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and Induces Neuronal Death by Aberrant Cell Cycle Re-entry
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Abstract

DJ-1 is a multifunctional protein involved in Parkinson disease (PD) that can act as antioxidant, molecular chaperone,
protease, glyoxalase, and transcriptional regulator. However, the exact mechanism by which DJ-1 dysfunction contributes
to development of Parkinson’s disease remains elusive. Here, using a comparative proteomic analysis between wild-type
cortical neurons and neurons lacking DJ-1 (data available via ProteomeXchange, identifier PXD029351), we show that this
protein is involved in cell cycle checkpoints disruption. We detect increased amount of p-tau and a-synuclein proteins, altered
phosphoinositide-3-kinase/protein kinase B (PI3K/AKT) and mitogen-activated protein kinase (MAPK) signalling pathways,
and deregulation of cyclin-dependent kinase 5 (CdkS5). CdkS5 is normally involved in dendritic growth, axon formation, and
the establishment of synapses, but can also contribute to cell cycle progression in pathological conditions. In addition, we
observed a decrease in proteasomal activity, probably due to tau phosphorylation that can also lead to activation of mitogenic
signalling pathways. Taken together, our findings indicate, for the first time, that aborted cell cycle re-entry could be at the
onset of DJ-1-associated PD. Therefore, new approaches targeting cell cycle re-entry can be envisaged to improve current

therapeutic strategies.
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Introduction

DJ-1 protein was first described as the product of an onco-
gene and its high expression has been reported in many can-
cers (Nagakubo et al. 1997). However, DJ-1 has also been
linked to a familiar form of Parkinson’s disease (PD) as well
as other neurodegenerative diseases, such as Alzheimer dis-
ease, Huntington disease, and amyotrophic lateral sclerosis
(Bonifati et al. 2003; Ariga 2017). The extensive number
of disorders in which DJ-1 is involved, and the fact that its
function remains still unclear, makes it difficult to know its
exact mechanism of action. However, increased levels of
oxidative stress associated with DJ-1 deficiency seem to play
a central role in neurodegeneration (Ariga 2017). DJ-1 can
act as an antioxidant both directly by scavenging reactive
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oxygen species and through regulation of proteins and tran-
scription factors as the nuclear factor erythroid 2-related
factor 2 (Nrf2). DJ-1 stabilizes Nrf2 by preventing associa-
tion with its inhibitor protein, Keapl, once activated Nrf2
up-regulates antioxidant gene expression, which in turn
decrease oxidative stress (Clements et al. 2006). Emerging
evidence indicate that aberrant cell cycle associated to oxi-
dative stress in mature neurons may be behind neurodegen-
eration. Expression of cell cycle markers in differentiated
neurons is necessary to carry out synaptic function, neuronal
migration, and maturation (Lim and Kaldis 2013). However,
overexpression of these markers can also lead to a cell cycle
re-entry, lethal to neurons, through different pathways.
Activation of cell cycle can be triggered by ROS through
oxidative stress-induced DNA damage, ubiquitin protea-
some system (UPS) dysfunction, accumulation of toxic
proteins aggregates composed of a-synuclein, parkin, tau,
and amyloid f3, and activation of signalling pathways, includ-
ing phosphatidylinositol 3-kinase (PI3K)/Protein Kinase B
(Akt), p38 mitogen-activated protein kinases (MAPK3s),
Whnt/B-catenin, and Notch (Sharma et al. 2017). Interestingly
DJ-1 has been associated to many of these events. Thus,
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loss of function or mutation of DJ-1 can lead to a-synuclein
accumulation and aggregation along with an increase in tau
hyperphosphorylation (Xu et al. 2017; Wang et al. 2013;
Chen et al. 2021). The increase of tau phosphorylation and
consequent dysfunction of ubiquitin—proteasome system
(UPS) activates mitogenic signalling pathways that induce
cell cycle progression (Sharma et al. 2017). DJ-1 also par-
ticipates in the regulation of signalling pathways inhibiting
apoptosis through p38-MAPK pathway and activating PI3K/
Akt pathway to mediate cell survival and proliferation (Oh
and Mouradian 2017). DJ-1 lack could affect these pathways
leading to cell cycle re-entry and apoptosis by tau hyper-
phosphorylation (Wang et al. 2013; Sharma et al. 2017).
Finally, DJ-1 has been described to regulate proteasomal
activity depending on its oxidation state (Moscovitz et al.
2015); absence of DJ-1 could provoke UPS dysfunction and
cyclins accumulation, inducing post-mitotic cell division.

