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Abstract During the development of the central nervous sys-
tem (CNS), neurons and glia are derived from multipotent
neural stem cells (NSCs) undergoing self-renewal. NSC com-
mitment and differentiation are tightly controlled by intrinsic
and external regulatorymechanisms in space- and time-related
fashions. SIRT1, a silent information regulator 2 (Sir2)
ortholog, is expressed in several areas of the brain and has
been reported to be involved in the self-renewal, multipotency,
and fate determination of NSCs. Recent studies have
highlighted the role of the deacetylase activity of SIRT1 in
the determination of the final fate of NSCs. This review sum-
marizes the roles of SIRT1 in the expansion and differentiation
of NSCs, specification of neuronal subtypes and glial cells,
and reprogramming of functional neurons from embryonic
stem cells and fibroblasts. This review also discusses potential
signaling pathways through which SIRT1 can exhibit versatile
functions in NSCs to regulate the cell fate decisions of neurons
and glia.
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Introduction

Sirtuins (silent mating type information regulation 2 homolog,
SIRTs) are members of the class-III histone/lysine deacetylase
(HDAC) family and require β-nicotinamide adenine dinucle-
otide (NAD+) as an obligatory cofactor [1]. SIRTs have been
highly conserved throughout evolution. They have been
shown to be involved in calorie restriction and have been
proposed to be involved in longevity [2, 3]. Seven SIRTs in
mammals (SIRT1-SIRT7) are localized to different subcellular
organelles and mediate different cellular functions depending
on their typical substrate [4, 5]. SIRT1, SIRT6, and SIRT7 are
nucleolar proteins that influence gene expression by
deacetylating histones [6–8]. Although SIRT2 is generally
considered a cytosolic protein, recent studies have found that
it can be shuttled to the nucleus tomodulate tumor progression
and the cell cycle [9, 10]. Typical of sirtuins, SIRT3, SIRT4,
and SIRT5 regulate oxidative stress by acting on metabolic
enzymes in mitochondria [11, 12].

More recent studies have found that SIRTs have many im-
portant functions in the central nervous system (CNS) [13,
14]. SIRT6 is predominantly expressed in neuronal cells and
exerts a protective effect on those cells by enhancing the re-
lease of high mobility group box-1 (HMGB1) from cell nuclei
[15]. SIRT2 has been shown to be involved in the resistance to
axonal degeneration in granule cells of slowWallerian degen-
eration (WldS) mice through the acetylation of microtubules
and to be protective in animal models of Parkinson’s and
Huntington’s diseases [16, 17]. Mitochondrial SIRT3 in neu-
rons promotes neuron survival under N-methyl-D-aspartate
(NMDA)-induced excitotoxicity [18]. Noticeably, SIRT1 is
widely expressed in the entire adult brain [19] and has been
shown to trigger central metabolic actions in several areas of
the brain to control feeding behavior, energy expenditure, glu-
cose metabolism, and insulin sensitivity [20]. For example,
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enhanced SIRT1 activity in the dorsomedial and lateral hypo-
thalamic nuclei (DMH and LH, respectively) delays aging
through increased orexin type 2 receptor expression [21].
SIRT1 has emerged as a new therapeutic target for neurode-
generative diseases, such as Parkinson’s disease, Huntington’s
disease, motor neuron diseases, and multiple sclerosis [1, 6,
17]. SIRT1 has drawn even more attention because it is con-
sidered to be one of the determining factors of the biology of
stem cells, including neural stem cells (NSCs) and neural pro-
genitor cells (NPCs) [14, 22]. Typically, SIRT1 has been ob-
served in the developing mammalian brain, which indicates its
influence on neural cell fate determination [19]. Thus, in this
article, we summarize the emerging role of SIRT1 in the reg-
ulation of neural fate determination in embryonic and adult
NSCs/NPCs, with a particular emphasis on NSCs/NPCs pro-
liferation and differentiation.

