzed by immunoblotting. Both AKT and S6K proteins
activation preceded the onset of histone H3 and H4 acetylation. *p = 0.03, 0.01 < 0.05 compared with 12 and 24 hr; ®p = 0.007, 0.005,
0.007, 0.01, 0.03 < 0.05 compared with 1, 12, 24, 48, and 72 hr; *p =0.008, 0.02, 0.01, 0.01 < 0.05 compared with 48 and 72 hr. Data are
from three independent experiments.

(H) The effects of VPA and TSA on acetyl-H3 accumulation appeared to be additive. TSA alone appeared to elevate levels of phospho-
p70S6K, but the increases were not concentration dependent. A higher concentration of TSA (300 nM) attenuated VPA-induced increases
in phospho-p70S6K. *p = 0.03, 0.006, 0.02, 0.008 < 0.05 compared with control. Data are from three independent experiments.

(I) NSCs were treated by VPA or VPA plus rapamycin. Lysates from the cells were analyzed by immunoblotting for the levels of HDAC1,
HDAC3, and B-actin. Rapamycin (Rapa) increased HDAC1 and HDAC3 levels but did not significantly alter the magnitude of VPA-induced
decreases in HDAC1 and HDAC3 levels. **p = 0.006 < 0.01 compared with control; #p = 0.008 < 0.01 compared with control. One-way
ANOVA and Student’s t test were used to determine the statistical significance. Data are from three independent experiments.
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AKT Activation by VPA Is Independent on Histone
Acetylation

VPA rapidly and concentration-dependently induces accu-
mulation of acetylated H3 and H4 (Godino et al., 2015).
To exclude the possibility that AKT activation may be trig-
gered by histone modification, we tested the effects of
VPA on phosphorylation of AKT, S6K, and acetylation of
histone H3 and H4. Our results showed that VPA activated
S6K from 12 hr and reached a plateau at 24 hr. VPA activated
AKT from 1 hr and reached a plateau at 12 hr, which pre-
ceded the increase of S6K phosphorylation. In addition,
both AKT and S6K protein activation also preceded the
onset of histone H3 and H4 acetylation (Figure 2G). More-
over, trichostatin A (TSA), a potent HDAC inhibitor, con-
centration-dependently induced accumulation of acety-
lated H3. TSA at a low concentration induced a significant
increase in phospho-S6K levels, yet this increase plateaued
at a higher TSA concentration (Figure 2H). These data
indicate that TSA produces a limited effect on the mTOR
pathway that does not parallel its effect on acetyl-H3 accu-
mulation (Figure 2H). TSA at a low concentration induced
additive effects on VPA-induced acetyl-H3 accumulation,
but not on VPA-induced increases in phosph-S6K levels.
TSA at a high concentration significantly attenuated VPA-
induced increases in phospho-S6K levels. These results sug-
gest that VPA-induced AKT activation is independent on its
effect on histone modification.

Although both AKT and S6K protein activation preceded
the onset of histone acetylation, to exclude the possibility
that AKT/mTOR/p70S6K signaling activation in turn pro-
motes histone acetylation, we investigated the effects of
VPA with or without rapamycin on expression of HDACs.
Unexpectedly, we observed that rapamycin increased
HDAC1 and HDACS3 levels, but did not significantly alter
the magnitude of VPA-induced decreases in HDAC1 and
HDAC3 levels (Figure 2I). This finding indicates that
AKT/mTOR/p70S6K signaling may not direct the histone
acetylation.

PI3K/AKT/mTOR Activity Regulated Passive DNA
Demethylation during Differentiation Induced

by VPA

DNA methylation/demethylation are essential epigenetic
modifications controlling gene expression during differenti-
ation and development (Orlanski et al., 2016). Since the in-
hibitors of histone deacetylation cause epigenetic DNA
modifications, we next further evaluated whether PI3K/
AKT/mTOR activity regulates VPA-induced neuronal differ-
entiation by repressing DNA methylation. We found that
the mRNA expression profiles of passive DNA demethyla-
tion pathway enzymes DNMT1, DNMT3a, butnot DNMT3b
and DNMT3L, were significantly decreased in NSCs treated
with 1 mM VPA for 1 day (Figure 3A). Similar results were ob-
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tained from the protein blot experiments (Figure 3B). Sur-
prisingly, PI3K/AKT/mTOR inhibition markedly attenuated
the decreases in the passive DNA demethylation pathway
enzymes (Figures 3A and 3B). Interestingly, we also found
that the expression of the neuron-specific gene Ngnl was
much greater in VPA-treated cells than in the DMSO-treated
controls, and that its expression was also affected by PI3K/
AKT/mTOR inhibition (Figures 3A and 3B). Our results
suggested that PI3K/AKT/mTOR activity may stimulate the
activation of Ngnl through suppressing the expression of
DNMT 1 and 3a, which triggered VPA-induced neural differ-
entiation of NSCs.