Thereby, it would not be surprising that lack of DJ-1
could be related to an abnormal activation of the cell cycle,
although this has not been previously described. We have
observed that fibroblasts lacking DJ-1 showed increased pro-
liferation (Requejo-Aguilar et al. 2015), and neurons and
neural precursors of mice deficient in Pink1, a protein tran-
scriptionally regulated by DJ-1, showed an increase in the
number of cells re-entering the cell cycle (Requejo-Aguilar
et al. 2014).

Here we combined biochemical, cellular, and proteomic
approaches to study the effect of DJ-1 absence in primary
cortical neuron cultures. Our results revealed that lack of
DJ-1 up-regulates proteins related to cell cycle control and
proliferation, protein translation, proteasome-mediated pro-
tein degradation, and phagosome maturation. These changes
suggest, in a novel way, that lack of DJ-1 leads to cell cycle
activation in mature neurons that could be responsible for
their death and therefore contribute to the development of
Parkinson’s disease.

Results

Differential Proteomic Profiles Between Wild-Type
and Mutant DJ-1 Neurons

A comparative proteomic study was carried out to deter-
mine the effect of DJ-1 absence on the proteome of cortical
neurons. After data filtering and analysis, a total of 2355
proteins were identified (Table S1) of which 140 showed
significant variation (Table S2), most of them (~80%) being
up-regulated in neurons knockout for DJ-1 (Fig. 1A, C).
The absence of the spot corresponding to DJ-1 in knock-
out neurons is a proof of analysis reliability (Fig. 1A). The
enrichment analysis, based on GO terms (significant differ-
ences in the frequency of the proteins identified relative to
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their frequency in the whole genome), showed that the most
remarkable decreases were detected in proteins involved
in proteolysis; induction of apoptosis; signalling related to
cell proliferation and survival ,such as p21-activated kinase
(PAK), phosphatase and tensin homolog (PTEN) and nuclear
factor-kB (NF-kB); mitochondrial dysfunction; and Parkin-
son’s disease (Fig. 1B, Supplementary Fig. 1A). In the same
way, the main increases were detected in proteins involved in
mRNA splicing, proteasome activity, regulation of transla-
tion, Akt and AMP-activated protein kinase (AMPK) signal-
ling, and cell cycle checkpoints (Fig. 1C, Supplementary
Fig. 1B). Within the proteins that act as cell cycle check-
points the following were identified: Serine/threonine pro-
tein phosphatase 2A (PP2A) involved in G1/S transition,
DNA synthesis, and mitotic initiation (Wlodarchak and Xing
2016); 14-3-3 5 related to inactivation of cyclin B (Gardino
and Yaffe 2011); and Histone deacetylase 2 (HDAC?2) that
specifically binds to the promoter of p21VAFCIPl inhibiting
p21 expression and promoting cell cycle progression (Li
et al. 2017). The pathways induced or inhibited by these
proteins are shown in Fig. 1D.

Altogether, the changes observed are compatible with
DJ-1 inducing abnormal entry into the cell cycle that would
be responsible for neuronal death associated to PD onset.

DJ-1 Deficiency in Primary Neuron Cultures
is Associated to a-Synuclein and p-Tau Accumulation

Accumulation of unfolded protein-forming aggregates is
a hallmark of most neurodegenerative diseases, includ-
ing PD. Then, it is not surprising that DJ-1 deficiency has
been associated with aggregation not only of a-synuclein
but also of other proteins, such as p-tau (Xu et al. 2017;
Wang et al. 2013; Chen et al. 2021). Our results show that
DJ-1-deficient primary neurons have increased amount of
both a-synuclein and p-tau and no significant increase in the
amount of unphosphorylated tau and f-amyloid (Fig. 2A-D,
Supplementary Fig. 2). Phosphorylation is present at tau
residue T473 of djl ™~ neurons which corresponds to T170
from mouse tau 430 isoform and to T181 from human tau
441 isoform.

These data indicate that DJ-1 might play a role in
a-synuclein aggregation and tau phosphorylation.

Tau Hyperphosphorylation in DJ-1 Knockout
Neurons Seems to be Mediated by Cdk5 and Directly
by Akt and AMPK

CdkS is a serine—threonine kinase that participates in cell
cycle regulation and apoptotic neuronal death, and it is also
involved in tau protein hyperphosphorylation (Kimura et al.
2014). CdkS5 also phosphorylates microtubule-associated
protein 2 (MAP2) and microtubule-associated protein 1b
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Fig. 1 Label-free quantitative (LFQ) Proteomic analysis of changes
in DJ-1 knockout (djI~/~-KO) primary-cultured neurons. A Volcano
plot showing the outcome of neurons djl™~ vs djI*’*, t test per-
formed with Perseus. Proteins are distributed along x-axis by fold
change and y-axis by p-value; proteins over the dashed line repre-
sent those changing significantly in the absence of DJ-1. B-E Gene
ontology and Ingenuity pathways enrichment analysis. Enrichment
analysis was performed by GO terms using GOrilla, String and David

