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S-Nitrosylation of p39 promotes its
degradation and contributes to synaptic
dysfunction induced by -amyloid peptide
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Alzheimer’s disease (AD), characterized by cognitive decline, is increasingly recognized as a
disorder marked by synaptic loss and dysfunction. Despite this understanding, the underlying
pathophysiological mechanisms contributing to synaptic impairment remain largely unknown. In this
study, we elucidate a previously undiscovered signaling pathway wherein the S-nitrosylation of the
Cdk5 activator p39, a post-translational modification involving the addition of nitric oxide to protein
cysteine residues, plays a crucial role in synaptic dysfunction associated with AD. Our investigation
reveals heightened p39 S-nitrosylation in the brain of an amyloid precursor protein (APP)/presenilin
1 (PS1) transgenic mouse model of AD. Additionally, soluble amyloid-3 oligomers (AB), implicated in
synaptic loss in AD, induce p39 S-nitrosylation in cultured neurons. Notably, we uncover that p39
protein level is regulated by S-nitrosylation, with nitric oxide S-nitrosylating p39 at Cys265 and
subsequently promoting its degradation. Furthermore, our study demonstrates that S-nitrosylation of
p39 at Cys265 significantly contributes to amyloid- (AB) peptide-induced dendrite retraction and
spine loss. Collectively, our findings highlight S-nitrosylation of p39 as a novel aberrant redox protein
modification involved in the pathogenesis of AD, suggesting its potential as a therapeutic target for the
disease.

Alzheimer’s disease (AD) stands as a formidable challenge in contemporary
healthcare, characterized by progressive cognitive decline and profound
synaptic dysfunction'”. As our understanding of AD deepens, it becomes
increasingly evident that synaptic loss plays a pivotal role in the patho-
physiology of this neurodegenerative disorder. While the overarching
impact of synaptic loss in AD is well-established, the specific molecular
mechanisms orchestrating this phenomenon remain elusive.
Cyclin-dependent kinase 5 (Cdk5) is a proline-directed serine/threo-
nine kinase, playing pivotal roles in various brain functions. Its contribu-
tions span neurogenesis, neuronal migration, dendrite and axon
development, as well as synapse formation and synaptic plasticity*.
However, deregulation of Cdk5 has been implicated in the pathogenesis of
several neurological diseases, including Alzheimer’s disease (AD),

Parkinson’s disease (PD), and certain psychiatric disorders’. Hence,
maintaining precise regulation of Cdk5 kinase activity is crucial for ensuring
normal development and optimal functioning of the nervous system.
Cyclin-dependent kinase 5 (Cdk5), unlike other members of the CDK
family, relies on neural-specific regulatory proteins—p35 and p39, along
with their proteolytic derivatives p25 and p29, for activation®’. While p35
and p39 share over 50% sequence homology, they exhibit distinct spatial and
temporal expression patterns. Notably, p35 is prominently expressed from
embryonic to postnatal stages, whereas p39 shows minimal detection until
the postnatal stage, increasing during postnatal development'’. In addition,
the distribution of p39 is highest in the brain stem, cerebellum, and spinal
cord, whereas p35 predominates in the cerebral cortex'’. Despite the pivotal
role of Cdk5 in neuronal functions within the central nervous system,
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research has predominantly focused on p35 and its associated Cdk5 activity.
However, during synaptogenesis and synaptic maintenance, p35 expression
is down-regulated, making p39 as the primary activator during postnatal
development in mouse and rat brains. This suggests a crucial role for p39
expression in postnatal neuronal differentiation and the formation of
neuronal networks. Studies in p39™'~ mice have revealed aberrant dendritic
morphology in pyramidal neurons, characterized by shortened length and
reduced arborization''. Additionally, histone acetylation-mediated tran-
scription selectively upregulates p39, enhancing Cdk5 activity during neu-
ronal differentiation in the postnatal brain. Loss of p39 results in disrupted
axonal growth and impaired dendritic spine formation'’. Despite these
insights, the specific involvement of deregulated p39 in the pathogenesis of
neurodegenerative diseases like Alzheimer’s (AD) and Parkinson’s (PD)
remains largely unknown.

Here in our current study, we discovered that p39 can undergo S-
nitrosylation, a post-translational modification in which nitric oxide (NO) is
attached to free cysteine residues, both in vitro and in vivo. This
S-nitrosylation prompted p39 degradation in a proteasome-dependent
manner. Our identification of cysteine 265 (Cys265) as the specific site for
S-nitrosylation prompted us to generate a p39-C265A mutant, where
Cys265 is substituted with alanine (Ala), resulting in resistance to GSNO-
induced S-nitrosylation and subsequent degradation. Importantly, our
study revealed an increase in p39 S-nitrosylation levels within Ap-treated
cultured neurons as well as in the brains of APP/PS1 mice, suggesting a

connection with Ap-induced dendrite and spine loss. Furthermore, the
expression of p39-C265A in hippocampal neurons successfully restored
dendritic spine and synaptic dysfunction observed in APP/PS1 mice. These
results reveal a previously unknown crosstalk between NO signaling and
p39, implying that S-nitrosylation-mediated p39 degradation played a
contributing role in synaptic dysfunction associated with Alzheimer’s dis-
ease pathogenesis.