To clarify whether the increased expression of Ngnl
induced by VPA is a direct result of inhibiting the putative
DNMTs, we studied the effects of VPA on the genome-
wide DNA demethylation and gene-specific promoter de-
methylation. In the control group, 5-mC immunostaining
(im) was highly intense and distributed throughout the
nucleus (Figure 3C). However, in the VPA-treated group,
decreased 5-mC-im intensity was seen in the nucleus, but
preferentially distributed near the nuclear membrane into
differentiation (Figure 3C). We next examined the effect
of PI3K/AKT/mTOR inhibition on genome-wide DNA
methylation. As expected, rapamycin obviously attenuated
the decreased 5-mC-im intensity induced by VPA (Fig-
ure 3C), suggesting an important role for mTOR signaling
in VPA-induced DNA demethylation, which resulted in
Ngnl expression. This notion was further confirmed by
dot blotting for 5-mC (Figure 3D). As Ngnl expression is
known to be repressed by methylation of CpG dinucleo-
tides within its promoter, We next further examined the
effect of VPA on gene-specific promoter demethylation;
bisulfite sequence analysis revealed that NSCs treated with
VPA showed nearly 40% loss of 5-mC in the Ngn1 promoter
region between —171 and 140 than that of control NSCs
(Figure 3E). Furthermore, rapamycin treatment showed
20% gain of 5-mC in the same region (Figure 3E). DNA
methylation levels of the Ngn1 promoter region in rapamy-
cin-treated cells with or without VPA were further verified
by EpiMark 5-mC Analysis Kit (Figure 3F). Taken together,
our findings indicate that mTOR inhibition mostly blocks
the DNA demethylation of neuronal target gene caused by
VPA during differentiation.

PI3K/AKT/mTOR Activity Facilitates TET-Mediated
DNA Hydroxymethylation during VPA-Induced
Differentiation

DNA demethylation involves passive and active demethyla-
tion. By converting 5-mC to 5-hmC following the base exci-
sion repair pathway, TET family proteins were shown to pro-
mote active DNA demethylation in mammalian cells (Kafer
etal., 2016). We next focused our investigation on the genes
mediating active demethylation. We found upregulation of
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were used to determine the statistical significance. Data are from three independent experiments.

TET1, TET2, and TET3 protein levels in VPA-treated cells,
this effect can be inhibited by rapamycin treatment (Fig-
ure 4A). However, the small difference in TET1, TET2, or
TET3 protein expressions between DMSO- and rapamycin-
treated cells showed that the effect of VPA on TETs is depen-
dent on the mTOR signaling in NSCs (Figure 4A). To further
confirm the expression of the TET family members in every
group, we immunohistochemically evaluated the intensity
of the TET family. As expected, the immunohistochemical
results were consistent with previous TET protein levels (Fig-
ure 4B). TET-im intensity was significantly increased in
NSCs subjected to VPA when compared with control (Fig-
ure 4B). Furthermore, following rapamycin treatment,
TET-im intensity was significantly lower in VPA + rapamy-
cin-treated cells than in VPA-treated cells (Figure 4B).