(MAP1b) (Castro-Alvarez et al. 2014). Irregular Cdk5 acti-
vation and its phosphorylation of substrates as tau, MAP2,
and MAP1b have been associated with pathological con-
ditions, such as Alzheimer and Parkinson’s diseases. We
have observed that proteins related to CdkS signalling were
up-regulated in dj/~’~ neurons (Fig. 1D) in parallel with
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tools, and Ingenuity Pathways Analysis tool (IPA). B and C show
GO biological terms, cellular components, and molecular functions
clusters that are down- or up-regulated in neurons lacking DJ-1 pro-
tein, respectively. D shows canonical pathways more significantly
altered in DJ-1-deficient neurons detected by IPA indicating induction
or inhibition for the different pathways identified. Table E includes
proteins related to CDKS5 signalling that shows expression change in
djl™"~ neurons compared with wild-type

an increase in tau, MAP2, and MAP1b phosphorylation
(Figs. 2D, 3A, Supplementary Fig. 2). p-tau could also be
phosphorylated by another mechanism related directly to
Akt, since canonical Akt and mTOR pathways are inhib-
ited in djI~~ neurons (Figs. 1D, 3B-D). Some authors have
described an increase of tau phosphorylation through Akt/
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Glycogen synthase kinase-3 beta (GSK-3f) pathway in neu-
roblastoma cells when DJ-1 was mutated (Wang et al. 2013).
However, we did not observe changes in Akt/GSK-3p path-
way since GSK-3p levels were similar in both djI™* and
djl~’~ neurons (Fig. 3E) and no phosphorylation of this pro-
tein was detected. Nonetheless, Glycogen synthase kinase-3
alpha (GSK-3a) levels were significantly increased in the
mutant (Fig. 3E) suggesting that this isoform might play a
role in tau phosphorylation since it shares many substrates
and functions with GSK-3p (Beurel et al. 2015). In fact,
both GSK3a and p have been widely related with Alzheimer
pathogenesis (Ma 2014) and both interact with tau (Sun et al.
2002). On the other hand, the increase in Akt phosphoryla-
tion level observed in DJ-1-knockout neurons (Fig. 3F, G)
raises the possibility that Akt could phosphorylate tau, as
has been described in vitro (Ksiezak-Reding et al. 2003).
Finally, we found that AMPK signalling pathway was acti-
vated in dj/ '~ neurons (Supplementary Fig. 1B). AMPK is
a serine—threonine kinase, which acts as energy sensor in
eukaryotic cells and has been found to appear over-activated
in patients affected by neurodegenerative disorders. AMPK
has been involved in tau hyperphosphorylation. In vitro stud-
ies showed that AMPK could phosphorylate tau at several
epitopes and in cellular models and was also found that
AMPK phosphorylates tau under stress conditions (Domise
and Vingtdeux 2016). AMPK activation in dj! ™~ neurons
is consistent with the increase in p-tau observed in them.
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Factors that Trigger Cell Cycle Re-entry are
Increased in DJ-1-Deficient Neurons

Accumulation of a-synuclein and p-tau, and changes in
Akt pathway, described above for djI "~ neurons, have also
been described to force cell cycle re-entry in mature neurons
leading to cell death as reported for PD and other neurode-
generative diseases (Sharma et al. 2017). In this regard, the
role of CdkS5 should be highlighted because we observed an
increase in CdkS5 signalling (Fig. 1D, E) and changes in cell
cycle checkpoints in neurons deficient for DJ-1 (Supplemen-
tary Fig. 1B). CdkS is not only involved in tau hyperphos-
phorylation, but also in apoptotic neuronal death and cell
cycle regulation. In mature neurons, CdkS is involved in
axonal guidance and synaptic function, but in pathological
conditions, such as accumulation of B-amyloid and prion
peptides, it can induce proteins involved in reactivating cell
cycle from GO (Lopes et al. 2009; Veas-Perez de Tudela
et al. 2015; Lapresa et al. 2019). Phospho-retinoblastoma
and proliferating cell nuclear antigen (PCNA) are a cell
cycle-related protein induced by CdkS5 (Lopes et al. 2009).
Here, we show that dji =/~ neurons have increased levels
of PCNA (Fig. 4A) suggesting, as in previous reports, that
neurons pass the S phase and die when they reach G2/M
checkpoint. In addition, the proteomic analysis revealed
an increase in other proteins in neurons lacking DJ-1 as
shown for Mitogen-Activated Protein Kinase 3 (MAPK3)
(Fig. 4B), which can support a transition from G1 to S phase.
Moreover, a decrease in brain-derived neurotrophic factor
(BDNF) receptor expression was observed in djI ™~ neurons