Results

p39 is S-nitrosylated in vitro and in vivo

Previous reports highlighted NO’s role in restricting Cdk5 activity by
inducing p35 S-nitrosylation, leading to its degradation and decreased
protein level”. Given the sequence similarity between p39 and p35, we
hypothesized that NO might similarly regulate Cdk5 activity via p39
S-nitrosylation. To investigate this, we initially assessed whether p39 could
undergo S-nitrosylation upon exposure to physiological NO donors. Our
experiments involved HEK293T cells overexpressing p39 incubated with
the NO donors S-Nitroso-L-glutathione (GSNO) or S-nitrosocysteine
(SNOC), followed by the biotin switch assay. Notably, both GSNO and
SNOC led to the formation of S-nitrosylated p39 (SNO-p39) (Fig. 1A).
Remarkably, a 5-min incubation with GSNO led to a robust increase of
SNO-p39 in HEK293T cell lysates overexpressing p39 (Fig. 1B), indicating
rapid and spontaneous p39 S-nitrosylation. Further, treating cultured cor-
tical neurons with GSNO for various durations also revealed endogenous

Fig. 1| S-Nitrosylation of p39 was detected in vitro A

B GSNO (100 pM)

SNOC

and in vivo. A NO S-nitrosylated p39 in vitro.
HEK293T cells overexpressing p39 were incubated
with NO donor GSNO or SNOC for 30 min and
subsequently lysed and subjected to the biotin
switch assay. The biotinylated proteins were pulled
down with neutravidin-agarose, followed by western
blot analysis. All data are normalized to control
group and represent mean + SEM from 4 indepen-
dent experiments. **p = 0.0012, ***p = 0.0006;
unpaired Student’s t test. B Lysates of HEK293T cells
overexpressing p39 were incubated with NO donor

k%%

GSNO for different time points and subsequently
subjected to the biotin switch assay. All data are
normalized to control group and represent mean +
SEM from 4 independent experiments. *p = 0.019
(5 min), *p = 0.028 (15 min), *p = 0.031 (30 min),
*p =0.041 (45 min), **p = 0.0066 (60 min); one-
way ANOVA with the Student-Newman-Keuls
test. C NO S-nitrosylated endogenous p39 in cul-
tured neurons in vitro. Cultured mouse cortical
neurons at DIV7-9 was incubated with NO donor
GSNO for the indicated time points, and then sub-
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p39 S-nitrosylation (Fig. 1C). In particular, ascorbate-dependent basal
S-nitrosylation of endogenous p39 was detected in WT but not nNOS-KO
adult mouse brains, suggesting that p39 is S-nitrosylated in vivo in a nNOS-
dependent manner (Fig. 1D). These findings collectively provide compelling
evidence that p39 can be S-nitrosylated by NO, both in vitro and in vivo.

NO negatively regulates p39 protein level in vitro and in vivo
S-Nitrosylation serves as a regulatory mechanism primarily altering protein
function through modulating interactions with binding partners, enzymatic
activities, or controlling protein abundance'*™"’. Our prior work established
that S-nitrosylation of p35 enhances its ubiquitination, leading to
proteasome-dependent degradation"’. The observed decrease in p39 protein
levels upon prolonged exposure of cultured neurons to the NO donor
GSNO (Fig. 1C) prompted us to explore whether NO regulates p39 protein
stability. Treatment of mouse cortical neurons with GSNO resulted in a
concentration- and time-dependent decrease in p39 levels, without causing
proteolytic cleavage of p39 to p29 (Fig. 2A, B). This effect was corroborated
by consistent reductions in p39 protein levels over time upon incubation
with another physiological NO donor, SNOC (Fig. 2C). To determine if NO
directly influences p39 degradation, we treated cortical neurons with GSNO
in the presence of the proteasome inhibitor, MG132. Remarkably, MG132
pre-treatment effectively blocked the GSNO-induced reduction in p39 level
(Fig. 2D), suggesting that NO negatively regulates p39 level by promoting its
degradation. To investigate whether inhibition of endogenous NOS protects
p39 from degradation, we examined p39 protein levels in the hippocampus
of nNOS-KO mice. Interestingly, p39 protein levels were elevated in the
hippocampus of 3-month-old nNOS-KO mice (Fig. 2E). Additionally, we
treated cultured cortical neurons with the NOS inhibitor, L-NAME; this
blockade of NO production resulted in a significant increase in p39 levels
(Fig. 2F). These findings suggest that NO decreases p39 abundance through
proteasome-mediated degradation, both in vitro and in vivo.

S-Nitrosylation of p39 at the Cys265 residue promotes its
proteasome-dependent degradation
To explore whether NO triggers proteasome-dependent degradation of p39
directly through protein S-nitrosylation, we initially aimed to identify the
specific site(s) of S-nitrosylation on p39. Given that S-nitrosylation typically
occurs at cysteine residues™, we scrutinized the p39 amino acid sequence,
revealing the presence of eight cysteine residues (Supplementary Fig. 1A),
which are conserved cross mouse, rat, and human species. Subsequently, we
generated mutants where each of these eight cysteine residues was replaced
with alanine (p39-CxxxA mutants). Upon transfection of HEK293T cells
with human wild-type p39 (p39-WT) or its cysteine mutant constructs, we
treated the cells with GSNO and performed biotin switch assay. Strikingly,
while GSNO treatment robustly S-nitrosylated p39-WT, mutation of
Cys265 alone significantly abolished S-nitrosylation, indicating Cys265 as
the primary site of S-nitrosylation (Fig. 3A, B, Supplementary Fig. 1B, C).
Notably, the other cysteine mutants showed S-nitrosylation level akin to
p39-WT, confirming the presence of a single major S-nitrosylation site at
Cys265 on p39.