To further verify the effect of TETs on active DNA
demethylation, an anti-5-hmC antibody-based dot blot

analysis showed an increase of 5-hmC induced by VPA
treatment (Figure 4C). Whereas rapamycin and VPA
treatment strongly decreased 5-hmcC levels (Figure 4C),
consistent with our dot blot results we found that
5-hmC covered an increasing amount of the genome,
and 5-hmC-im became more intense in VPA-treated
cells, a low density for 5-hmC signature was observed in
cells treated by VPA + rapamycin (Figure 4D). To deter-
mine if 5-hmC has a functional role in regulating neural
differentiation, we calculated enrichment of 5-hmC at
the Ngnl promotor and found that 5-hmC becomes
especially enriched in VPA-treated cells (Figure 4E).
We also observed a significant reduced enrichment of
5-hmC at promotor region of Ngnl in VPA + rapamy-
cin-treated cells (Figure 4E). These results confirmed that
the loss of Ngnl promoter DNA methylation in NSCs
treated with VPA is induced by increased expressions
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Figure 4. PI3K/AKT/mTOR Activity Promotes DNA Hydroxymethylation during Differentiation Induced by VPA

(A and B) The expression of TET1, TET2, and TET3 proteins was analyzed by immunoblotting and immunofluorescence staining. Scale bar,
250 pum. Representative graphs of three independent experiments.

(C) Dot blot analysis of 5-hmC quantity during differentiation of NSCs. Dot blot performed by biotinylation of 5-hmC followed by probing
with Avidin-HRP. Dot blot representative of three independent experiments.

(D) Immunofluorescence staining for 5-hmC showed that the intensity of VPA on 5-hmC-immunostaining was attenuated by rapamycin
(Rapa). Scale bar, 250 um. **p = 0.001 < 0.01 compared with control; #p = 0.005, 0.003 < 0.01 compared with VPA. Data are from three
independent experiments.

(E) Relative quantitation of 5-hmC within a specific locus was performed using EpiMark 5-hmC Analysis Kit followed by real-time PCR
analysis. **p = 0.002 < 0.01 compared with control; *#p = 0.004, 0.006 < 0.01 compared with VPA. One-way ANOVA and Student’s t test

were used to determine the statistical significance. Data are from four independent experiments.

of active DNA demethylation pathway enzymes through
activating mTOR signaling.

VPA but Not PI3K/AKT/mTOR Activity Regulates
Histone Modifications in the Ngn1 Gene Region

As mentioned above, VPA elevated the Ngn1 expression in
differentiated cells and also regulated the expression of
HDAC:Ss. To determine whether PI3K/AKT/mTOR signaling
mediates VPA-induced Ngn1 expression via regulating the
histone modifications, we employed western blot and
chromatin immunoprecipitation (ChIP) assays to test his-
tone acetylation and histone modifications at the prox-
imal promoter of the Ngnl gene after VPA treatment. We
detected an abundance of acetylated histone H3 and H4
in extracts of cells treated by VPA (Figure 5A). Interest-
ingly, the level of acetylated histone H3 and H4 remained
relatively unchanged in extracts of cells treated by VPA +
wortmannin compared with VPA (Figure 5A), suggesting
that there is less functional relationship between PI3K/
AKT/mTOR signaling and histone acetylation during
VPA-induced differentiation. To further define the rela-
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tionship, we investigated histone modifications at the
proximal promoter of the NgnlI gene after VPA and/or ra-
pamycin treatment. Our data showed that, while trime-
thylated H3K4 (H3K4me3) significantly increased with
VPA treatment at the proximal promoter of the Ngni
gene, acetylated H3K9 (H3K9Ac) was also obviously
enhanced (Figure 5B). The results suggest that the efficient
recruiting of H3K4me3 and H3K9Ac at the promoter is a
prerequisite for the activation of the Ngnl gene after VPA
treatment. We then analyzed the recruiting of methylated
lysine in H3K27 and H3K9 on the promoter region of Ngn1
with ChIP assay. Our observation showed that the cells
treated with VPA decreased the trimethylated H3K9
(H3K9me3) and dimethylated H3K9 (H3K9me2) levels in
the Ngnl promoter (Figure 5B). By contrast, no significant
differences in histone modifications were found between
VPA-treated and VPA + wortmannin-treated cells (Fig-
ure 5B). In addition, western blot analysis was in accor-
dance with the above data (Figure 5C). These findings sug-
gest that VPA but not PI3K/AKT/mTOR activity mediates
histone modifications in the Ngn1 gene region.
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Figure 5. VPA but Not PI3K/AKT/mTOR Activity Regulates Histone Modifications in the Ngn1 Promotor Region

(A) The levels of histone H3 and H4 acetylation in extracts of NSCs treated by VPA or VPA plus wortmannin. **p = 0.003, 0.006 < 0.01
compared with control; #p = 0.005, 0.005 < 0.01 compared with control. Data are from three independent experiments.