Cellular and Molecular Neurobiology

A
0,018 4
PR T A1/ iz dits djts
[
§ 0,014 4 289 kD: TOR - ’_ RICTOR (200 kD:
5 ssioamron—>{ 5 o o || B b Je— mcron aooios
% 0,01 .
25 : W dj1+/+ p—mTOR2481_)| o “-*'(— B-actin (45 kDa)
s £ 0008 dj1-/- (289 kDa)
2 0006 T . (45 kDa) B-actin e —“ ———t |<— GBL (37 kDa)
o 0,004 4
= p-mTor2ass__ [ _ acti
& 0,002 (289 kDa) _)l | l-—l"(— P-actin (45 kDa)
0 (45 kDa) ﬂ-actin—)lzl
p-MAP2/MAP2  p-MAP1b/MAP1b
(o D
8 2.5
1.5+ ) s
* * * o (j1+/+ 'g 2.0 A
’—‘ . A d]t’/‘ d]1+ : L] dj1+/+
. 1.5 i1-/-
1.0 } o s gt A A dj1+-

Relative protein abundance
(a.u)

o o

o n

L 1

T
N
RO R S
& & & & &
O O N )
4 4 (% W
¢ ¢ o O
o O
F < <
550€E+07 -
500e+07
450E+07 1
400€+07 4 i
z
§ 1,50E+07 - mdjl+/+
£ dj1-/-
1,00E+07 -
*
5,00E+06 -
0,00E+00 ' I
PTEN AKT Gsk3a Gsk3B

Fig.3 Analysis of proteins related to Cdk5, Akt/GSK, and mTOR
pathways. A Ratio of phosphof/total protein levels for the two targets
of Cdk5 MAP2 and MAPI1b as quantitated from the MS/MS spectra.
B-D Western blot analysis and quantification of proteins belonging to
mTOR pathway, including the two phosphorylated forms of mTOR,
p-mTOR2481 (auto-phosphorylated residue), and p-mTOR2448
(phosphorylated by Akt), in neurons wild-type and knockouts for

(Fig. 4C). BDNF has been described to downregulate cyclin
B expression and Cyclin-dependent kinase 1 (Cdk1) activ-
ity in neurons, contributing to blockade of G2/M transi-
tion (Ovejero-Benito and Frade 2013). Thus, the decrease
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in BDNF receptor that we have observed in dj/ ™~ neurons
could release this blockade and stimulate cell cycle progres-
sion from G2 to M phase leading to cell death at this point
of post-mitotic neurons.
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Fig.4 Analysis of cell cycle enhancing factors in neurons wild-type
and djl1™". Levels of the protein PCNA implicated in cell cycle pro-
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quantification of advanced glycation end products (AGEs) (a repre-
sentative gel and global densitometry analysis are shown). E Protea-
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Another factor contributing to cyclins expression and cell
cycle re-entry is the production of advanced glycation end
products (AGEs) (Kuhla et al. 2015). We analysed protein
glycation and found that it was increased in neurons lacking
DJ-1 (Fig. 4D). This is supported by the increase of glyco-
lytic flux since is estimated that 0.1-0.4% of this flux results
in methylglyoxal and therefore AGEs production (Allaman
et al. 2015). Our results showed an increase in glucose
consumption, lactate production, and higher activities of
the glycolytic enzymes glyceraldehyde-3P dehydrogenase
(GAPDH) and lactate dehydrogenase (LDH) resulting in the
rise of methylglyoxal levels in dj/ "~ neurons (Supplemen-
tary Fig. 6). Therefore, AGEs increase in djI~~ neurons
may be another factor contributing to cell cycle activation
and neuronal death.

Finally, we detected up-regulation of some proteasome-
related proteins (Fig. 1C), although the changes are minimal.
We decided to investigate this pathway since loss of func-
tion of ubiquitin proteasome system (UPS) is involved in the
pathogenesis of PD and other neurodegenerative diseases
(Zheng et al. 2016). Additionally, tau phosphorylation leads
to malfunction of UPS and cyclins accumulation that induce
neurons re-entry into the cell cycle (Sharma et al. 2017).
We observed a general up-regulation of proteasome proteins
in neurons lacking DJ-1, although only two of them were
significantly increased (Fig. 4E). This could be probably
due to a compensatory mechanism since proteasome activ-
ity was decreased (Fig. 4F). Thus, loss of activity of UPS
produced by the increase in tau phosphorylation, observed
in djl~’~ neurons, may contribute to cell cycle activation by
cyclins that normally are degraded and consequently result-
ing in death of these neurons.