To directly evaluate whether the reduction in p39 level induced by NO
(as observed in Fig. 2) resulted from SNO-p39 formation, we overexpressed
p39-WT or its S-nitrosylation-deficient mutant, p39-C265A in HEK293T
cells. Subsequently, we treated cells with GSH/GSNO in the presence of the
protein synthesis inhibitor cycloheximide (CHX). Remarkably, GSNO
treatment significantly accelerated the turnover of p39-WT, whereas p39-
C265A protein turnover remained unaffected (Fig. 3C, D). We also observed
increased polyubiquitination of p39-WT, but not p39-C265A following
GSNO treatment (Fig. 3E), indicating that S-nitrosyaltion of p39 at Cys265
promotes its degradation through a ubiquitin/proteasome-dependent
mechanism. Additionally, we isolated proteasomes through differential
centrifugation and found that p39 was enriched in proteasomes after GSNO
treatment (Fig. 3F). Given the recent identification of Praja-2 (PJA2) as the
E3 ligase of p35", we explored whether NO-induced degradation of p39 in
the nervous system is mediated by PJA2. However, silencing PJA2

expression in cultured neurons did not alter p39 protein levels, suggesting
the involvement of another E3 ligase in p39 degradation. These results
compellingly indicate that S-nitrosylation specifically at Cys265 promotes
the proteasome-dependent degradation of p39.

Hypernitrosylation of p39 in the brain of APP/PS1 mice

We sought to explore the potential functional significance of p39
S-nitrosylation in neuronal functions, considering the association between
neuronal nitric oxide synthase (nNOS/NOS1) activation, excessive S-
nitrosylation, and various neurodegenerative diseases, including Alzhei-
mer’s disease (AD)'*'". To examine SNO-p39 level in an AD mouse
model, we analyzed whole-brain samples from APP/PS1 mice and their
control littermates at different postnatal stages (6, 9, 12, & 24 M). Notably,
we observed a significant increase in SNO-p39 level in the AD mouse brain
compared to control mice (Fig. 4A, B, Supplementary Fig. 2A, B). As a
positive control, we also detected elevated SNO-Cdk5 level in the APP/PS1
mouse brain, consistent with previous reports'. Intriguingly, we noted a
mild decrease in p39 protein level in the whole-brain lysates of APP/PS1
mice (Fig. 4A, B), suggesting a reduction in p39 abundance due to SNO-p39
formation. To reinforce this hypothesis, we conducted further assessments
of p39 protein levels specifically in the mouse hippocampus, known for its
high expression of nNOS. Our findings revealed a significant decrease in p39
levels in APP/PS1 mice (Fig. 4C, D). These findings collectively indicate that
increased S-nitrosylation of p39 correlates with reduced p39 protein level in
the AD mouse model, suggesting a potential role for SNO-p39 in the
pathogenesis of Alzheimer’s disease.

S-Nitrosylation of p39 contributes to AB-induced dendrite
retraction and dendritic spine loss

We aimed to elucidate whether p39 S-nitrosylation serves as a molecular
mechanism underlying Alzheimer’s disease (AD) pathogenesis. Observing a
substantial increase in p39 protein level during development (from P10 to
P20), which persisted into adulthood in the mouse cortex and hippocampus
(Supplementary Fig. 3A-D), indicated the pivotal role of p39 in maintaining
neuronal network functions. Previous reports have underscored the sig-
nificance of upregulated p39, but not p35, in regulating dendritic mor-
phology, spine morphogenesis, and neuronal network assembly in the adult
mouse brain'"'’. Moreover, soluble amyloid-B peptide oligomers (Ap),
which are generated by the proteolytic cleavage of amyloid precursor pro-
tein (APP), are believed to be a major causative agent of synaptic impair-
ment during AD progression™”. It was also reported that AD brains
manifest a significant increase in AP and a subsequent dramatic increase in
NO production as well as dendrite and spine loss in mouse brains'. We
hypothesized that p39 S-nitrosylation might mediate AP-induced synaptic
dysfunction. Indeed, exposure to AP substantially elevated SNO-p39 level in
cultured cortical neurons, concurrently reducing p39 protein level (Sup-
plementary Fig. 3E-H). Additionally, NMDA-induced overstimulation of
NMDA-type glutamate receptors leads to excessive NO production. Con-
sistently, exposure to NMDA resulted in increased p39 S-nitrosylation and
subsequent degradation in cultured neurons (Supplementary Fig. 3L, ),
highlighting the dynamic nature of this post-translational modification.
This supports the notion that excessive NO production induced by AB
production or neuronal hyper-activation, mediated by S-nitrosylation of
P39, promotes its degradation.