(B) H3K4me3, H3K27me3, H3K9me2, and H3K9Ac at the Ngn1 promoter were analyzed by ChIP analysis in the NSCs. The acetylation and
methylation levels were expressed as the ratio of the signal intensity of the immunoprecipitation product to the input. **p =0.005, 0.008,
0.003 < 0.01 compared with control; *p = 0.02 < 0.05 compared with control; #p = 0.006, 0.009, 0.007, 0.003 < 0.01 compared with

control. Data are from three independent experiments.

(C) NSCs were treated by VPA or VPA plus wortmannin, followed by western blotting using antibodies against H3K4me3, H3K27me3,
H3K9me2, and H3K9Ac. **p = 0.005, 0.004, 0.007, 0.004 < 0.01 compared with control; #p = 0.03, 0.02 < 0.05 compared with control;
##p = 0.004, 0.003 < 0.01 compared with control. Data are from three independent experiments.

DNMTs Inhibitor Rescues the Differentiation Arrested
by PI3K/AKT/mTOR Inhibition or VPA Deprivation

To address whether the elevated expression of DNMT1
and 3arepresents a significant cause for the differentiation
arrested by loss of PI3K/AKT/mTOR activity or VPA depri-
vation, we applied the DNMT inhibitor, 5-aza-2’-deoxycy-
tidine (AZA), to the culture medium. AZA is a cytidine
analog that blocks actions of DNMTs and causes passive
demethylation. Treatment with AZA in the presence of
VPA + PI3K/AKT/mTOR inhibition resulted in a 1.7-fold
increase in the number of neuronal nuclei (NeuN)-posi-
tive cells, compared with VPA + wortmannin treatment
control (Figure 6A). Upon removing VPA and wortman-
nin, we could still observe a significant 2.2-fold in NeuN-
positive cells from AZA-treated cells compared with con-
trol (Figure 6A). Immunohistochemical staining for
doublecortin (DCX) and western blot further confirmed
these data (Figures 6A and 6B). These results indicated
that inhibition of DNMT1 and 3a significantly rescues
the trapped differentiation by PI3K/AKT/mTOR inhibi-
tion or VPA deprivation.

TET1, TET2, and TET3 Are Necessary for the Neuronal
Differentiation of NSCs Induced by VPA

To explore whether the activity of TETs is required for
VPA-induced neuronal differentiation, loss of function of
TETs were testified. We found that expression of TETI,
TET2, and TET3 proteins was efficiently downregulated
by shTET1, shTET12, and shTET13 treatments (Figure 7A),
along with a reduction of 5-hmC protein as well as an incre-

ment of 5-mC protein- compared with VPA-treated
cells (Figures 7B and 7C). The knockdown of TET1, TET2,
and TET3 markedly abolished VPA-mediated increase of
DCX + neuron yields (Figure 7D) and Ngn1 protein expres-
sions (Figure 7E). Furthermore, shTET1, shTET12, and
shTET13 treatments in VPA-treated cultures led to a robust
reduction of 5-hmC enrichment and increase of 5-mC in
the Ngnl gene promoter (Figures 7F and 7G). These find-
ings suggested that VPA-induced neuron differentiation is
dependent on TETs-mediated DNA hydroxymethylation/
demethylation.

DISCUSSION

Some recent studies have shown that activation of the
mTOR pathway participates in the neuronal differentiation
regulation of mouse olfactory bulb stem cells and neural
progenitor cells (Han et al., 2008; Otaegi et al., 2006). We
demonstrated here that VPA activated mTOR signaling
and elevated mTOR activity, significantly enhancing VPA-
induced neuronal differentiation of NSCs. VPA-induced
differentiation was suppressed by the mTOR inhibitor, ra-
pamycin, indicating activation of the mTOR pathway in
differentiation induced by VPA. Immunoblotting with an-
tibodies against activated or total AKT, mTOR, and p70S6K
showed that VPA activated this pathway, indicating the
effects of VPA on NSCs are mediated, at least in part, by acti-
vating the AKT/mTOR/S6K pathway.

Wortmannin is a selective and irreversible inhibitor of
PI3K and was used to distinguish whether VPA activated
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(A) Immunofluorescence staining and quantification for NeuN and DCX on NSCs under different treatment conditions. Scale bar, 100 pum.
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&85 = 0.006 < 0.01 compared with VPA + wortmannin. Data are from three independent experiments.