Essential Characteristics of SIRT1

SIRT1 is most homologous to the founding member of the
Sir2 family from yeast [23]. The human sirt1 gene is located
on chromosome 10 and encodes a protein 747 amino acids in
length. This protein comprises a conserved catalytic core do-
main that binds NAD+ between amino acids 254 and 489 and
a NH2-terminal region that flanks the core domain. The core
domain of SIRT1 possesses a low deacetylase activity, and the
NH2 and COOH-terminal regions of SIRT1 intramolecularly
potentiate the catalytic efficiency of the core domain and the
deacetylase activity of SIRT1. The catalytic domain contains a
large Rossmann-fold domain, which is characteristic of
NAD+/NADH-binding proteins [4, 24–26]. Studies have
shown that SIRT1 regulates a wide variety of biological pro-
cesses and cellular functions through the deacetylation of sev-
eral histone protein residues, including H3-K9, H4-K16, and
H1-K26, and the deacetylation of a growing list of non-
histone proteins, such as p53, FOXO, and PGC-1α [8,
27–29]. By deacetylating a variety of substrates, SIRT1 can
mediate a broad range of vital signaling pathways, including
pathways involved in the control of gene expression, DNA
repair and apoptosis, neurogenesis, and aging; thus, SIRT1
promotes cellular longevity through a number of mechanisms
[11, 23, 30]. Due to the important targets of pathways medi-
ated by SIRT1, the activity and expression of SIRT1 seem to
be regulated at many levels, including broader, more general
regulatory mechanisms, such as substrate availability and tis-
sue and subcellular localization, and gene-specific regulatory
mechanisms, such as the modulation of transcription factors
and the regulation of protein expression by microRNA
(miRNA) [31–34]. In addition, SIRT1 activity can be con-
trolled by posttranslational modifications including phosphor-
ylation, methylation, nitrosylation, and SUMOylation
[35–38]. More importantly, cross talk between the gene

regulation pathways of multiple transcription factors and
SIRT1 determines the expansion and differentiation of stem
cells [39].

Because sirtuins have important effects on metabolism and
physiological activities, they have attracted great attention as
medicinal targets [40–42]. Several molecules have been found
to be sirtuin-activating compounds (STACs), including plant-
derived metabolites and synthetic chemicals. Resveratrol, a
natural polyphenolic compound, was discovered to be a potent
activator of SIRT1 [43]. There are many other synthetic phar-
maceuticals, such as SRT1460, SRT1720, and SRT2183, that
have been reported to activate SIRT1 with potencies of 1000-
fold greater than resveratrol [44]. These STACs can activate
sirtuins through two mechanisms: (i) direct allosteric activa-
tion of Sir2/SIRT1 by lowering the peptide substrate Km and
(ii) coincidental, indirect activation through off-target effects
[40]. Similarly, various types of natural SIRT1 inhibitors have
also been successfully isolated from plants and sea organisms.
Nicotinamide (NAM), commonly used as a sirtuin inhibitor,
can physiologically inhibit the catalytic activity of sirtuins by
binding to a conserved region of the sirtuin catalytic site [45].
Guttiferone G and amurensin G are potent SIRT1 inhibitors
and are the most commonly used natural SIRT1 inhibitors [46,
47]. High-throughput screening and rational design studies
have found a large number of potent sirtuin inhibitors.
Tenovins, MC2141, and EX-527 are SIRT1-specific inhibi-
tors with an IC50 in the submicromolar range [48–50]. In
addition, the most advanced SIRT1 inhibitor compound is
selisistat (also known as EX-527 or SEN196), and it is being
studied in a phase II clinical trial in Huntington’s disease pa-
tients (see the Siena Biotech website) [50, 51]. The results of
that study might reveal new methods of treating neurodegen-
erative disease.

SIRT1 Drives the Differentiation of NSCs
from Pluripotent ESCs and iPSCs

Embryonic stem cells (ESCs) are derived from the inner cell
mass of blastocysts and can self-renew indefinitely while
maintaining pluripotency, the ability to differentiate into all
cell types of the body [52]. SIRT1 is more highly expressed
in mouse (m) and human (h) ESCs than in differentiated tis-
sues, suggesting that SIRT1 is a key factor in maintaining the
pluripotency of ESCs through the regulation of transcription
factors, such as Nanog, OCT4, and Sox2, that maintain the
self-renewal characteristic of stem cells [53–55]. Zhang and
colleagues showed that the Oct4-mediated maintenance of
hESC pluripotency is related to the inactivation of p53
through SIRT1-mediated deacetylation [54]. Similar to this
study, SIRT1 has been found to inhibit the p53 signaling path-
way during the differentiation ofmESCs intomouse embryoid
bodies (EB) [56]. Furthermore, SIRT1 has been found to
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block the nuclear translocation of p53 and repress the p53-
mediated suppression of Nanog expression in culturedmESCs
[53]. Sussman et al. showed that SIRT1 forms a functional
complex with histone ubiquitin hydrolase ubiquitin-specific
protease 22 (USP22), which is involved in the differentiation
of mouse and human ESCs by facilitating the repression of
Sox2 transcription [57]. Consistent with findings in ESCs,
SIRT1-mediated deacetylation plays an important role in
maintaining the self-renewal capability and multipotency of
human bone marrow-derived mesenchymal stem cells by
maintaining Sox2 protein expression in the nucleus [55].