In both animal models and human AD brains, synaptic damage
including dendrite and spine retraction represents an early neuropatho-
logical hallmark®”. In line with this notion, our findings demonstrated
that 24-h exposure to AP oligomers induced dendritic defects in hippo-
campal neurons. Cultured hippocampal neurons expressing p39-WT
exhibited reduced dendritic complexity characterized by shortened and
fewer dendrites upon AP exposure. Intriguingly, expression of the
S-nitrosylation-deficient p39-C265A mutant prevented this effect
(Fig. 5A-D). Additionally, p39-WT-transfected neurons experienced
approximately 27% dendritic spine loss after AB exposure, whereas neu-
rons expressing p39-C265A remained resistant to Ap-induced spine loss
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Fig. 2 | NO signaling negatively regulates p39 A

GSNO (120 min) B

GSNO (100 uM)

protein level in vitro and in vivo. A GSNO treat-
ment decreased p39 protein level in a concentration-
dependent manner. Cultured cortical neurons at
DIV7-9 were treated with GSNO at different con-
centrations for 2 h and then subjected to western
blot analysis. All data are normalized to control
group and represent mean + SEM from 4 indepen-
dent experiments. **p = 0.0020 (50 uM),

#%p = 0.0013 (100 M), **p = 0.0016 (200 uM),
*¥p=0.0018 (500 uM); one-way ANOVA with the
Student-Newman-Keuls test. B GSNO treatment
decreased p39 protein level in a time-dependent
manner. Cultured cortical neurons at DIV7-9 were
treated with 100 uM GSNO for the indicated time
points and then subjected to western blot analysis.
All data are normalized to control group and
represent mean + SEM from 7 independent experi-
ments. *p =0.029 (5 min), *p =0.019 (15 min),
4% = 0,.00053 (30 min), ***p = 0.00021 (60 min),
¥ p = 0.00026 (120 min); one-way ANOVA with
the Student-Newman-Keuls test. C SNOC treat-
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(Fig. 5E, F). To ascertain that NO production and its subsequent
S-nitrosylation directly mediate these effects, we treated cultured cortical
neurons with the NOS inhibitor, L-NG-nitroarginine methyl ester
(L-NAME). Remarkably, we observed that blockade of NO production
abolished A exposure-induced p39 S-nitrosylation (Supplementary

Fig. 4A, B). Moreover, L-NAME treatment effectively reversed Ap-induced
spine loss (Supplementary Fig. 4C, D). To corroborate these findings at the
functional level, we conducted electrophysiological studies. Quantitative
analysis revealed that expression of the S-nitrosylation-deficient p39-
C265A mutant rescued the deficits in miniature excitatory postsynaptic
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Fig. 3 | S-Nitrosylation of p39 on Cys265 promotes
its degradation. A Cys265 is the major target site for
P39 S-nitrosylation. HEK293T cells were transfected
with expression constructs encoding the WT or spe-
cific cysteine mutants of p39 as indicated. Cells were
then incubated with GSNO for 30 min, lysed and - +
subjected to the biotin switch assay. B Quantification
of SNO-p39 level. Data are normalized to WT (GSNO
treatment) and represent mean + SEM from four
independent experiments. ***p = 1.95E-5 (-WT),
*#%p = 5.80E-6 (C265A); one-way ANOVA with the
Student-Newman-Keuls test. C HEK293T cells were
transfected with p39-WT or p39-C265A mutant; 24 h
after transfection, cells were treated with GSH/GSNO
in the presence of CHX for 4 h and subjected to
western blot analysis. D Quantification of p39 level
(relative to the actin level). Data are normalized to
WT (GSH treatment) and represent mean + SEM
from four independent experiments. ***p = 0.0007,
**p =0.0005; one-way ANOVA with the
Student-Newman-Keuls test. E GSNO treatment
increased p39 polyubiquitination level.
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current (mEPSC) frequency and amplitude observed in Af-exposed neu-
rons (Fig. 5G-I). To further validate these findings in vivo, we introduced
the S-nitrosylation-deficient p39 mutant (p39-C265A) into hippocampal
neurons from 9-month-old WT and APP/PS1 mice using our Sindbis viral
system™. After 24 h, we evaluated dendritic spine morphology and con-
ducted electrophysiological studies (Fig. 6A). Remarkably, we consistently
observed reduced spine density in neurons from APP/PSI mice, and the
expression of the p39-C265A mutant effectively rescued the deficits in
dendritic spine morphology (Fig. 6B, C). Furthermore, functional quan-
titative analysis revealed that the expression of p39-C265A restored both
the frequency and amplitude deficits in mEPSCs observed in hippocampal
neurons from APP/PS1 mice (Fig. 6D-F). Taken together, our findings
provide compelling evidence that S-nitrosylation of p39 plays a role in
Ap-induced dendritic retraction and dendritic spine loss, offering insight
into a potential mechanism underlying synaptic dysfunction in AD.