(B) The expression of Ngn1 protein was analyzed by immunoblotting

in different treatment groups. **p = 0.004 < 0.01 compared with

control; #p = 0.006 < 0.01 compared with VPA + wortmannin. Data are from three independent experiments.

AKT via the classical PI3K pathway or via an alternate
pathway. Wortmannin reduced AKT activation by VPA,
indicating that AKT activation by VPA is dependent on
PI3K. Moreover, wortmannin inhibited the neuronal dif-
ferentiation promoted by VPA, confirming that PI3K-
mediated AKT activation by VPA is necessary to induce
neuronal differentiation in NSCs. Because wortmannin is
a non-specific inhibitor of PI3K, we also found that PI3K
p110a or PI3K p110B knockdown inhibited AKT activation
and attenuated the neuronal differentiation of NSCs with
VPA, which was consistent with the results of wortmannin.
However, the mechanism by which VPA activates the PI3K/
AKT pathway is currently unknown but it may be mediated
through direct effect of VPA on PI3K.

VPA is an HDAC inhibitor and plays a role in modifying
chromatin structure and gene expression. The post transla-
tional modifications of the amino-terminal tails of the
H3 and H4 histones also involve in general changes in
condensation of chromatin connected with various tis-
sue-specific genes, which maintain them in either an acti-
vated or repressed state. VPA treatment enhances histone
acetylation, but also activates mTOR signaling. HDAC1
and HDAC2 knockdown demonstrated that the interaction
with mTOR signaling is initiated by histone H3 acetylation
(Makarevic et al., 2014). The HDAC inhibition represses
cancer proliferation via suppressing PI3K/mTOR pathways
(Wilson-Edell et al., 2014). Histone acetylation also in-
creases after rapamycin treatment or siRNA knockdown
of mTOR in gastric cancer (Sun et al., 2014). On the basis
of our observations that VPA triggered global histone hy-
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peracetylation through suppressing the activity of HDACs
and activated PI3K/AKT/mTOR pathway, we raise the hy-
pothesis that VPA may activate PI3K/AKT/mTOR pathway
via promoting histone hyperacetylation. However, we
failed to obtain conclusive evidence to support the notion
that VPA activated the mTOR pathway by inhibiting
HDAGC:s. Findings from a recent study showed that H3
and H4 acetylation in the hippocampus depends on ERK
activation (Zhao et al., 2010). Our results thus also indi-
cated that mTOR pathway activation did not trigger his-
tone acetylation.

Histone acetylation and DNA methylation operate in a
concerted manner. In agreement with this hypothesis,
HDAC inhibitors such as MS-275 and TSA also reduce
DNMT1, 3a and 3b protein levels and enzyme activity in
NT-2 precursor cells, tentatively explaining the mechanism
of DNA demethylation (Kundakovic et al., 2009). In
cultured NSCs, we found no changes in DNMT3b and
DNMTS3L levels upon VPA administration. VPA or other
HDAC inhibitors induce promoter demethylation by acti-
vating DNA demethylation mechanisms (Detich et al.,
2003; Guidotti et al., 2011). We discovered that PI3K/
AKT/mTOR inhibition enhanced DNMT1 and 3a expres-
sion and thus enhanced the stimulation of methylation
activity specific for neuronal gene silencing during differ-
entiation. Although there is no direct evidence, our finding
that PI3K/AKT/mTOR activity stimulated DNMT1 and
3a expression therefore sheds new light on the role played
by VPA signaling for both inhibition of proliferation
and differentiation of NSCs. Inhibition of HDAC activity
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Figure 7. TET1, TET2, and TET3 Are Required for VPA-Induced Neuronal Differentiation of NSCs

(A) NSCs were transfected with TET1, TET2, TET3, or control shRNA for 48 hr. Lysates from the cells were analyzed by immunoblotting for the
levels of TET1, TET2, TET3, and B-actin. Immunoblotting representative of three independent experiments.

(B and C) TET1, TET2, or TET3 knockdown suppressed VPA-induced reduction of 5-hmC protein and an increment of 5-mC protein in
immunocytochemical (B) and dot blot (C) analyses. Scale bar, 100 um. Representative graphs of three independent experiments.