DJ-1 Deficiency Induces Cell Cycle Re-entry and ROS
Production Triggering Apoptosis in Post-mitotic
Neurons

We then assessed whether DJ-1 was involved in cell cycle
re-entry and its effect in survival of cortical neurons. After
8 days of culture, neurons appear completely differentiated
(Fig. 5A), and no differences in cell survival seem to be
appreciated when cells are counted before performing the
experiments (Fig. 5B), although a small decrease in the num-
ber of cells is seen in DJ-1-deprived cells. However, as has
been previously described (Ariga 2017; Irrcher et al. 2010;
Yang et al. 2017), lack of DJ-1 results in production of H,O,
and depletion of reduced glutathione (Fig. 5C, D). Since the
increase in ROS and depletion of GSH lead to an increase
of oxidative stress that activates apoptotic cell death, we set
out to determine apoptosis. DJ-1 deficiency produced a sig-
nificant increase in apoptosis rate as shown by flow cytom-
etry analysis of annexin V-positive cells (Fig. SE). Finally,
to confirm the results obtained by proteomic analysis, we

next analysed the proportion of cell cycle-entering neu-
rons (BrdU™). Cortical neurons maintained their ability to
incorporate BrdU showing a slight decrease in the GO/G1
phase and a significative increase in S and G2/M phases
(Fig. 5F). This indicates an enlargement of the S and G2/M
phases in djI~~ cortical neurons, as previously described
for mouse embryonic fibroblasts deficient in DJ-1 (Requejo-
Aguilar et al. 2015), that has been linked to neurodegenera-
tion (Sharma et al. 2017; Frade and Ovejero-Benito 2015;
Nandakumar et al. 2021).

Discussion

Our results point to cell cycle re-entry as the cause of neu-
ronal death associated to DJ-1 deficiency. Many of the path-
ways we have observed changing in neurons lacking DJ-1
have been implicated in cell cycle re-entry in neurodegen-
eration and neuromuscular disorders, including Parkinson’s,
Alzheimer, or Huntington diseases (Sharma et al. 2017).
Furthermore, the idea of cell cycle re-entry as the cause of
neuronal death associated to DJ-1 deficiency is supported by
the fact that, as in our case, lack of DJ-1 produces oxidative
stress (Ariga 2017), which is one of the main causes reported
for inducing cell cycle abnormalities in post-mitotic neurons
(Sharma et al. 2017).

The proteomic analysis reveals that DJ-1 deficiency alters
cell cycle checkpoints through Cdk5 signalling up-regula-
tion (Fig. 5). CdkS5 acts in post-mitotic neurons controlling
functions, such as axonal guidance and synapse regulation
(Lopes et al. 2009). However, under pathological conditions,
as is the case in our experimental model of increased oxi-
dative stress associated to DJ-1 deficiency, Cdk5 induces
cell cycle proteins and forces mature neurons to reactivate
it (Lopes et al. 2009; Veas-Perez de Tudela et al. 2015;
Lapresa et al. 2019). The increase in PCNA observed in
djl~~ neurons indicates a progression in the cell cycle at
least until G2 phase in these neurons, in agreement with the
model proposed for other pathologies (Lopes et al. 2009).
This may be mediated by the increase in tau phosphorylation
(Castro-Alvarez et al. 2014) that contributes to DNA damage
and activation of mitogenic signals as well as cyclins and
Cdks imbalance by UPS dysfunction (Sharma et al. 2017).

In fact, DJ-1 mutations have been related to tau hyper-
phosphorylation (Wang et al. 2013) and it has been widely
described that DJ-1 colocalises with tau inclusions in brains
from PD patients indicating that DJ-1 can act as a chaperone
modulating the aggregation and toxicity of tau as has been
demonstrated for other proteins that form inclusions, such as
a-synuclein, mutant huntingtin, and microtubule-associated
protein 1B (MAP1B) (Zondler et al. 2014; Wang et al. 2011;
Repici and Giorgini 2019).
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Fig.5 Effect of DJ-1 deficiency on cell cycle, ROS production, and
apoptosis in post-mitotic neurons. A Phase-contrast microscopy of
8-day cultures mouse cortical neurons shows similar cell viability for
wild-type and knockouts DJ-1 cells; this result was corroborated by
cell counting (B). Lack of DJ-1 increases ROS production, as appre-
ciated by rate of H,0, detection (C), and decreases glutathione lev-

Here, we show how DJ-1-deficient neurons show
increased levels of tau phosphorylation and decreased pro-
teasome activity that, along with up-regulation of CdkS5 sig-
nalling, agree with re-entry into the cell cycle as a possible
cause of neuronal death. The increased phosphorylation of
tau in neurons lacking DJ-1 in T170 of mouse 430 isoform
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els (D). The levels of apoptosis were also higher in neurons djl ™~ as
shown the proportion of annexin V-positive/7-AAD-negative cells,
determined by flow cytometry (E). Incorporation of BrdU/7-AAD
into DNA of cortical neurons shows an increase in the S and G2/M
phases for cells knockouts (F). Data are expressed as mean+SD
(N>3, n=3; t test; *p<0.05; *¥p<0.01)

is equivalent to T181 of human 441 isoform. This residue
has been described to be phosphorylated in both normal and
pathological conditions (Morris et al. 2015). Furthermore,
cdk5 activation seems to be mediating tau hyperphospho-
rylation in different residues, including T181, increasing
neurofibrillary pathologies development (Noble et al. 2003),