Discussion
Previous studies shed light on the crucial involvement of p35 and p39, the
neuron-specific activators of Cdk5, in neuronal dendrite development and

synaptic growth, with its dysregulation implicated in neurodegenerative
diseases'""”. It has been demonstrated that under pathological conditions,
p35/p39 undergo calpain-dependent cleavage, generating a proteolytic
product termed p25/p29°. However, it is reported that compared to p35, p39
is much more resistant to calpain-dependent cleavage’. Moreover, the
mechanisms underlying the role of deregulated p39 in disease processes
remained elusive. Notably, excitotoxic stressors, such as soluble amyloid-{
peptide oligomers (AP) or overstimulation of NMDA-type glutamate
receptors (NMDARSs), elevate intracellular Ca®" level, subsequently acti-
vating neuronal nitric oxide synthase (nNOS/NOS1)-the primary source of
nitric oxide (NO) in neurons. NO and its derivatives have been implicated in
various neurodegenerative diseases”*”’. NO exerts its effects in neurons by
stimulating soluble guanylate cyclase to produce cGMP or by
S-nitrosylating critical cysteine residues in multiple target proteins, thus
modulating their activity’’. Our previous findings have revealed that NO
regulates Cdk5 activity through S-nitrosylation of p35, leading to its
degradation and reduced protein level . Given the high sequence homology
and similar properties shared between p35 and p39, it is plausible to spec-
ulate that p39 might represent a novel target of NO. Moreover, both nNOS
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and p39 are localized at the cell surface™”, suggesting a close spatial
proximity that could enable endogenous NO to modify p39, forming
S-nitrosylated p39 (SNO-p39). Here, our investigation unveils aberrant
redox regulation of p39 protein level via S-nitrosylation in APP/PS1 mice
and Ap-treated neuron cultures. We demonstrate the susceptibility of p39 to
S-nitrosylation both in vitro and in vivo, and S-nitrosylation promotes its
proteasome-dependent degradation. Notably, we identified Cys265 as the
pivotal cysteine residue susceptible to pathological and physiological reg-
ulation by nitric oxide (NO). Furthermore, we provide compelling evidence
that S-nitrosylation of p39 mediates AP-induced dendritic retraction and
spine loss. More importantly, the deficits in dendritic spine density and
neurotransmission observed in APP/PS1 mice were effectively alleviated by
the expression of the S-nitrosylation-deficient mutant p39-C265A. Toge-
ther, these findings strongly implicate p39 S-nitrosylation as a contributing
factor in the pathogenesis of Alzheimer’s disease.

Cdk5 activity is known to regulate the dendrite and spine morpho-
genesis, the major sites of excitatory synaptic transmission in the brain™. It is
indeed multifaceted and can produce seemingly contradictory effects,
influenced by various factors including its activators, substrate preferences,
and their specific roles in different brain stages. Cdk5’s actions on spine
density can vary, demonstrating both positive and negative regulatory
effects. For instance, Cdk5’s phosphorylation of TrkB is necessary for spine
morphogenesis induced by BDNF and glutamate, highlighting its positive
role in these processes”. In addition, Cdks5 activity is involved in the reg-
ulation of spine morphogenesis and inhibition of Cdk5 activity reduces
spine density in nucleus accumbens™. Conversely, phosphorylation of
ephexinl or WAVEIL by Cdk5 leads to a reduction in dendritic spines,
indicating a negative influence on spine formation™*. Moreover, the
pseudo kinase CaMKv and the scaffold protein liprinal are required for
dendritic spine morphogenesis and maturation, whereas Cdk5-dependent

phosphorylation of CaMKv at Thr345 and liprinal at Thr701 inhibit their
activity in these processes*"*. In addition, while it is well accepted that
increased Cdk5 activity has been implicated in AD pathogenesis, proteomic
and transcriptomic analyses have suggested a downregulation of Cdk5 levels
in AD patients***. Additionally, other studies have identified the dual roles
of Cdk5 in the regulation of ALDH1AL1, revealing an initial neuroprotective
role of Cdk5 in combating oxidative stress under excitotoxic conditions®.
Furthermore, it has been reported that negative modulation of cellular Cdk5
activity by its inhibitor, roscovitine, or Cdk5 antisense stimulates Ap pro-
duction in APP processing™. A possible explanation of the sophisticated and
sometimes contradictory functions of Cdk5 in modulating synaptic func-
tions under physiological and pathological conditions may be the different
expression profile and substrate preference of the two activators, p35 and
P39. Indeed, it is reported that p39 associated Cdk5 activity preferentially
affects phosphorylation of some specific Cdk5 substrates. Besides, p39 and
p35 play non-overlapping and even opposing roles in the postnatal brain'’.
Similarly, in our study, we found that NO orchestrates similar regulatory
mechanisms for p39 as it does for p35, yet their roles in dendritic and spine
morphology regulation differ. Our work highlights that NO-induced S-
nitrosylation of p39 in APP/PS1 mouse brains promotes its degradation,
contributing to Ap-triggered dendrite retraction and spine loss. Contrast-
ingly, our previous findings revealed that p35 S-nitrosylation and sub-
sequent degradation increased dendritic spine density”. This suggests a
dichotomy in the functions of SNO-p35 and SNO-p39 in spine density
regulation. The complexity of NO signaling’s impact on dendritic spine
density may stem from the intricate spatiotemporal coordination required
for precise Cdk5 activity in ensuring proper synaptic function. In our pre-
vious study, we explored the functional role of p35 S-nitrosylation in WT
and nNOS-KO mice at postnatal 3 months (~P90), at which stage p35
protein level is quite low and found that p35 level is abnormally upregulated
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upon NO depletion. This underscores the critical role of NO signaling in
maintaining structural and functional synaptic strength under physiological
conditions. Here, we mainly focused our study under pathological condi-
tions and detected p39 S-nitrosylation in old WT and APP/PS1 mice (6M-
24M), at which stage p39 is the major activator of Cdk5 activity. Indeed, we