(D) TET1, TET2, or TET3 downregulation reversed the neuronal differentiation of VPA-treated NSCs. Scale bar, 100 um. **p = 0.004, 0.003,
0.004 < 0.01 compared with VPA (Vector + VPA); *p = 0.000 < 0.01 compared with control (Vector). Data are from three independent
experiments.

(E) The expression of Ngn1 protein was analyzed by immunoblotting and immunocytochemistry. Scale bar, 100 um. Representative graphs
of three independent experiments.

(F) Bisulfite DNA sequencing for DNA methylation status in the Ngn1 gene regions close to the TSS (—171 to +140 CpGs).

(G) 5-hmC enrichment in the promoter region of the Ngnl gene was also assessed by 5-hmC DIP-qPCR analysis. **p = 0.008 < 0.01
compared with control; #p = 0.002, 0.003, 0.000 < 0.01 compared with VPA. Data are from three independent experiments.

promotes the ubiquitin-dependent proteasomal degrada-
tion of DNMT1 (Du et al.,, 2010), further suggesting a
synergistic promotion of DNA demethylation by suppres-
sion of DNMTs activities. Furthermore, we also observed

that VPA promotes the DNA hypomethylation in mTOR-
dependent manner. The fact that mTOR activation is
necessary for other protein kinases to decrease gene-spe-
cific DNA methylation suggests that mTOR signaling
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may critically link cell-signaling mechanisms with DNA
methylation.

VPA is a well-known DNA demethylating agent. It
can induce passive DNA demethylation by suppressing
DNMT1, DNMT3a, and DNMT3b, which triggers the acti-
vation of genes (Dong et al., 2010). The evidence we pre-
sent here thus supports a model where PI3K/AKT/mTOR
activation by VPA orchestrates the epigenetic events dur-
ing differentiation, allowing complete activation of the
neuron-specific gene, Ngnl. We found that hypermethyla-
tion of the Ngnl promoter region, as the result of PI3K/
AKT/mTOR inhibition, is tightly correlated with the signif-
icantly elevated DNMTT1 and 3a expression compared with
control cells. Accordingly, we demonstrated that inhibit-
ing DNMT activity by AZA significantly enhanced Ngnl
expression and rescued the differentiation arrested by
PI3K/AKT/mTOR inhibition or VPA deprivation. Our
data thus strongly argue that PI3K/AKT/mTOR signaling
plays a critical function in facilitating the passive deme-
thylation of endogenous global and neuron-specific genes
by suppressing the expression of DNMT1 and 3a in cells
with VPA.

Active demethylation of DNA is a common mode of
epigenetic control of tissue-specific gene expression during
development through TET enzymes (Hirabayashi and
Gotoh, 2010). DNA 5-hmC, catalyzed by TET enzymes,
recently opened up as an important epigenetic signature
to control biological activities in developing and adult tis-
sues (Kriaucionis and Heintz, 2009). Our study showed
that TET1, TET2, and TET3 were expressed in NSCs. Addi-
tion of VPA to the NSC cultures enhanced TET enzyme
activity, and led to a robust increase of global and local
5-hmC in the Ngnl gene promoter region as well as in
the number of DCX-positive cells. In NSCs cells, a 5-hmC
increase was followed by a substantial decrease of 5-mC,
indicating that 5-hmC is an intermediate to be eliminated
ultimately by the base excision repair pathway. By contrast,
the decreases of 5-mC were shown in the VPA-treated NSCs
in our study, which is consistent with the previous report of
the 5-mC pattern in adult mouse brain (Dong et al., 2010).
However, our TET1, TET2, and TET3 knockdown experi-
ments in the presence of VPA revealed an interaction in
the opposite direction. These data suggest that 5-hmC
may slowly be converted to cytosine during differentiation.
This is in agreement with earlier reports on the redundancy
and compensatory actions of 5-hmC or TET family proteins
(Etchegaray et al., 2015; He et al., 2015) in accounting for
global effects. Moreover, we demonstrated that inhibition
of PI3K/AKT/mTOR blocks DNA demethylation of Ngnl
regulatory regions induced by VPA via suppressing TET1,
TET2, and TET3, indicating a strong connection between
mTOR signaling and TET enzymes during Ngnl gene
activation.
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Epigenetic control of long-distance gene expression by
histone modifications is a pivotal mechanism determining
cell-fate and cell-phenotype maintenance (Rivera and Ren,
2013). Compared with the generally permissive histone
acetylation, histone methylations are more diverse in func-
tion and their regulation is complex and dynamic. Methyl-
ated histones are associated with promoter activation
(H3K4me3) and a repressive heterochromatin structure
(H3K9me2, K27me3) (Heintzman et al., 2007; Mosamma-
parast and Shi, 2010). Enzymes responsible for these modi-
fications are histone methyltransferases and demethylases.
We showed that DNA hydroxymethylation promoted by
VPA was accompanied with the formation of an open chro-
matin structure. VPA regulated histone acetylation and
methylation, which activates neuron-specific gene expres-
sion. Our data showed that VPA exposure caused a reduc-
tion in the levels of trimethylated histone H3 on lysine 4
(H3K27 me3), and histone H3-dimethylated lysine 9
(H3K9me2) on the Ngnl promoter region accompanies
this gene repression in differentiating NSCs. Concomi-
tantly, relatively high levels of the trimethylation of lysine
4 (H3K4 me3) and histone H3-acetylated lysine 9 (H3K9Ac)
on the Ngnl promoter region were found. These data sug-
gest that the profoundly increased activity of the Ngnl
gene is associated with transcriptionally active markers
(H3K4me3 and H3K9Ac) and two others are associated
with repressed markers (H3K9me3 and H3K27me3). A
similar conclusion was derived from the observation that
the active H3K4me3 and repressive H3K27me3 markers
are detected in a large number of developmental regulator
genes in mammalian ESCs (Bernstein et al., 2006) and adult
stem cells (Cui et al., 2009; Wei et al., 2009). Our present
findings also show that mTOR inhibition does not mark-
edly affect the expression of the above H3 modifications
during differentiation, indicating that VPA may promote
histone modifications through suppressing HDACs activity
rather than activating mTOR signaling.