In addition to the key role of SIRT1 in controlling the
stemness of stem cells, profiling results have indicated its
pivotal roles in fate decision during NSCs/NPCs differentia-
tion of ESCs and induces pluripotent stem cells (iPSCs). ESCs
are an excellent model for recapitulating early neuronal devel-
opment in vitro [58]. Because SIRT1 can bind to and epige-
netically repress a subset of developmental genes in pluripo-
tent hESCs, it is reasonable to hypothesize that SIRT1 might
be involved in determining specific differentiation programs
during human and mouse ESC differentiation. The downreg-
ulation of SIRT1 mediated by coactivator-associated arginine
methyltransferase 1 (CARM1)-dependent decrease in methyl-
HuR/SIRT1 messenger RNA (mRNA) binding leads to the
reactivation of key developmental genes, such as the
neuroretinal morphogenesis effectors DLL4, TBX3, and
PAX6, dur ing hESC di f fe ren t i a t ion . S imi la r ly,
neuroectodermal markers have been shown to be
overexpressed in Sirt1 KO EBs and to be downregulated in
Super Sirt1 EBs (in which Sirt1 was increased) during mouse
ESC differentiation [59]. This also strongly suggests that
SIRT1 contributes to the establishment of specific
developmental/differentiation programs that have particular
relevance for neuroectodermal fates. It is well known that
retinoic acid (RA) promotes the differentiation of ESCs to
neuroectoderm and suppresses the differentiation of ESCs to
mesoderm [60, 61]. One recent study found that SIRT1 con-
tributes to homeostatic RA signaling and mouse ESC differ-
entiation through the deacetylation of cellular retinoic acid-
binding protein II (CRABPII) [62]. Furthermore, another
s t udy showed tha t RA- i nduced hESC-de r i v ed
neuroectodermal cells retained the embryonic acetylation pat-
tern on their chromatin, which is related to the inactivation of
SIRT1 [63].

SIRT1 expression is closely correlated to the
reprogramming of mouse embryonic fibroblasts (MEFs).
SIRT1 activation promotes iPSC formation through
deacetylation of p53, inhibition of p21, and enhancement of
Nanog expression. On the other hand, SIRT1 has been shown
to be downregulated during the differentiation process of
mouse iPSCs into NSCs using serum-free medium combined
with RA. Nicotinamide accelerated the formation of NSCs
and mature nerve cells from iPSCs, suggesting that SIRT1

inhibition during the early stage of differentiation induction
can facilitate the differentiation of iPSCs into NSCs. Further-
more, miR-34a, which targets SIRT1, has been shown to be
required for the proper differentiation of mouse ESCs and
NSCs. MiR-34a has been observed to inhibit iPSC formation
fromMEFs by suppressing SIRT1 expression. That study also
demonstrated that miRNA-34a might be involved in the dif-
ferentiation of iPSCs into NSCs through the repression of
SIRT1 [64, 65]. The results of these studies indicate that the
repression of SIRT1 at the early stage of differentiation induc-
tion may contribute to the initiation of NSCs/NPCs differen-
tiation from ESCs and iPSCs. This may also explain develop-
mental defects induced by SIRT1 deficiency observed in the
mouse CNS.

SIRT1 Regulates the Expansion and Differentiation
of NSCs

The features of NSCs are their ability to self-renew and gen-
erate different neural lineages, including neurons, astrocytes,
and oligodendrocytes [66]. Neurogenesis is the basic process
of neuron generation and includes the proliferation of
NSCs/NPCs, the differentiation of neurons, and the integra-
tion of new neurons into the existing neural circuitry [67, 68].
An increasing number of studies have shown that SIRT1 is
dynamically regulated in the embryonic brain. High levels of
SIRT1 have been found in the brain, heart, spinal cord, and
dorsal root ganglia of mouse embryos, with the highest SIRT1
mRNA levels detected at E4.5. A notable decrease in the
expression of neural SIRT1 occurs between E13.5 and E14.5
and between E15.5 and E16.5, a timeframe that is coincident
with the formation and maturation of neurons in the develop-
ing brain. A logarithmic decrease in SIRT1 expression in dif-
ferent areas of the brain during human embryonic develop-
ment has also been confirmed by global transcriptome analy-
sis [19]. Hisahara et al. have confirmed that SIRT1 is highly
expressed in the cytoplasm of NPCs localized in the ventric-
ular zone (VZ) and subventricular zone (SVZ) at E14.5, with a
minor amount of nuclear staining [69]. Additionally, it has
been demonstrated that the downregulation of SIRT1 expres-
sion in tumor neuroprogenitor cells (N2a cells) causes spon-
taneous neurite outgrowth coincident with a reduced growth
rate, whereas SIRT1 overexpression inhibits induced neural
differentiation of N2a cells and, subsequently, upregulates
heat shock proteins (HSPs) through the deacetylation of heat
shock factor 1 [70]. One recent study showed that human bone
marrow-mesenchymal stem cells (hBM-MSCs) can be effec-
tively differentiated into neurons by SIRT1 activator treatment
combined with neuronal induction media [71]. It can be in-
ferred from these reports that SIRT1 may be involved in em-
bryonic neurogenesis. Emerging evidence has suggested that
the Notch-Hes1 pathway, transcription factors, and miRNAs
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play important roles in the execution of SIRT1 functions in
embryonic neurogenesis (Fig. 1).

