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Background: Nitric oxide (NO) is a pleiotropic messenger molecule. The multidimensional actions of NO species
are, in part, mediated by their redox nature. Oxidative posttranslational modification of cysteine residues to reg-
ulate protein function, termed S-nitrosylation, constitutes a major form of redox-based signaling by NO.
Scope of review: S-Nitrosylation directly modifies a number of cytoplasmic and nuclear proteins in neurons. S-
Nitrosylation modulates neuronal development by reaction with specific proteins, including the transcription
factor MEF2. This review focuses on the impact of S-nitrosylation on neurogenesis and neuronal development.
Major conclusions: Functional characterization of S-nitrosylated proteins that regulate neuronal development
represents a rapidly emerging field. Recent studies reveal that S-nitrosylation-mediated redox signaling plays
an important role in several biological processes essential for neuronal differentiation and maturation.
General significance: Investigation of S-nitrosylation in the nervous systemhas elucidated newmolecular and cel-
lular mechanisms for neuronal development. S-Nitrosylated proteins in signaling networksmodulate key events
in brain development. Dysregulation of this redox-signaling pathway may contribute to neurodevelopmental

disabilities such as autism spectrum disorder (ASD). Thus, further elucidation of the involvement of S-
nitrosylation in brain development may offer potential therapeutic avenues for neurodevelopmental disorders.
This article is part of a Special Issue entitled Redox regulation of differentiation and de-differentiation.
© 2014 Elsevier B.V. All rights reserved.
1. Redox signaling by S-nitrosylation

NO was first identified as an Endothelium Derived Relaxing Factor
(EDRF) [1], but also serves as a more widespread signaling molecule [2].
NO-mediated physiological processes include vasodilation, immune
function, neurotransmission, and neuronal maturation [2–6]. Three
types of NO synthases generate endogenous NO in mammalian cells:
neuronal NOS (nNOS, NOS1); inducible NOS (iNOS, NOS2); and endothe-
lial NOS (eNOS, NOS3) [2,7,8]. All threeNOS isoforms are expressed in the
brain [9], but differential expression of the three isoforms with different
characteristics orchestrates the diverse range of NO-mediated biochemi-
cal reactions [2]. However, excessive or sustained production of NO and
NO-derived reactive nitrogen species (RNS) contributes to pathological
consequences, including tissue damage, carcinomas, inflammatory con-
ditions, and neurodegenerative diseases [3,4]. Initial studies found that
NO binds to the heme moiety of guanylate cyclase and induces its active
conformation, resulting in the formation of cyclic GMP to induce
lation of differentiation and de-
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vasodilation [2,5]. Subsequently, studies elucidated that S-nitrosylation,
an oxidative modification of cysteine thiol by NO-related species, affects
protein activity and stability, protein–protein interactions, and protein
trafficking and location. In many ways, S-nitrosylation serves as a post-
translational modification reminiscent of phosphorylation or acetylation,
and, in fact, may be evenmore ubiquitous [2,5]. The list of target proteins
and physiological and pathological events evoked by S-nitrosylation is
continually lengthening. S-Nitrosylation has emerged as a major mecha-
nism for the signaling actions of NO.