EXPERIMENTAL PROCEDURES

Full experimental procedures are provided in the Supplemental
Information.

Cell Culture and Transfection

Hippocampi were dissected from embryonic day 16 (E16) embryos
of adult pregnant Sprague-Dawley rats into Hank’s balanced salt
solution without calcium or magnesium. The dissociated cells
were plated on dishes coated with 50 pg/mL poly-L-ornithine
and 10 pg/mL fibronectin (Sigma-Aldrich) in N2 medium and incu-
bated at 37°C in a humidified atmosphere of 5% CO, and 95% air.
Fibroblast growth factor 2 (FGF2, 20 ng/mL, Millipore) was added
to expand the population of proliferative progenitors. Cells at 80%
confluence were subcultured in N2 medium in the presence of



FGF2 in 24-well plates, and these subcultured cells were used for all
experiments. They were induced to differentiate by withdrawing
FGF2, and kept in a differentiation medium (neurobasal medium)
for 5-7 days with or without VPA, TSA, rapamycin, wortmannin, or
AZA. Mouse multipotent C17.2 NSCs were a kind gift from Dr. Wei-
lin Jin (Shanghai Jiao Tong University, China).

Negative control short hairpin RNAs (shRNAs), TET1-, TET2-,
TET3-, PI3Kp110a-, and PI3Kp110B-specific shRNA were pur-
chased from Santa Cruz Biotechnology. Recombinant lentiviral
vector encoding CA-mTOR activator Rheb (S16H) was purchased
from Addgene. Sequences for shRNAs are listed in Table S1.

Immunofluorescence

Cells plated on chamber slides were fixed with 4% paraformalde-
hyde, permeabilized with 0.2% Triton X-100, and incubated with
the primary antibody at 4°C overnight. Chamber slides were subse-
quently incubated with fluorescein isothiocyanate- or tetrame-
thylrhodamine-conjugated secondary antibody for 1 hr at room
temperature. Coverslips were mounted in Gel Mount (VECTA-
SHIELD) and imaged with a Nikon E400 fluorescent microscope (Ni-
kon). The name, catalog numbers, and supplier for antibodies are
listed in Table S2.

Statistical Analysis

One-way ANOVA followed by Bonferroni’s post hoc test was per-
formed. Student’s t test was used for comparisons of two groups.
p Values <0.05 were considered significant.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental
Procedures, one figure, and three tables and can be found with this
article online at http://dx.doi.org/10.1016/j.stemcr.2017.04.006.
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