Notch-Hes1 Pathway

The Notch pathway is essential for maintaining NPCs in the
developing brain through the activation of its downstream
genes. Upon activation, the Notch intracellular domain
(Notch-ICD) is released and translocates into the nucleus;
there, it cooperates with the CBF-1–SuH–LAG-1(CSL)
DNA-binding protein and its coactivator, mastermind-like
(Maml), to induce the expression of downstream genes, such
as Hes1 and Hes5 [72, 73]. Hes1 and Hes5 function as clas-
sical DNA-binding repressors that antagonize the expression
of proneural genes, such as Mash, Math, and Neurogenin, to
maintain NPCs in an undifferentiated state [69, 74, 75]. Stud-
ies have indicated that extensive chromatin remodeling at lo-
cations of genes in the Notch-dependent transcriptional

program is involved in irreversible changes in gene expression
during neurogenesis. It has been reported that mice lacking
Hes1 exhibit exencephaly and retinal defects with rosette
structures [76, 77]. The similarities between these phenotypes
and those observed in sirt1 mutant mice suggest that SIRT1
interacts with the transcriptional repressor Hes1 [78]. Through
its interaction with Hes1, SIRT1 may act as an attenuating
influence on Notch effects, and therefore, SIRT1 could influ-
ence the role of the Notch pathway in asymmetric stem cell
division and self-renewal division.

Hisahara et al. found that cytoplasmic SIRT1 in cultured
embryonic NPCs was transiently translocated into the nucleus
under differentiation conditions; this resulted in the suppres-
sion of Hes1 expression and an increased number of interme-
diate neural progenitors and Tuj1-positive neurons. Further-
more, SIRT1 has been shown to repress the expression of the
Hes1 promoter by directly repressing RBP-J activity promot-
ed by Notch1-ICD through its interaction with the nuclear
receptor corepressor (NCoR). Both SIRT1 and NCoR can
bind to the Hes1 promoter region in differentiating NPCs,
and Hes1 transactivation by Notch1 was inhibited by SIRT1
and/or N-CoR [69]. In addition to the direct action of SIRT1
on the Notch1-Hes1 signaling pathway during NPCs differen-
tiation, an indirect interaction of SIRT1 with the Notch1-Hes1
signaling pathway that is involved in embryonic neurogenesis
has been confirmed. Acetylated Pax3, which directly regulates
TGFβ2 transcription by binding to cis-regulatory elements
within its promoter, is associated with SIRT1 during early
embryonic development. Pax3 is involved in mouse embry-
onic caudal neural tube development at E9.5 by interacting
with Hes1 and Neurog2 promoters. In the presence of
SIRT1 at E9.5, deacetylated Pax3 causes the upregulation of
Hes1 and promotes stem cell proliferation and maintenance.
At E12.5, acetylated Pax3 downregulates Hes1 and
upregulates Neurog2 promoter activities. These studies sug-
gest that Pax3 acetylation results in decreased Hes1 and
increased Neurog2 activity and thereby promotes neuronal
differentiation [79]. BCL6 is required for proper
neurogenesis of the mouse cerebral cortex. BCL6 acts by
modifying the composition of transcriptional complexes
and the chromatin structure at the promoter of the Notch
target gene Hes5. By selective binding to the Hes5 promot-
er, BCL6 excludes Maml1 from the Notch transcriptional
complex, preventing transcriptional activation, and recruits
the NAD+-dependent deacetylase SIRT1, resulting in his-
tone deacetylation and consequent epigenetic silencing of
Hes5. Thus, BCL6 acts as an essential trigger for the neu-
rogenic conversion of NPCs into neurons [80]. BCL6 has
also been shown to induce neuronal differentiation in the
granule neuron precursors of the cerebellum through the
recruitment of BCOR corepressor and SIRT1 histone
deacetylase, leading to epigenetic repression of Sonic
Hedgehog signaling effectors Gli1 and Gli2 [81].