Concerning the S-nitrosylation reaction, the d-orbitals of the sulfur
atom at the thiol core confer high reactivity and chemical plasticity,
allowing for multiple oxidation states (Fig. 1A), and are the main target
of RNS for the formation of reversible S-nitrosothiols [5]. In some cases,
e.g., matrix metalloproteinase-9 (MMP-9), S-nitrosylation subserves
further irreversible oxidation, leading to sulfonation (–SO3H) of the crit-
ical cysteine thiol [10]. S-Nitrosylationmay bemediated, at least in part,
by transnitrosylation reactions between proteins that transfer the NO
group from the thiol of one protein to the thiol of another (Fig. 1B)
[11–13]. In contrast, several denitrosylases have been reported to re-
move the NO group from S-nitrosylated thiol side chains [2,14]. Thus,
the balance between nitrosylation and denitrosylation tightly regulates
the specific status of S-nitrosylation on cellular proteins. These regulato-
ry mechanisms of S-nitrosylation offer control of many aspects of cellu-
lar physiology [2,5]. Recent reviews have discussed the importance of S-
nitrosylation on normal cellular physiology [5] as well as pathological
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Fig. 1. Progressive posttranslational oxidation of cysteine thiols and mechanism of
transnitrosylation. A) Reactive nitrogen species (RNS) and/or reactive oxygen species
(ROS) oxidize redox sensitive-cysteine thiols [5]. For some protein cysteine residues, as
RNS/ROS levels increase, the oxidation status of the thiol may progress from S-nitrosothiol
(–SNO), to sulfenic acid (–SOH) to sulfinic acid (–SO2H), and finally to a irreversible sul-
fonic acid (–SO3H) (as occurs for MMP-9) [10]. B) Transfer of a nitric oxide (NO) group
from one protein to another (transnitrosylation) represents an enzymatic reaction mech-
anism for effecting nitrosation. The interaction of SNO-protein A with protein B deter-
mines the specificity of transnitrosylation. Since the NO group is transferred from SNO-
protein A to a specific cysteine thiol on protein B, protein A is regarded as a nitrosylase
and protein B as a denitrosylase (since protein A surrenders its NO group to protein B).
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states, particularly in the nervous system [2]. Here, we will focus on the
role of S-nitrosylation in neurogenesis and neuronal development.
2. CREB (cyclic-AMP response element binding protein)-dependent
dendritic growth and nitrosylation pathways

Dendrites are branched extensions from neurons that receive affer-
ent inputs. Themolecular and cellularmechanisms underlying dendritic
development have been a focus of research for the past several decades.
Recent studies revealed that dendritic development is regulated in both
a neuronal activity-dependent and -independent manner [15,16]. Both
signaling pathways ultimately lead to activation of transcription factors
such as the nuclear effector CREB (cAMP response element-binding
protein). CREB belongs to a family of transcription factors with a highly
conserved basic region/leucine zipper domain. CREB was originally de-
scribed as a cellular transcription factor that binds the cAMP-response
element (CRE) [17]. CREBmediates calcium-dependent gene expression
induced by depolarization in neuronal cells [18]. To date, CREB is argu-
ably the best studied transcription factor in the context of the nervous
system.

The activation of CREB is triggered by awide variety of signaling pro-
cesses in neurons. During dendritic growth, neuronal activity evokes
calcium-dependent signaling and activates CREB kinases, causing phos-
phorylation of CREB serine-133, which results in CREB activation [19,
20]. In contrast, activity-independent signaling is elicited by extracellu-
lar factors such as neurotrophins. The neurotrophins encompass a fam-
ily of closely related peptides, including brain-derived neurotrophic
factor (BDNF), nerve growth factor (NGF), neurotrophin-3 (NT-3), and
NT-4 [21,22]. Among them, BDNF is themost extensively studied mole-
cule involved in dendritic development. BDNF induces NO generation
and increases CREB binding activity an in nNOS-dependent and
serine-133 phosphorylation independentmanner [23,24]. Interestingly,
S-nitrosylation affects BDNF/CREB-dependent dendrite outgrowth at
multiple levels of control, as described below [24–28].