detected enhanced SNO-p39 and SNO-CdKk5, but not SNO-p35 in APP/PS1
mouse brain. Previously, many studies focused on the hyper-activation of
p35 associated Cdk5 in several psychiatric disorders and neurodegenerative
diseases and proposed the inhibition of Cdk5 activity can alleviate the
synaptic losses and cognitive impairments in certain pathological
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Fig. 5| S-Nitrosylation of p39 contributed to Ap-induced dendrite retraction and
spine loss. A Representative images of hippocampal pyramidal neurons over-
expressing p39-WT or its S-nitrosylation-deficient mutant (p39-C265A) treated with
vehicle or Ap. Scale bar, 20 um. B-D SNO-p39 contributed to AB-induced dendrite
retraction. Sholl analysis (B) and quantification of total dendrite length (C), dendrite
number (D); n =20 neurons from 4 independent experiments; ***p = 2.80E-5 (C),
**p =1.27E-5 (C), ¥**p =0.0003 (D), *p = 3.88E-6 (D); one-way ANOVA with the
Student-Newman-Keuls test. E, F SNO-p39 contributed to AB-induced spine loss.
Cultured hippocampal neurons transfected with p39-WT-T2A-GFP or p39-C265A-
T2A-GFP construct at DIV7 and fixed at DIV15. Representative images (E) are shown.

Scale bar, 20 ym. Quantification of spine density (F); n = 30-40 dendrites from 10 to 15
neurons of 4 independent experiments; ***p = 2.43E-8, *p = 3.64E-11; one-way
ANOVA with the Student-Newman-Keuls test. G-I SNO-p39 contributed to
Ap-induced synaptic dysfunction. Cultured hippocampal neurons transfected with
p39-WT-T2A-GFP or p39-C265A-T2A-GFP construct at DIV7 and mEPSCs were
recorded at DIV15. Quantification of frequency (H) and amplitude (I) of mEPSC; Data
represent mean + SEM from 20 to 30 neurons of 4 independent experiments;

4% =2 93E-5 (H), *p = 0.0009(HL), ***p = 0.0002 (I), *p = 0.001(L); one-way
ANOVA with the Student-Newman-Keuls test.
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Fig. 6 | Expression of p39-C265A mutant corrected hippocampal synaptic dys-
function in APP/PS1 mouse. A Schematic drawing of dendritic spine quantification
and electrophysiological recording experiments in APP/PS1 mice.

B, C Overexpression of p39 in the hippocampus of 9-month-old APP/PS1 mice
rescued their dendritic spine loss; n = 12 neurons with 36 dendritic spines from 3 to 4
independent experiments; scale bar, 10 um; All data represent mean + SEM from 20
to 30 neurons of 4 independent experiments; ***p < 0.0001, *p = 0.03, *"p < 0.0001;
one-way ANOVA with the Student-Newman-Keuls test. D-F Expression of p39-

APP/PS1 WT APP/PS1

C265A corrected the synaptic transmission failure of APP/PS1 mice. Hippocampal
neurons were infected with GFP or p39-C265A-T2A-GFP or p39-C265A-T2A-GFP
with Sindbis virus system and mEPSCs were recorded 24 h after infection. Quan-
tification of frequency (E) and amplitude (F) of mEPSCs. All data represent

mean + SEM from 20 to 30 neurons of 4 independent experiments; **p = 0.0032 (E),
p=0.022 (E), **p < 0.0001 (E), ***p <0.0001 (F), ’p = 0.019 (F), **p < 0.0001 (F);
one-way ANOVA with the Student-Newman-Keuls test.
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conditions”™*. Here our findings unveil a novel molecular mechanism
underlying AD pathogenesis, hinting at the potential of targeting SNO-p39
as a unique therapeutic approach for mitigating spine damage in AD and
other neurodegenerative conditions. Notably, treatments such as the CC
chemokine-CCL5, known to upregulate p39*, contribute to hippocampal
spine and synapse formation, enhancing learning and memory’'. Addi-
tionally, selective upregulation of p39 through histone acetylation-mediated
transcription presents a promising avenue for drug development aimed at
rectifying synaptic failures in AD”.