Cellular and Molecular Neurobiology

and conversely CdkS5 inhibition reduces tau phosphorylation
in T181 which contributes to reduce tau-associated patholo-
gies (Seo et al. 2017).

Neurodegeneration associated to cell cycle re-entry is
also related to disturbances in signalling pathways involv-
ing proteins, such as Notch, Wnt, Akt, and MAPK (Sharma
et al. 2017). AMPK and p-Akt have been related to tau phos-
phorylation (Domise and Vingtdeux 2016; Ksiezak-Reding
et al. 2003) and MAPK signalling pathway is activated and
initiates cell cycle in post-mitotic hippocampal neurons after
a lesion by increased expression of cyclin D (Hernandez-
Ortega and Arias 2012). Therefore, the up-regulation of
AMPXK signalling, inhibition of PI3K/Akt/mTOR signalling
with the increase in Akt phosphorylation, and increase in
MAPK3 (ERK1) protein that we observed in neurons lack-
ing DJ-1 can account for an aberrant activation of the cell
cycle.

AGEs are increased in neurons lacking DJ-1. AGEs are
mostly produced from methylglyoxal, an inevitable by-
product of glycolysis (Allaman et al. 2015). Mouse embry-
onic fibroblasts (MEFs) deficient for protein DJ-1 have been
described to increase their glycolytic rate (Requejo-Aguilar
et al. 2015) and the same seems to happen in our case. Thus,
is not surprising that dj/ '~ neurons showed an increase in
glycated proteins. The observed increase in AGEs in neu-
rons lacking DJ-1 could also contribute to cell cycle acti-
vation since it has been shown that AGEs produced as a
consequence of oxidative stress act as mitogenic compounds
inducing expression of cyclin D and DNA replication in a
mouse model of Alzheimer disease deficient for apolipopro-
tein E (Kuhla et al. 2015).

Finally, other triggering factors contributing to cell cycle
activation, such as UPS dysfunction and deprivation of the
brain-derived neurotrophic factor (BDNF) and its receptor
(Sharma et al. 2017), were also found in djl ™/~ neurons,
supporting the idea of cell cycle re-entry as the cause of
neuronal death. All these results are supported by the fact
that we observed an increased number of neurons entering
the cell cycle being in S and G2/M phases. Thus, target-
ing aberrant cell cycle progression using cyclins and Cdks
inhibitors or molecules that induce cell cycle arrest could be
a promising therapeutic strategy for PD treatment.

Methods
Ethical Statement Regarding the Use of Animals

Mice were bred at the Animal Experimentation Unit of the
University of Cérdoba, and all protocols were approved
by the Bioethics Committee of the University of Cérdoba
in accordance with the Spanish legislation (RD53/2013).
DJ-1-knockout mice were generously donated by Juan P.

Bolafios (University of Salamanca, Spain) (Flicek et al.
2011), back-crossed for at least eleven generations with
C57Bl/6]J WT mice for the experiments, and bred under
homozygosis.

Cell Cultures

Cortical neurons in primary culture were prepared from
foetal (E15.5) dj1~/~ (DJ-1 KO) and djI™* (WT) offspring.
Cells were seeded at 1.8 x 10° cells cm™2 in cell culture plas-
tic dishes previously coated with poly-p-lysine (15 ug ml~")
in neurobasal medium containing 2% of B-27 supplement
(Gibco Brl-Life Technologies, Grand Island, NJ, USA) and
2 mM L-glutamine. Neurons were incubated at 37 °C in a
humidified 5% CO,-containing atmosphere; at 2nd day, the
medium was replaced, and neurons were used on the seventh

or 8th day in vitro.

Sample Preparation

Cortical neurons grown for 7-8 days were harvested and
lysed in 100 mM Tris—HCI buffer, pH 7.5, using a homog-
enization pestle for 1.5 ml tubes. The extracts were cen-
trifuged, and the supernatants were stored at — 80 °C until
use for mass spectrometry or Western blot analysis. For the
determination of proteasome activity, the neuron pellet was
homogenized with sea sand in Tris—HCI buffer (0.5 mM
EDTA, 1 mM PMSF, 100 mM Tris—HCI, pH 7.5). The sam-
ples were centrifuged, and the supernatant fraction was col-
lected for analysis.