One key action of BDNF concerns its affects on the localization of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and how this af-
fects S-nitrosylation-mediated signaling. GAPDH is generally consid-
ered to be a housekeeping enzyme in the glycolysis cascade. However,
GAPDH also acts as a signal mediator between the cytoplasm and the
nucleus (despite its lack of a nuclear localization signal, NLS) [2,
29–31]. Importantly, the shuttling of GAPDH between the cytoplasm
and nucleus is mediated by S-nitrosylation at the catalytic cysteine-
150 (forming SNO-GAPDH) [25]. This S-nitrosylation reaction abolishes
GAPDH enzymatic activity, but promotes its delivery to Siah (seven in
absentia homolog 1, a ubiquitin E3 ligase) [25] (Fig. 2). Since Siah har-
bors an NLS, the SNO-GAPDH/Siah complex translocates to the nucleus
[25]. Notably, this SNO-GAPDH translocation is negatively regulated by
a second S-nitrosylation mechanism as follows. Sen et al. performed a
yeast two-hybrid screen for proteins interacting with GAPDH and iden-
tified a cytoplasmic 52 kDa protein enriched in the brain, termed
GOSPEL (GAPDH's competitor of Siah protein enhancer life) [26].
Under physiological conditions or low nitrosative stress, GOSPEL physi-
cally interacts with GAPDH in an S-nitrosylation-dependent manner.
SNO-GOSPEL at cysteine-47 competes with Siah for binding to GAPDH,
thereby retaining GAPDH in the cytoplasm [26] (Fig. 2).

The nuclear SNO-GAPDH/Siah complex enhances CREB-mediated
dendrite outgrowth through at least two epigenetic chromatin-
remodeling regulatory mechanisms. In the nucleus, SNO-GAPDH stabi-
lizes Siah, which facilities ubiquitination and degradation of nuclear
proteins such as SUV38H1 [28]. SUV38H1 is a major histone methylat-
ing enzyme that trimethylates lysine 9 on histone H3 (H3K9), a molec-
ular signature of gene silencing. In neurons, BDNF treatment induces the
nuclear translocation of SNO-GAPDH/Siah and ubiquitin-mediated deg-
radation of SUV38H1. This decrease in histone H3K9 trimethylation al-
lows enhanced CREB binding [28] (Fig. 2). In addition, SNO-GAPDH
propagates NO signaling in the nucleus by transnitrosylation [27].
Since the NO group is transferred from the donor's SNO-thiol to the
acceptor's thiol, donor proteins are regarded as transnitrosylases and
acceptor proteins as denitrosylases (Fig. 1B). Recent studies have dem-
onstrated transnitrosylation reactions in multiple biological systems [2,
14], e.g. SNO-hemoglobin and anion exchanger 1 [11], SNO-thioredoxin
and caspase-3 [12,32], SNO-caspase-3 and X-linked inhibitor of apopto-
sis, and SNO-cyclin-dependent kinase 5 and dynamin related protein 1
[33].

Nuclear translocated SNO-GAPDH can also serve as a transnitrosylase
[27]. SNO-GAPDH interacts with nuclear proteins, including sirtus-1,
DNA-activated protein kinase, B23, and histone deacetylase 2 (HDAC2),
in an S-nitrosylation dependent fashion [27,34]. The transnitrosylation re-
action can confer selectivity by targeted transfer of an NO group to reac-
tive cysteine residues of specific substrates [27]. In the case of HDAC2, it
is S-nitrosylated from SNO-GAPDH by transnitrosylation, and this reac-
tion is also involved in BDNF-induced dendritic outgrowth [24] (Fig. 2).
Under basal conditions, HDAC2 is associated with promoters of CREB tar-
get genes. BDNF stimulation induces S-nitrosylation of cysteine-262 and
-274 on HDAC2 causing dissociation from these promoters. The dissocia-
tion induces rapid acetylation of histones H3 and H4, and expression of
CREB target genes, leading to dendritic growth. These findings show
that nitrosylation of HDAC2 promotes epigenetic changes and activation
of CREB-dependent genes that are essential for dendritic development
[24] (Fig. 2). Taken together, these experiments suggest that diverse S-
nitrosylation signaling pathways convey extracellular cues to the nucleus
and control the activity of two key chromatin modifiers (SUV38H1 and
HDAC2) to influence dendritic outgrowth. Importantly, chromatin re-
modeling or epigenetic alteration acts as an interface between genetic
risk and environmental factors, and, as such, is an evolving biological
mechanism for gene × environment (GxE) interactions in the pathogen-
esis of an array of neurodevelopmental disorders, including schizophrenia
and autism [35–38]. Any disturbance in the epigenetic remodeling
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Fig. 2. SNO-GAPDH/Siah/CREBmachinery in BDNF-induced dendritic outgrowth. BDNF induces the generation of NO via nNOS and consequently S-nitrosylation of GAPDH (SNO-GAPDH)
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stabilizes Siah, and Siah promotes degradation of SUV38H1 histone-methylating enzyme. In turn, SUV38H1 increases CREB binding to its target regulatory elements. Additionally, nuclear
SNO-GAPDH transnitrosylates its NO group to HDAC2. The resulting SNO-HDAC2manifests diminished DNA binding activity, which enhances CREB binding to target-gene promoters es-
sential for dendritic outgrowth.
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cascade of SNO-GAPDH/Siah/HDAC2-SUV38H1/CREB by an environmen-
tal factor that causes excessive NO generation may potentially contribute
to the pathology of neurodevelopmental disorders. Future work in this
area may well yield new pathogenic insight into these disorders.