Fig. 1 Schematic representation of roles of SIRT1 in NSC fate
determination. SIRT1 consumes NAD+ as a substrate and produces
NAM and 2′-O-acetyl-ADP-ribose. NAM is recycled back to NAD+

through NAMPT, NMNAT, and NMN. This NAD recycling
deacetylates a series of cell fate commitment factors of NSCs, such as
TFs, TLX, Notch-Hes1, RA, and P53. These deacetylated proteins
promote the self-renewing and neural commitment of NSCs. Otherwise,
the NSCs may enter apoptosis. The deacetylase activity of SIRT1 is
controlled by posttranslational modifications including phosphorylation,
methylation, nitrosylation, and SUMOylation [35–38].Mmethylation, N
nitrosylation, NAMPT nicotinamide phosphorybosyltransferase, NMN
nicotinamide mononucleotide, NMNAT nicotinamide mononucleotide
adenylyltransferase, NSCs neural stem cells, P phosphorylation, RA
retinoic acid, S SUMOylation, TFs transcription factors, TLX tailless
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On the other hand, a study by Prozorovski et al. demon-
strated that SIRT1 repressed the proliferation of NPCs and
directed their differentiation toward the astroglial lineage at
the expense of the neuronal lineage under oxidative stress
conditions in vitro and in vivo. They found that oxidation
results in a stronger association of the SIRT1-Hes1 complex
to the Mash1 promoter, leading to a targeted and localized
deacetylation of H3K9 and, subsequently, to Mash1 inhibi-
tion. However, in a reducing environment, Hes1 recruits tran-
scription activators, such as CREB-binding protein (CBP), to
the Mash1 promoter, and this drives NPCs toward a neuronal
fate. The influence of the redox state on NPC fate decisions
was eliminated by the blockage of SIRT1 activity either by
RNAi or SIRT1 inhibitors [22]. The mitochondrial DNA
(mtDNA) integrity of NSCs is vulnerable to oxidative damage
and is related to NSC differentiation [82]. mtDNA damage
induced by redox insult drives NSCs to astrogenesis at the
expense of neurogenesis, and this is accompanied by an in-
crease in SIRT1 [83]. Similarly, one study showed that anti-
oxidants halted the shift in NSC differentiation potential from
the neurogenic to gliogenic lineage while strongly reducing
reactive oxygen species generation and the nuclear transloca-
tion of Nrf2 and SIRT1 in NSCs exposed to redox insult [84].
The opposing effects of SIRT1 on NSC lineage choice dem-
onstrated by these independent studies raise the possibility
that SIRT1 function in NSC differentiation depends heavily
on the redox state of the cells, underscoring the significance of
oxidative state on NSC fate.

Transcription Factors

Mounting evidence has shown that histone deacetylases inter-
act with transcription factors and can be targeted to specific
loci. The transcription factor tailless (TLX) has been sug-
gested to be essential for NSC self-renewal and adult
neurogenesis. It represses the transcriptional repression of cell
cycle inhibitor p21Cip1/WAF1 and the Pten tumor suppressor
in NSCs by interacting with HDAC3 and HDAC5. Further-
more, in NPCs, TLX has been shown to colocalize with
SIRT1 and to increase SIRT1 expression by binding to the
newly identified TLX-activating element in the SIRT1 gene
promoter [85, 86]. Thus, TLX is an inducer of SIRT1 and may
contribute to neurogenesis both as a transactivator and as a
repressor. In addition, downstream of TLX, SIRT1 seems to
have a role in retinal neurogenesis because eye phenotypes in
TLX−/− mice are similar to that in SIRT1−/− mice [78, 87].

The retinoic acid receptor (RAR) contributes to RA-
induced neuron differentiation [88]. Ski-interacting protein
(SKIP) is a transcriptional coactivator of several nuclear re-
ceptors and other transcription factors [89]. SIRT1 competes
with SKIP for RARα binding at the protein level and at the
chromatin-associated RARβ2 promoter. Resveratrol treatment
has been shown to inhibit RA-induced neuronal

differentiation of ES-like P19 cells and to reduce the neuronal
marker nestin and a RAR target gene, RARβ2. This inhibition
was relieved by either knockdown of sirt1 or overexpression
of SKIP. These results suggest that SIRT1 and SKIP play
reciprocal roles in the regulation of RA-induced neuronal dif-
ferentiation of P19 cells through RAR activity [90]. Further-
more, Yu et al. found that RA-induced neuronal differentiation
of P19 stem cells is mediated by the CRABP-II/RAR pathway
in the early stages and through the PPARβ/δ/FABP5 pathway
in the late stages of the process. This switch in RA signaling is
accomplished by a transient upregulation of RARβ with a
concurrent inhibition of the FABP5/PPARβ/δ pathway by
the RAR repressor SIRT1 in the early stages of differentiation
[91].