Our findings unveil three distinct mechanisms through which NO
signaling may regulate Cdk5 activity. Firstly, S-nitrosylation of Cdk5 at
Cys83 inhibits its kinase activity, likely by disrupting its binding to ATP.
Secondly, S-nitrosylation of p35 and p39 leads to their degradation and
reduced protein abundance, representing the second and third mechanisms,
respectively. Interestingly, previous studies by the Lipton group have
demonstrated that NO-related species activate Cdk5 activity via S-nitrosy-
lation, leading to synaptic loss in AD. These seemingly contradictory results
may be reconciled by the concept of transnitrosylation, wherein
S-nitrosylated proteins transfer the NO group to other targets, thus pro-
viding a deeper understanding of NO’s actions™. Lipton’s group demon-
strated that NO-related species activate Cdk5 activity via S-nitrosylation,
leading to transnitrosylation and subsequent activation of Drp1. This pro-
cess results in excessive mitochondrial fragmentation and damage, leading
to compromised energy production and ultimately contributing to synaptic
loss in AD'®"”. Furthermore, the cascade of transnitrosylation reactions
involves SNO-Uch-L1 to Cdk5 to Drpl, and notably does not involve the
canonical enzymatic effects of Uch-L1 or Cdk5™. These findings suggest that
the kinase activity of Cdk5 may not be directly involved in the synaptic
damage previously observed. Instead, S-nitrosylation rapidly modifies Cdk5
to transnitrosylate other target proteins within minutes, indicating a short
half-life of SNO-Cdk5. Given the physiological interaction between Cdk5
and p39, it is of great interest to investigate whether SNO-Cdk5 S-nitro-
sylates p39 via transnitrosylation. Considering the fact that Cdk5/p35/p39
have many different substrates, it is possible that Cdk5 may also transni-
trosylate these substrates to influence multiple biological progresses. Our
findings also indicate that p39 S-nitrosylation occurs at Cys265 and pro-
motes its degradation. Notably, previous research demonstrated that NO
S-nitrosylates p35 and promotes its ubiquitin-dependent degradation in a
PJA2-dependent manner. This raises the intriguing possibility that
S-nitrosylation at Cys265 on p39 may induce conformational changes in the
protein structure, rendering p39 more susceptible to the E3 ligase PJA2 and
targeting it for degradation via the proteasome system. However, silencing
of PJA2 expression in cultured neurons did not alter p39 protein levels,
suggesting the involvement of an alternative, unidentified E3 ligase for p39.
It is also noteworthy that while Cys265 is conserved between p35 and p39,
we only identified it as the major S-nitrosylation site on p39. One possible
explanation could be the differential expression pattern and subcellular
localization between p35 and p39. Notably, p35 is prominently expressed
from embryonic to postnatal stages, whereas p39 shows minimal detection
until the postnatal stage, increasing during postnatal development. This
suggests that p39 may serve as the primary Cdk5 activator in the adult
mouse hippocampus (Supplementary Fig. 3C, D). Additionally, p39 is more
frequently targeted to the cell surface owing to its myristoylation motif*’,
rendering it more accessible to NO produced by nNOS. In this context,
investigating the distinct regulatory mechanisms of p35 and p39 S-nitro-
sylation, both under physiological and pathological conditions, presents an
intriguing avenue for further exploration. It will also be interesting to
explore the mechanism of p39 S-nitrosylation and determine whether it is
enzymatic or non-enzymatic. In conclusion, our study highlights the
involvement of SNO-p39 in the synaptic dysfunction observed in AD
mouse models. This discovery emphasizes the significance of further
investigating the molecular and cellular mechanisms both upstream and
downstream of SNO-p39. Such comprehensive exploration holds the
potential to reveal novel therapeutic strategies for the treatment and pre-
vention of AD, as well as other neurological diseases.

Methods

Animals

The study utilized male/female C57/BL6 wild-type mice and male APPswe/
PS1dE9 double-transgenic mice (APP/PS1). The male APP/PS1 mice and
their wild-type (WT) counterparts were purchased from Changzhou
Cavens Laboratory Animal Co., Ltd. (Changzhou, China). The nNOS
transgenic mice were gift from Prof. Dongya Zhu (Nanjing Medical Uni-
versity). All mice were housed in a temperature-controlled room with a 12/
12 h light/dark cycle, with humidity controlled as 55%, provided with food
and water ad libitum. All animal-related procedures, including surgery and
care, adhered to approved protocols by the Animal Care and Use Com-
mittees at Shanghai Jiao Tong University School of Medicine (SYXK(Hu)
2018-0027).

Reagents and plasmids

All chemicals were purchased from Sigma unless stated otherwise. Anti-
bodies against p39 (1:1,000, 3275), p35 (1:1,000, 2680), Cdk5 (1:2,000, 2506)
and actin (1:1,000, 4967) as well as horseradish peroxidase-conjugated goat
anti-mouse and anti-rabbit antibodies were from Cell Signaling Technol-
ogy. Additional primary antibodies included those against polyubiquitin
(1:1,000, SC-8017, Santa Cruz) and Rptl (1:1000, Ab22678, Abcam). The
human p39 plasmid was purchased from Miaoling Biology and AP
monomer was from rPeptide.

Site-directed mutagenesis

Site-directed mutagenesis was performed with oligonucleotide primers
designed to substitute the corresponding cysteine residue(s) with alanine
residue(s) using overlap PCR. All mutations were verified by plasmid DNA
sequencing.

Cell culture and plasmid transfection

HEK293T cells were cultured in DMEM (Invitrogen) supplemented with
10% heat-inactivated fetal bovine serum plus antibiotics. Cells were trans-
fected with expression constructs using Lipofectamine3000 reagent (Invi-
trogen). Primary cortical/hippocampal neurons were prepared from
embryonic day (E) 18 mouse embryos, seeded on cultured plates coated with
poly-L-lysine (50 pg/ml) and maintained in Neurobasal medium supple-
mented with 2% B27 and 0.5 mM glutamine (Invitrogen). Cultured mouse
hippocampal neurons were used for morphological observations and elec-
trophysiological recordings. The morphometric analysis of dendrite com-
plexity was performed using the Image] software (National Institutes of
Health). For dendritic spine density quantification, three dendrite segments
of secondary apical dendrites from each neuron were analyzed with
Metamorph software. Meanwhile, cultured mouse cortical neurons were
used for biochemical analyses. For drug treatment, 100 uM GSH/GSNO,
100 pM SNOC, 10 pM MG132, 10 pg/ml CHX, 25 uM NMDA and 250 nM
AR oligomers, was added to the cultured neurons unless stated otherwise.