3. Microtubule-associated protein 1B (MAP1B) and S-nitrosylation
in axonal retraction

An axon is the neuronal process that serves to relay afferent signals
via action potential propagation. Axonal guidance, outgrowth, and re-
traction are coordinated by dynamic rearrangements of the actin andmi-
crotubule cytoskeletons. The coordinated remodeling of the cytoskeleton
is essential for brain development. Missense and splice-site mutations in
α- and β-tubulin isotypes, constituents of neuronal microtubules, cause
human neurodevelopmental disorders such as lissencephaly [39]. Addi-
tionally, the quality control or proteostasis of actin and tubulin proteins
is strictly regulated during neuronal maturation in the developing
brain. Abnormal expression or mutation in cytoskeletal proteostasis
genes causes a spectrum of neurological disorders [40]. Notably, one
key regulator of the dynamics of actin filaments and microtubules in-
volves NO signaling. NO is known to contribute to the refinement of ax-
onal projections. For example, axons from retinal ganglion cells synapse
onto neurons in the lateral geniculate nucleus of the thalamus in a
highly-ordered manner. Visual function depends on proper axonal con-
nections. Inappropriate projections are eliminated during visual system
development. NO promotes axonal retraction during this connection re-
finement [41–43].

Microtubule-associated proteins (MAPs), a group of filamentous
proteins, control the integrity and dynamics of microtubules. MAP1B
is highly expressed in the developing brain [44] and, along with tau, is
themainmember of the neuronalMAPs.MAP1B protein undergoes pro-
teolytic cleavage to generate MAP1B heavy chain (HC) and light chain
(LC1), and forms a protein complex (HC/LC1) [44]. MAP1B is an essen-
tial regulator of the axonal cytoskeleton [44], controlling assembly and
stability of both actin filaments and microtubules [45]. Studies using
MAP1B knockout mice elucidated that MAP1B is necessary for axonal
elongation and guidance in vivo [46,47]. In addition, dysregulation of
MAP1Bhas been implicated in the pathogenesis of neurodevelopmental
disorders, including fragile X syndrome [48], spinocerebellar ataxia type
1 [49], and giant axonal neuropathy [50]. MAP1B has been reported to
mediate nNOS-dependent axon retraction [51]. nNOS physically inter-
acts with LC1, but not HC, and cysteine-2457 on LC1 is S-nitrosylated
(Fig. 3A). This S-nitrosylation reaction changes the conformation of
LC1 and results in increased binding of the HC/LC1 MAP1B complex to
microtubules. This leads to axonal retraction, possibly by inhibiting
the action of dynein, which is necessary for axonal extension [51].
4. S-Nitrosylated myocyte enhancer factor 2 (MEF2) in adult
neurogenesis