miRNAs

miRNAs are short RNAs with an average length of 22 nucle-
otides. They cause gene silencing by binding to complemen-
tary sequences on target mRNAs, resulting in the degradation
of the target mRNAs [92, 93]. To date, several miRNAs, such
as miR-181a and b, miR-9, miR-204, miR-199b, and miR-
135a, have been shown to reduce SIRT1 expression at the
posttranscriptional level [34]. Aranha et al. have found that
miR-34a negatively modulates SIRT1, contributing to neurite
elongation of postmitotic neurons derived from mouse NSCs.
In addition, acetylation of p53 (Lys 379) and p53-DNA bind-
ing activity was increased due to the repression of SIRT1 by
miR-34a during neural differentiation [94]. Emerging evi-
dence has indicated that p53 is involved in the regulation of
the cell cycle and the transcription of neuronal genes. It is
probable that the upregulation of p53 acetylation induced by
miR-34a-mediated silencing of sirt1 contributes to the correct
establishment of specific differentiation programs during NSC
differentiation. It has also been confirmed that miR-9 acts
early in the differentiation of mESCs to mEBs and during
the directed differentiation of mESCs to neurons by downreg-
ulating SIRT1 expression. One study demonstrated that miR-9
has a key role in the coordination of the proliferation and
migration of hNPCs. That study also found that miR-9 limits
the migration of hESC-derived hNPCs at the early
neurosphere stage, and this is accompanied by the downregu-
lation of STMN1 (stathmin), CHMP2B, and SIRT1 [95]. This
also suggests that SIRT1 is negatively correlated with miR-9
expression at the early neurosphere stage, although the true
mechanism of the involvement of miR-9 in stem cell differ-
entiation and migration requires further investigation.

Apoptosis Regulators

Surprisingly, recent evidence has suggested apoptosis-
associated factors, such as p53 and caspases, participate in
the differentiation process of mNSCs [34, 96]. Increased
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neurosphere-forming potential of precursor cells due to a lack
of p53 is related to a reduction in apoptotic rates [97]. How-
ever, p53KO NSCs from embryonic olfactory bulbs (OBs)
exhibit a differentiation bias toward the generation of neurons
with a reduction in glial cells, particularly astrocytes, without
an alteration in the rate of apoptosis [98]. This also suggests
that p53 is directly involved in the differentiation of NSCs
from embryonic OBs. SIRT1 has been shown to be critical
for maintaining the stemness of stem cells, such as cancerous
neural stem cells (F3.Ras.CNSCs) and glioma stem cells,
through its suppression of p53-dependent tumor surveillance
[99]. This suggests that SIRT1 deacetylation of p53 might be
involved in proliferation and differentiation via an apoptotic
or non-apoptotic pathway. Caspase-2, caspase-3, and caspase-
9 have been shown to be selectively and transiently activated
in an apoptosis-independent manner during the RA-induced
neuronal differentiation of the human teratocarcinoma cell line
Ntera2/cl.D1 (NT2 cells). Caspase-9 activation greatly re-
duces the cleavage of SIRT1 and facilitates the differentiation
process due to a transiently increased expression of the
proneural transcription factor MASH1 at early times of
NT2-cell differentiation. In contrast, silencing of caspase-2
activation appears to hinder the differentiation process as
shown by earlier and increased expression of MASH1, al-
though SIRT1 cleavage is not significantly affected [100].
Thus, non-apoptotic functions of caspases are involved in
the regulation of terminal neuronal differentiation.

Cell Fate Determination of Neuronal Subtypes
by SIRT1

Directing ESCs to differentiate into large numbers of moto-
neurons is a key step for motor neuron replacement therapy
[101, 102]. Nicotinamide treatment has been shown to pro-
duce a large amount of motoneurons from a cultured human
ESC line (PKU1.1). As a specific inhibitor of SIRT1, nicotin-
amide activates Mash1 and Ngn2 by repressing the binding of
SIRT1 to the Mash1 promoter and increases the expression of
HB9 to drive motoneuron formation [103]. Additionally,
Nurr1 has been shown to be essential for meso-diencephalic
dopamine (mdDA) neuron development through its regulation
of the transcription of the tyrosine hydroxylase (TH) gene,
which encodes the rate-limiting enzyme in dopamine synthe-
sis [104]. In the human neural stem cell (hNSC) line HB1.F3,
Nurr1 strongly represses the transcription of hTH by increas-
ing the SIRT1 occupancy of the NBRE-A hTH promoter re-
gion [105]. This effect can be reversed by mutating the
NBRE-A element of the hTH promoter region and by nico-
tinamide treatment. However, Min-Ju Kim found that the
deacetylation of FOXO3a by SIRT1 is involved in the all-
trans retinoic acid (ATRA)-induced upregulation of TH and
differentiation of neuroblastoma cells and is inhibited by

