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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 normal cortical neurons and neurons lacking DJ-1, we
show that this protein is involved in cell cycle checkpoints disruption as a consequence of increased
amount of p-Tau and a-synuclein proteins, altered signalling pathways, as the phosphoinositide-3-
kinase/protein kinase B (PI3K/AKT) and mitogen-activated protein kinase (MAPK), and deregulation of
cyclin-dependent kinase 5 (Cdk5). Cdk5 is normally involved in dendritic growth, axon formation and the
establishment of synapses, but can also contribute to cell cycle progression, as in our case, 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. Thereby, new approaches targeting cell cycle re-entry can be envisaged to improve current therapeutic
strategies.

Introduction
DJ-1 protein was first described as the product of an oncogene and its high expression was reported in
many cancers (1). 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 disease, Huntington disease and
amyotrophic lateral sclerosis (2, 3). The extensive amount of disorders in which DJ-1 is involved,
probably due to its multiple functions, 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 (3). Emerging evidences indicate that aberrant cell cycle associated to oxidative stress
in mature neurons may be behind neurodegeneration. Expression of cell cycle markers in differentiated
neurons is necessary to carry out synaptic function, neuronal migration and maturation (4). However,
overexpression of these markers can also lead to a cell cycle re-entry, lethal to neurons, through different
pathways. Thereby, reactive oxygen species (ROS) mediate oxidative stress-induced DNA damage,
ubiquitin proteasome system (UPS) dysfunction, accumulation of toxic proteins such as α-synuclein,
parkin, Tau and amyloid β, and activation of signalling pathways including PI3K/Akt, P38/MAPK, Wnt/β-
catenin and Notch (5), and subsequent activation of cell cycle. Interestingly DJ-1 has been associated to
many of these events. Thus, loss of function or mutation of DJ-1 leads to α-synuclein accumulation and
aggregation along with an increase in Tau hyperphosphorylation (6, 7). DJ-1 also participates in the
regulation of signalling pathways including MAPK and Akt (8). Finally, DJ-1 has been described to
regulate proteasomal activity depending on its oxidation state (9). For this, 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
described previously. In this regard, fibroblasts lacking DJ-1 show increased proliferation (10), and
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neurons and neural precursors from Pink1 deficient mice, a protein transcriptionally regulated by DJ-1,
showed an increase in the number of cells re-entering the cell cycle (11).

Here we combined biochemical 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 protein 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 determine 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 139 showed significant variation (Table S2), most of them (~ 80%) being up-regulated in neurons
knockout for DJ-1 (Fig. 1A-B). As proof of analysis reliability, the spots corresponding to DJ-1, absent in
knockout neurons, and α-synuclein, known to accumulate in the absence of DJ-1 (6, 12), are shown
(Fig. 1A). The main 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-κB (NF-κB); mitochondrial dysfunction and Parkinson´s
disease (Fig. 1B, Supplementary Fig. 1A). The main increases were detected in proteins involved in mRNA
splicing, proteasome activity, regulation of translation, Akt and AMPK signalling, and cell cycle control
through Cdk5 (Fig. 1C, Supplementary Fig. 1B). The increase in some of these proteins can lead to
induction or inhibition of several pathways (Fig. 1D).

Altogether, the changes observed suggest an abnormal entry into the cell cycle that can be responsible for
neuronal death associated to PD onset.

α-synuclein and p-Tau accumulation is associated to DJ-1
deficiency in primary neuron cultures
Accumulation of unfolded protein forming aggregates is a hallmark of most neurodegenerative diseases
including PD. For that, it is not surprising that DJ-1 deficiency has been associated with aggregation not
only of α-synuclein but also of other proteins such as p-Tau (6, 7). Our results show that DJ-1 deficient
primary neurons have increased amounts of both α-synuclein and p-Tau and no significant increase in
the amount of unphosphorylated Tau and β-amyloid (Fig. 2A-D) (Supplementary Fig. 2).