Biotin switch assay

The biotin switch assay was performed to detect protein S-nitrosylation
Briefly, embryonic or postnatal mouse brains or cultured cortical neurons or
HEK293T cells overexpressing p39 or its cysteine mutants were lysed in
HENT buffer (250 mM HEPES, 1 mM EDTA, 0.1 mM Neocuproine, and
1% Triton X-100, pH = 7.7). The cell lysates were then incubated with
10 mM S-methyl methanethiosulfonate (MMTS) for 20 min at 50 °C to
block free cysteine, and excess MMTS was removed by three passes through
a G25 Sephadex spin column. The samples were then incubated with 5 mM
ascorbate to specifically reduce S-nitrosylated cysteine to free cysteine and
04 mM N-[6-(biotinamido)hexyl]-30-(20-pyridyldithio) propionamide
(biotin-HPDP) at room temperature with rotation for 1h to label the
reduced cysteines. Unreacted biotin-HPDP was removed by acetone pre-
cipitation, and the biotinylated samples were then re-suspended and incu-
bated with 40 pl NeutrAvidin agarose for 1 h. The pellets were washed five
times with neutralization buffer with 0.6 M NaCl, eluted by 2x SDS sample
buffer and subjected to western blot analysis.

13,16
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Isolation of proteasomes by differential centrifugation

Cultured neurons were washed with DPBS and then collected in ice-cold
DPBS. Cell pellets were collected by centrifugation at 350 x g for 5 min and
then suspended in lysis buffer and lysed by sonication. The supernatant was
first centrifuged at 10,000 x g for 10 min, then at 100,000 x g for 30 min and
finally at 150,000 x g for 1 h. The final pellet was proteasome fraction. Then
rinse the proteasome pellet with wash buffer, and resuspend the proteasome
pellet by sonication. All procedures were conducted on ice or at 4 °C.

Ap oligomer preparation

AR oligomer was prepared as described before”***. Briefly, 0.5 mg mono-
meric AP1-42 was dissolved in 22.2 uL. DMSO and then diluted in ice-cold
phenol-red free F-12 medium to yield a final AP concentration of 100 M.
The AP solution was incubated at 4 °C for 24 h and then centrifuged at
14,000 x g for 10 min. The supernatant was frozen in liquid nitrogen and
stored at —20 °C for up to 1 month.

Stereotaxic surgery and electrophysiology

GFP, p39-WT-T2A-GFP and p39-C265A-T2A-GFP were sub-cloned into
Sindbis viral vector pSInREP5 and viral particles were produced following
previous studies™. Sindbis viral particles were delivered into the mouse
hippocampal CA1 region (AP: —2.00 mm, ML: +1.70 mm, DV: —1.4 mm,
relative to the bregma) for 24 h using a Quintessential Stereotaxic Injector
(Stoelting Company) with an injection volume of 0.5l at 0.1 pl min*
through a customized ~100-pm borosilicate glass microcapillary tip. After
surgery, the animals were placed under a heating lamp until reawakening.
Acute hippocampal slices were prepared from male APP/PS1 mice and their
WT littermates. Animals were deeply anesthetized by isoflurane and
decapitated. The brain containing the hippocampus was quickly removed
and placed into cold (0-4 °C) oxygenated physiological solution containing
(in mM): 82.75 NaCl, 2.4 KCI, 6.8 MgCl,, 0.5 CaCl,, 1.4 NaH,PO,, 23.8
NaHCOs, 23.7 dextrose, and 65 sucrose. Coronal slices were cut at 300 um
thickness using a Vibratome (VT1200S). These slices were kept at
31.0 £ 0.5 °C in oxygenated ACSF containing (in mM): 125 NaCl, 2.5 KC],
1.25 NaH,POy,, 25 NaHCOs3, 1 MgCl,, 12.5 dextrose, and 2 CaCl, for 1-2 h
before recordings. Whole-cell recordings were obtained from CA1 pyr-
amidal neurons under visual guidance using transmitted light illumination.
The patch recording pipettes (4 —7 MQ) were filled with intracellular
solution containing 115mM cesium methanesulfonate, 20 mM CsCl,
10 mM HEPES, 2.5 mM MgCl,, 4 mM Na,ATP, 0.4 mM Na;GTP, 10 mM
sodium phosphocreatine, 0.6 mM EGTA, and 0.1 mM spermine (pH 7.25)
for voltage-clamp recordings. To record mEPSCs, 50 uM pictrotoxin and
0.5 uM TTX were added to the ACSF solution gassed with 5% CO,/95% O,.
To ensure the detection of the smallest synaptic events, mEPSCs were
analyzed using only the high-quality patch-clamp recordings with the low
baseline noise (<2 pA) obtained by gently breaking-in high-resistance seal
(>10 GQ) patches.

Statistics and reproducibility

All data are presented as mean + SEM from at least three independent
experiments. The significance of differences was determined by unpaired
Student’s  test or one-way analysis of variance (ANOVA) with the Student-
Newman-Keuls test. The level of significance was set at p < 0.05. No samples
or animals were excluded. All samples from each group were analyzed to
confirm a normal distribution and equal variance.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available within the paper,
its Supplementary Information and Supplementary Data 1.
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