SIRT1 and FOXO3a siRNA [106]. The different mechanisms
induced by SIRT1 are still not clear, and there is still contro-
versy as to whether TH is a transcriptional target of FOXO3a.

The orexin system plays a central role in the integration of
sleep/wake and feeding behaviors in neural-metabolic physi-
ology [107]. ManNAc has been shown to successfully gener-
ate functional orexin neurons from mouse ESCs, and the key
step in the differentiation pathway is an epigenetic switch on
histones from a hypoacetylated state with unidentified O-
GlcNAcylated nuclear proteins to a hyperacetylated state at
T-DMRs.ManNAc causes the dislocation of Ogt/Sirt1/Sin3A/
Ezh2 from the T-DMRs of the Hcrt gene locus and the recruit-
ment of p300, CBP, and Mgea5 [108].

Another study confirmed that SIRT1 overexpression in
ND7 cells (fused neonatal rat dorsal root ganglion neurons
with mouse neuroblastoma cells) increased Hes1 expression
and decreased Neurog2 and Brn3a expression, thereby pro-
moting sensory neuron differentiation [79]. Furthermore,
SIRT1 seems to have important functions in eye morphogen-
esis and retinal development because abnormal retinal histol-
ogy with rosette formation was observed in SIRT1-deficient
embryos as early as E12.5. It has also confirmed that SIRT1 is
ubiquitously expressed in human retinal progenitor cells
(RPCs) and shows some nuclear localization and is involved
in the genesis of specific retinal cell subtypes. In particular, the
phenotype of abnormal eye morphogenesis in SIRT1 deficient
mice is similar to that in mice with targeted deletion of the
homeobox gene Vax2 [78, 109].

SIRT1 Regulates Survival of Differentiated Neurons

The survival of differentiated neurons has to be against vari-
ous intrinsic and extrinsic stresses for the entire lifetime of the
organism. Increasing evidence suggests that SIRT1 plays a
prominent role in the survival of differentiated neurons under
various cellular stresses. The acetylation status of p53 seemed
to be crucial for neuron survival. This has been further sup-
ported by the finding that necdin, a p53-interacting protein
expressed mainly in postmitotic neurons, downregulates the
acetylation status of p53 via SIRT1 to protect neurons from
DNA damage-induced apoptosis [110]. In addition, resvera-
trol activation of SIRT1 has been indicated to be related to the
promotion of autophagic functions, thereby leading to prolong
cell survival in differentiated PC12 cell [111]. It is widely
accepted that CR can increase the expression of SIRT1 and
prolong longevity. Similarly, Kotaro Fujino found that when
glucose availability increased, total expression levels of
SIRT1 in PC12 cells were reduced while increased by glucose
deprivation. Therefore, glucose deprivation-induced SIRT1
upregulation may potentially play a pivotal role in PC12 cell
survival [112]. Similarly, NeuroD6 has been demonstrated to
initiate neuronal differentiation while promoting neuronal
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survival in cultured PC12-ND6 cell line (overexpresses
NeuroD6) via the NeuroD6–PGC-1α–SIRT1 neuroprotective
axis under oxidative stress [113].

Different from these reports, one study conducted by
Sansone et al. suggested that SIRT1 silencing induced expres-
sion levels of insulin-like growth factor-1 (IGF-1) and IGF-1R
protein levels in vitro differentiated NG108-15 cells which, in
turn, prolonged neuron survival in the presence of an apopto-
tic insult [114]. All these reports regarding the regulation of
SIRT1 in differentiated neurons reveal that SIRT1 can be neu-
roprotective or neurotoxic depending on conditions, cellular
stress, and cellular type.