Active neurogenesis continues throughout life in the adult brain of
mammals, including humans [52,53]. Adult neurogenesis is not ob-
served throughout the brain, however, but is mainly restricted to two
distinct areas: the subventricular zone (SVZ) of the lateral ventricles
and the subgranular zone of the hippocampal dentate gyrus (DG) [52,
53]. A recent study assessed the presence of nuclear bomb-test derived
14C in genomic DNA and calculated that approximately 700 neurons are
added every daywith an annual turnover rate of 1.75% in the humanDG
[54]. The newly-generated neurons differentiate into granule neurons
and integrate into the existing hippocampal circuitry, contributing to
hippocampus-dependent learning and memory [52,53]. Accumulating
evidence shows that these new neurons play a pivotal role in fear con-
ditioning [55], spatial and object recognition memory [56], and pattern
separation [57]. Notably, adult neurogenesis in theDG is affected in psy-
chiatric and neurological disorders, temporal lobe epilepsy [58], depres-
sion [59], bipolar disorder [60,61], schizophrenia [61–63], Huntington's
disease [54], and Alzheimer's disease (AD) [64].
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MEF2 is a member of the MADS (MCM1, Agamous, Deficiens, and
Serum response factor) box superfamily of transcription factors [65].
Yeast and invertebrates such as Drosophila and Caenorhabditis elegans
possess a single MEF2, while there are four isoforms, MEF2A, B, C, and
D, in vertebrates [65]. Our group originally cloned MEF2C and found it
in the developing human brain [66]. The four MEF2 members are
expressed in differential but overlapping expression patterns, in both
the temporal and spatial domains, in developing and adult tissues. In
general, MEF2 expression is abundant inmuscle, lymphocytes, and neu-
rons [65]. TheN-terminus consists of theMADS-box andMEF2 domains,
which are highly conserved across species, and facilitate dimerization
and DNA binding [65].

We and others have shown that MEF2 is involved in many different
aspects of brain function, from embryonic development to neuronal
survival and synaptic plasticity. A neuronal function of MEF2 that was
recognized early on involves its pro-survival activity [67,68]. Excitotoxic
insults or environmental toxins inactivate MEF2, contributing to neuro-
nal cell death [69–71]. MEF2 also controls synapse formation and
dendritic remodeling, which is associated with neuronal plasticity,
memory and learning. In hippocampal neurons, MEF2 modulates den-
dritic spine numbers in a neuronal activity-dependent manner [72,73].
Sumoylation and acetylation of MEF2A regulates morphogenesis of
dendritic claws in cerebellar neurons [74]. In addition, MEF2 drives em-
bryonic neurogenesis [68,70,75]. Intriguingly, our group and that of Eric
Olson (University Texas Southwestern) reported that Mef2c-specfic
knockoutmice in the brain can result in autistic phenotypes and defects
in learning and memory [73,75]. Following those reports, MEF2C
microdeletions, duplications, and mutations have been increasingly
identified in human patients with autism spectrum disorder (ASD)
and intellectual disability [65].

Importantly, MEF2 also promotes adult neurogenesis [76,77]. Adult
hippocampal neurogenesis is extremely plastic. A number of environ-
mental or extrinsic factors have been shown to regulate hippocampal
neurogenesis [52,78]. Multiple studies using nNOS knockout mice or
systemic or intraventricular administration of NOS inhibitors in rodents
demonstrated that NO negatively regulates adult neurogenesis [79–81].
Interestingly, we found that MEF2A is the major MEF2 isoform in adult
hippocampal progenitor cells [77], and MEF2 can be S-nitrosylated at
cysteine-39 in the MADS/DNA binding domain. S-Nitrosylation of
MEF2 (forming SNO-MEF2) reduces its binding to DNA and, thus, its
transcriptional activity (Fig. 3B). Impacting neurogenesis, formation of
SNO-MEF2 diminishes the expression of nuclear receptor tailless
(TLX) [77], which is an essential regulator of adult neurogenesis and
adult neurogenesis-dependent learning andmemory [82–84]. Compar-
ing the effects of wild-type MEF2 to a non-nitrosylatable MEF2mutant,
we inferred that SNO-MEF2 impairs neuronal differentiation from adult
hippocampal progenitors (Fig. 3B). In disease states, we found evidence
for aberrant formation of high levels of SNO-MEF2 in the brain, particu-
larly in transgenic ADmodel mice and in human AD patients.Moreover,
expression of non-nitrosylatable MEF2 increased adult hippocampal
neurogenesis in the DG of transgenic AD model mice, consistent with
the notion that SNO-MEF2 contributes to the pathological alteration of
adult neurogenesis in AD [77]. As an ancillary question, whether forma-
tion of SNO-MEF2 affects embryonic neurogenesis is still under investi-
gation. Along these lines, since mutations in theMEF2C gene cause ASD
and intellectual disabilities [65], the potential involvement of an envi-
ronmental toxin that could S-nitrosylate and thus inactivate MEF2C
(as has been reported for pesticide-induced SNO-MEF2C in Parkinson's
disease [71]), would be expected to mimic the effect of loss-of-function
MEF2 mutations that result in neurodevelopmental disorders.