Mass Spectrometry
Sample Preparation, Digestion, and nLC-MS2 Analysis

Samples from supernatants were prepared and analysed in
the Proteomics Facility at Research Support Central Ser-
vice (SCAI), University of Cordoba. Protein extracts were
cleaned up in 10% 1D SDS-PAGE. The gel was stained with
Coomassie Blue and protein bands were cut off, diced, and
kept in water until digestion. Gel dices were firstly distained
and protein resuspended and reduced by addition of 20 mM
dithiothreitol. The mixture was cooled down to room tem-
perature and alkylated by addition of 40 mM iodoaceta-
mide. Proteolytic digestion was performed by addition of
Trypsin (Promega, Madison, WI) and stopped by addition
of trifluoroacetic acid, and the digested samples were finally
Speedvac dried. Nano-LC was performed in a Dionex Ulti-
mate 3000 nano UPLC (Thermo Scientific) as described
previously (Padilla et al. 2019).
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Data Analysis

MaxQuant (v1.5.7.0) (Cox and Mann 2008) and Perseus
(v1.5.6.0) (Tyanova et al. 2016) software were used to ana-
lyse the different MSe runs in triplicate. Proteins were iden-
tified by searching raw data against the mouse UniprotKB/
Swiss-Prot protein database (February 2018 version). Car-
bamidomethylation of cysteines as fixed modification, and
oxidation of methionine and phosphorylation (ST) (Y) as
variable modifications, were set for the study. Cleavage
specificity was by trypsin, allowing for a maximum of one
missed cleavage, a mass tolerance of 10 ppm for precur-
sors and 0.01 Da for fragment ions. The false discovery rate
(FDR) cut-off for protein identification was 1%. Enabling
the “match between runs” option allowed for identification
transfer between samples. Similar proteins were grouped,
and only unique peptides were used for quantification.
Identified from reverse database or contaminant hit proteins
were removed prior to further analysis. Finally, the result-
ant list was analysed according to the instructions of the
software developers (Tyanova et al. 2016). The criteria for
considering a differentially expressed protein were that it
was identified and quantified using at least two unique pep-
tides and had a p <0.05 value. (Supplementary Tables S1
and S2). The same criteria were used to identify peptide
phosphorylation, including a value of posterior error prob-
ability (PEP) <0.05 (Supplementary Table S3). Functional
enrichment analysis was carried out using Ingenuity Path-
ways Analysis tool (IPA-Ingenuity Systems, www.ingenuity.
com) and the results were compared with other tools, such
as GOrilla, David, and String (Eden et al. 2009; Huang et al.
2007; Szklarczyk et al. 2015). The mass spectrometry pro-
teomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE (Perez-Riverol et al. 2019) part-
ner repository with the dataset identifier PXD029351.

Western Blot

Cells were lysed in 50 mM Tris—HCI buffer, pH 7.5 sup-
plemented with 2% sodium dodecyl sulphate (SDS), 2 mM
EDTA, 2 mM EGTA, phosphatase inhibitor (50 mM NaF),
and protease inhibitors (100 mM phenylmethylsulphonyl
fluoride, 50 ug ml~! amastatin, and 50 pg ml~! leupeptin),
stored on ice for 30 min and boiled for 10 min. Extracts
(25-100 pg) were subjected to SDS-PAGE and blotted
onto nitrocellulose membrane (GE Healthcare Life Sci-
ences). After electrotransfer, membranes were blocked for
1 h with 5% non-fat milk (BioRad) solubilized in TBS-T
(150 mM NacCl, 50 mM Tris, pH 7.5, 0.05% Tween-20).
Primary antibodies were anti-AGEs (rabbit, 1:100 dilution,
ref #ab23722, AbCam), anti-mTOR Pathway Antibody
Sampler Kit (rabbit, 1:1000 dilution, ref #9964, Cell Sig-
nalling), anti-Akt (mouse, 1:1000 dilution, ref #sc-5298,
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Santa Cruz Biotechnology), anti-p-Akt (rabbit, 1:1000 dilu-
tion, ref #4060, Cell Signalling), anti-DJ-1 (rabbit, 1:2000
dilution, ref #PA1-46262, Invitrogen), and anti-f-actin
(mouse, 1:2000 dilution, ref #sc-47778, Santa Cruz Bio-
technologies); secondary antibodies were anti-rabbit IgG-
peroxidase conjugate (goat, 1:40,000 dilution, ref #A0545,
Sigma-Aldrich) and anti-mouse IgG-peroxidase conjugate
(goat, 1:80,000 dilution, ref #A2554, Sigma-Aldrich). Incu-
bations were carried out overnight and for 2 h, respectively.
Signal detection was performed with an enhanced chemilu-
minescence kit (ECL Plus Western blotting detection reagent
from GE Healthcare). Western blots were done at least in
triplicate and represent independent replicate experiments.
The protein abundances were measured by densitometry of
the bands on the membranes using ImageJ 1.48u4 software
(National Institutes of Health, USA) and normalized against
the corresponding p-actin band.