SIRT1 and Adult Stem Cells

NSCs/NPCs continue to produce neurons in two regions of
the adult brain, the SVZ of the lateral ventricles, and the
subgranular zone of the hippocampal dentate gyrus (DG)
[115]. Histone acetylation is mainly associated with active
gene transcription. SIRT1 is strongly expressed in the SVZ
and DG of adult mice in Sox2+ stem cells [20, 116]. An
in vivo study conducted by Sumiti Saharan indicated that
SIRT1 signaling is a negative regulator of the neuronal differ-
entiation of adult NPCs in the SVZ and hippocampal DG,
although it does not affect the proliferation of precursor cells.
They further demonstrated that cultured NPCs derived from
the SVZ and DG of genetically ablated SIRT1 knockout mice
exhibited intrinsically enhanced neurogenic potential without
altered proliferation [14]. However, one recent study showed
that the proliferation and self-renewal rates of adult NSCs and
NPCs were elevated by the loss of SIRT1, and this may be
mediated by the inhibition of Notch signaling [117]. These
two findings suggest that SIRT1 probably has dual roles in
the modulation of neurogenesis. In addition, constitutive acti-
vation of FOXO3, a target of SIRT1 in CaMKIIα-positive
NPCs in adult mice, results in dysregulation of adult
neurogenesis, which suggests that FOXO3 may be involved
in the modulation of adult NPCs by SIRT1 [118].

Loss of SIRT1 deacetylase activity by conditional ablation
of SIRT1 in nestin+ stem cells results in an increased number
of oligodendrocyte transcription factor 2 (Olig2)+ OPCs being
generated in the SVZ and migrating toward the septum and
the striatum. These newly produced OPCs following SIRT1
inactivation differentiate into myelinating oligodendrocytes.
Furthermore, the loss of SIRT1 promotes platelet-derived
growth factor receptor alpha (PDGFRα) transcription through
the upregulation of the acetylation of its promoter at histone 3
lysine 9 (H3K9) [119]. However, another study found that
overexpression of SIRT1 or treatment with resveratrol and
SRT1720 increased oligodendrocyte differentiation by upreg-
ulating PGC1α expression. It is likely that these conflicting
results with regard to the effect of SIRT1 on oligodendrocyte

differentiation are due to the modulation of downstream genes
[120]. Similarly, resveratrol treatment enhanced myelination
in cultured rat Schwann cells, with a slight reduction in the
number of Schwann cells, suggesting that SIRT1 activation
induced cell differentiation [121]. One recent study found that
nicotinamide phosphoribosyl transferase (Nampt), the rate-
limiting enzyme in mammalian NAD(+) biosynthesis, is the
main source of NAD(+) in NSCs/NPCs and is critical in
oligodendrocytic lineage fate decisions through a mechanism
mediated redundantly by SIRT1 and SIRT2. Ablation of
Nampt in adult NSCs/NPCs reduced oligodendrogenesis up-
on insult [122]. These results suggest that SIRT1 mediation of
oligodendrocyte regeneration in adults may attenuate the de-
velopment of demyelinating injuries and diseases, such as
encephalomyelitis and multiple sclerosis.

Prospects and Challenges

Neural fate determination is a complex process that occurs in
embryonic and adult brains and is tightly regulated at multiple
levels in a time- and stage-dependent manner. Epigenetic
mechanisms are involved in neural cell fate determination
through the modulation of the expression and activity of a
panel of transcription factors in a neurodevelopment-
dependent fashion. SIRT1, a NAD+-dependent class III his-
tone deacetylase, plays important roles in NSC derivation,
proliferation, and differentiation. Notably, SIRT1 is a sensor
of the redox/oxidative state of NSCs/NPCs that is involved in
neurogenesis under oxidative insult; thus, it may be involved
in ageing and neurodegeneration. Furthermore, SIRT1 not on-
ly determines the cell fate of NSCs undergoing differentiation
but is also altered in stem cell therapy to generate adequate
neurogenic potential. For example, in vitro neuroectoderm-
derived Nurr1-positive hESC-I hNuPs in high purity with in-
active SIRT1 yielded neurons efficiently and exclusively and
retained an embryonic acetylated globally active chromatin
state [123]. It is promising to determine hESC pluripotent fate
through embedding lineage-specific genetic and epigenetic
programs into the open epigenomic landscape of pluripotent
hESCs [124]. Thereby, it is worth investigating the mecha-
nism of SIRT1 involvement in the control of the acetylated
globally active chromatin state in those cells.

Additionally, paradoxical effects of multiple transcription
factors and SIRT1 exist to determine neural cell fate. Deter-
mining the interactions of these transcription factors and
SIRT1 will help clarify the multifaceted mechanism of SIRT1
under different conditions. Lastly, given that SIRT1 can bind
and regulate many regions in the genome of ESCs, unbiased
identification of all SIRT1 genomic binding sites in NSCs
would help reveal a network of genes by which SIRT1 exerts
its effects on NSC fate choice.
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