5. Perspectives for the future

Emerging evidence suggests the significance of redox-signaling net-
works, in large measure mediated by S-nitrosylation. Here, we discuss
the importanceof these reactions in neurogenesis and neuronal develop-
ment. Analysis of individual proteins has revealed that S-nitrosylation re-
actions regulate the activity (either inhibition or activation) of specific
proteins; alternatively, S-nitrosylation can affect the binding of one pro-
tein to another in a complex. For example, the SNO-GAPDH/SNO-HDAC2
cascade promotes dendritic outgrowth (Fig. 2), whereas formation of
SNO-MAP1B LC1 causes retraction of axons (Fig. 3A). Moreover, genera-
tion of SNO-MEF2 inhibits neurogenesis (Fig. 3B). Thus, redox networks
of S-nitrosylated proteins may fine-tune neuronal differentiation, devel-
opment, and maturation in the developing brain.

As a caveat to present work, functional validation of the effects of S-
nitrosylation of each protein has often relied on overexpression of a mu-
tant protein—and this can introduce artifacts into the analysis. For exam-
ple, non-physiological levels of mutant proteins might not recapitulate
the action of physiological levels of endogenous proteins and can also
be mislocalized in the cell. In contradistinction, new methods allow the
endogenous gene to be mutated, thus preserving the endogenous pro-
tein level but introducing a desired mutation. For example, the CRISPR/
Cas9 system has rapidly become a useful tool for genome editing in
mammalian cells [85]. This genome editing approach is fast and efficient
[85], and CRISPR/Cas9 tools have been used to generate genetically-
engineered mice [85]. Specifically, this approach allows the endogenous
gene, and hence its protein product, to be mutated to remove a specific
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nitrosylation site. To further confirm the role of S-nitrosylation in
neurogenesis and neuronal development both in vitro and in vivo, these
genome editing approaches will be essential. Furthermore, for in vivo
analysis, the genomic conversion of a nitrosylatable site to a non-
nitrosylatable site is a straightforward approach. For example, nNOS
knockout mice manifest defects in dendritic branching [86], delays in
axon degeneration (Wallerian degeneration) [87], and decreased adult
neurogenesis [79], potentially because of a lack of S-nitrosylation of spe-
cific proteins. Using CRISPR/Cas9, it will be important to investigate if
mutation of these nitrosylation sites can correct the neurodevelopmental
phenotypes observed in nNOS knockout mice. These in vivo approaches
will help elucidate the functional relevance of S-nitrosylation of specific
targets during brain development.

Additionally, in the last several years,mass spectrometry-basedmeth-
odologies have been developed to detect S-nitrosylated proteins and S-
nitrosylation sites [88–90]. By applying proteomics to the investigation
of neurogenesis and neuronal development, a more comprehensive
view of S-nitrosylated proteins (the “S-nitrosoproteome”) should be-
come available and provide further insight into the role of a number of
S-nitrosylated proteins in brain development. These studies should pro-
vide a more targeted approach to uncover new S-nitrosylation pathways
or networks crucial for neurogenesis and neuronal development. Impor-
tantly, since nitrosative stress is associatedwith neurodevelopmental dis-
orders such as ASD [91,92], exploration of S-nitrosylation pathways may
lead to identification of molecular mechanisms for these diseases, and
this may facilitate further treatment strategies.
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