These data indicate that DJ-1 might play a role in α-synuclein aggregation and Tau phosphorylation.
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Tau hyperphosphorylation in DJ-1 knockout neurons seems to be mediated by Cdk5 and directly by Akt
and AMPK

Proteins related to Cdk5 signalling were upregulated in dj1−/− neurons (Fig. 1D) in parallel with an
increase in Tau phosphorylation. Cdk5 has been described to directly phosphorylate Tau and other
proteins such as MAP2 and MAP1b (13), and we have also observed an increased phosphorylation in
these two proteins (Fig. 3A) (Supplementary Fig. 2). Another mechanism to increase p-Tau seems to be
related directly to Akt, since canonical Akt pathway is inhibited in dj1−/− neurons (Fig. 1D) and inhibition
of mTOR pathway was also observed (Fig. 3B-D and Fig. 1D). Some authors have described an increase
of Tau phosphorylation through Akt/GSK-3β pathway in neuroblastoma cells when DJ-1 was mutated
(7). However, we did not observe changes in Akt/GSK-3β pathway since GSK-3β levels were similar in
both dj1+/+ and dj1−/− neurons (Fig. 3E) and no phosphorylation of this protein was detected.
Nonetheless, GSK-3α 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-3β (14). In fact, both GSK3α and β have been widely related with Alzheimer pathogenesis (15) and
both interact with Tau (16). On the other hand, an increase in Akt phosphorylation level was observed in
DJ-1 knockout neurons (Fig. 3G). Akt has been described to phosphorylate Tau in vitro (17), thus, it would
not be surprising if the same happens in vivo. Finally, AMPK signalling pathway, that is activated in dj1−/−

neurons (Supplementary Fig. 1B), has been also involved in Tau hyperphosphorylation (18).

Factors that trigger cell cycle re-entry are increased in DJ-1
deficient neurons
Accumulation of α-synuclein and p-Tau, and changes in Akt pathway, described above for dj1−/− neurons,
have also been described to force cell cycle re-entry in mature neurons leading to cell death as reported
for PD and other neurodegenerative diseases (5). In this regard, the role of Cdk5 should be highlighted
because we observed an increase in Cdk5 signalling (Fig. 1D) and changes in cell cycle checkpoints in
neurons deficient for DJ-1 (Supplementary Fig. 1B). Cdk5 is not only involved in Tau
hyperphosphorylation, but also, in apoptotic neuronal death and cell cycle regulation. In mature neurons,
Cdk5 is involved in axonal guidance and synaptic function, but in pathological conditions, such as
accumulation of amyloid-β and prion peptides, it is able to induce proteins involved in reactivating cell
cycle from G0 in mature neurons (19). Phospho-retinoblastoma and proliferating cell nuclear antigen
(PCNA) is among the cell cycle related proteins induced by Cdk5 (19). Here, we show that dj-1−/− 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 the increase in
other proteins in neurons lacking DJ-1 as shown for MAPK3 (ERK1) (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 dj1 −/− neurons (Fig. 4C). BDNF has been described to downregulate cyclin B
expression and Cdk1 activity in neurons, contributing to blockade of G2/M transition (20). Thus, the
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decrease in BDNF receptor we have observed in dj-1−/−neurons could release this blockade and stimulate
cell cycle progression from G2 to M phase leading to cell death at this point of post-mitotic neurons.

Another factor contributing to cyclins expression and cell cycle re-entry is the production of advanced
glycation end products (AGEs) (21). We analysed protein glycation and found that it was increased in
neurons lacking DJ-1 (Fig. 4D). Thereby, AGEs increase in dj1−/− neurons may be another factor
contributing to cell cycle activation and neuronal death.