Proteasome Activity Assay

Cells from three independent experiments were lysed as
described above. The proteasomal activity was measured
using the 20S Proteasome Activity Assay kit according to
the manufacturer’s instructions (APT280, Chemicon, Mil-
lipore). Proteasome activity is expressed as AMC (7-amino-
4-methylcoumarin) relative fluorescent units (RFU) with the
signal of the fraction inhibited with Lactacystin, an inhibitor
of the 20S proteasome P5 subunit provided in the kit, as a
reference.

ROS and Glutathione Analyses

For ROS assessment in cortical neurons, whole cell-derived
H,0, was measured, in intact cells, using the fluorescent
AmplexRed probe (Invitrogen), 1.5x 10* cells were incu-
bated in 100 pM AmplexRed in Krebs—Ringer Phosphate
buffer (145 mM NacCl, 5.7 mM Na,PO,, 4.86 mM KClI,
0.54 mM CaCl,, 1.22 mM MgSO,, and 5.5 mM glucose,
pH 7.4), and the luminescence recorded for 45 min at 1-min
intervals using a Fluoroskan Ascent FL (Thermo Scientific,
Rockford, IL, USA) fluorimeter (excitation: 538 nm, emis-
sion: 604 nm), and the slopes were used for calculations.
Glutathione levels were also determined, in cortical neu-
rons, by adding 1% (wt/vol) of sulfosalicylic acid and an
equal volume of NaOH 0.1 M to the cells. Cell lysates were
centrifuged at 13,000xg for 5 min at 4 °C, and the super-
natants were used for the determination of total glutathione
(GSH +2xGSSG), as described previously (Griffith 1980).

Flow Cytometric Detection of Neuronal Death

APC/C-conjugated annexin V and 7-aminoactinomycin D
(7-AAD) (Becton Dickinson Biosciences, San Jose, CA,
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USA) were used to determine quantitatively the percent-
age of apoptotic neurons by flow cytometry. Neurons were
softly detached from the plates using PBS containing EDTA
1 mM. Then, cells were stained with annexin V-APC and
7-AAD, following the manufacturer’s instructions and were
analysed on a FACScalibur flow cytometer (15 mW argon
ion laser tuned at 488 nm) using the CellQuest software
(BDB). Cells stained with annexin V-APC and negative for
7-AAD were considered apoptotic.

Cell Viability and Cell Cycle Analysis

After 8-day culture, neurons were detached as previously
described for apoptosis determination. BrdU incorporation
into DNA and cell cycle phase percentage were determined
by flow cytometry. This was achieved after 3 h of incuba-
tion with 10 mg ml~! BrdU using the APC BrdU Flow Kit
(BD Biosciences), following the manufacturer’s instructions.
Number of cells alive after the incubation period was also
confirmed by direct counting under light microscopy. Cells
were visualized using a phase contrast-inverted microscope
(CK2-TR; Olympus) and D Ach 10x, LWD CD Ach 20x
brightfield objectives (Olympus).

Measurement of Enzymatic Activities, Glucose, Lactate,
and Methylglyoxal

Glycolytic enzymatic activities and metabolites were
assayed in fresh cell lysates obtained homogenizing cells
with a pellet pestle in phosphate buffer 100 mM containing
EDTA 0.5 mM, pH 7.4. Lactate dehydrogenase (LDH) and
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were
measured according to the method described by Fielek and
Mohrenweiser (1979). Glucose and lactate concentration in
the culture medium were determined by standard enzymatic
colorimetric assays at 505 nm (Labkit, Chemelex, S.A.,
Spain). The concentration of methylglyoxal (MG) was esti-
mated by the method of Wild et al. (2012). MG content was
calculated using a standard curve of known concentrations.

Protein Determination

Protein concentrations were determined in the lysates or in
parallel cell culture incubations after solubilization with
0.1 M NaOH. Protein concentrations were determined using
a Pierce BCA Protein Assay kit (Thermo Scientific, Milan,
Italy) with bovine serum albumin as a standard.

Statistical Analysis

GraphPad Prism 9.0.1 (GraphPad Software, Inc., San Diego,
CA) was used to assess significant differences. All measurements

were carried out in triplicates, at least, in three independent
experiments, and the results are expressed as the mean +standard
deviation (SD). Two groups were compared, and statistical analy-
sis of the results was performed by unpaired ¢ test with Welch’s
correction. In all cases, p <0.05 was considered significant.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10571-022-01206-7.
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