Finally, we detected up-regulation of proteasome related proteins (Fig. 1C). Loss of function of ubiquitin
proteasome system (UPS) is involved in the pathogenesis of PD and other neurodegenerative diseases
(22). Additionally, Tau phosphorylation leads to malfunction of UPS and cyclins accumulation that
induce neurons re-entry into the cell cycle (5). We observed a general up-regulation of proteins that form
the proteasome in neurons lacking DJ-1 (Fig. 4E), probably due to a compensatory mechanism, because
when proteasome activity was analysed a decrease in the activity was observed (Fig. 4F). Thus, loss of
activity of UPS, probably due to the increase in Tau phosphorylation, observed in dj1−/− neurons, may
contribute to cell cycle activation by cyclins that normally are degraded and consequently resulting in
death of these neurons.

Discussion
Our results point to cell-cycle re-entry as the cause of neuronal death associated to DJ-1 deficiency. Many
of the pathways we have observed changing in neurons lacking DJ-1 have been implicated in cell cycle
re-entry in neurodegeneration and neuromuscular disorders including Parkinson´s, Alzheimer or
Huntington diseases (5). 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 lack of DJ-1 produces oxidative stress (3),
which is one of the main causes reported for inducing cell cycle abnormalities in post-mitotic neurons (5)

The proteomic analysis reveals that DJ-1 deficiency alters cell cycle checkpoints through Cdk5 signalling
up-regulation (Fig. 5). Cdk5 acts in postmitotic neurons controlling functions such as axonal guidance
and synapse regulation (19). However, under pathological conditions, as is the case in our experimental
model of increased oxidative stress associated to DJ-1 deficiency, Cdk5 induces cell cycle proteins and
forces mature neurons to reactivate it (19). The increase in PCNA observed in dj1−/− 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 (19). This may be mediated by the increase in Tau phosphorylation (13)
that contributes to DNA damage and activation of mitogenic signals as well as cyclins and Cdks
imbalance by UPS dysfunction (5).

In fact, DJ-1 mutations have been related to Tau hyperphosphorylation (7) 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
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proteins that form inclusions such as α-synuclein, mutant huntingtin and microtubule associated protein
1B (MAP1B) (23–25).

Here, we show how DJ-1 deficient neurons show increased levels of Tau phosphorylation and decreased
proteasome activity that, along with up-regulation of Cdk5 signalling, agree with re-entry into the cell cycle
as a possible cause of neuronal death. Neurodegeneration associated to cell cycle re-entry is also related
to disturbances in signalling pathways involving proteins such as Notch, Wnt, Akt and MAPK (5). AMPK
and p-Akt have been related to Tau phosphorylation (17, 18) and MAPK signalling pathway is activated
and initiate cell cycle in post-mitotic hippocampal neurons after a lesion by increased expression of
cyclin D (26). Thereby, the up-regulation of AMPK signalling, inhibition of PI3K/Akt/mTOR signalling but
with the increase in Akt phosphorylation, and increase in MAPK3 (ERK1) protein, that we observed in
neurons lacking 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 (27), and mouse embryonic fibroblasts (MEFs) deficient for protein DJ-1 have
been described to increase their glycolytic rate (10). Thus, is not surprising that dj1−/− neurons showed an
increase in glycated protein. The observed increase in AGEs in neurons lacking DJ-1 could also contribute
to cell cycle activation 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 apolipoprotein E (21).

Finally, other triggering factors contributing to cell cycle activation like UPS dysfunction and deprivation
of the brain derived neurotrophic factor (BDNF) and its receptor [5], were also found in dj1−/− neurons,
supporting the idea of cell cycle re-entry as the cause of neuronal death. Thus, targeting aberrant cell
cycle progression by 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 Córdoba, and all protocols were approved by the Bioethics Committee of the University of
Córdoba in accordance with the Spanish legislation (RD53/2013). DJ-1 knockout mice were generously
donated by Juan Pedro Bolaños (Institute of Functional Biology and Genomics, Salamanca, Spain) (28);
back-crossed for at least eleven generations with C57Bl/6J 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
dj1+/+ (WT) offspring. Cells were seeded at 1.8 x 105 cells cm-2 in cell culture plastic dishes previously
coated with poly-D-lysine (15 µg ml-1) in neurobasal medium containing 2% of B-27 supplement (Gibco
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Brl-Life Technologies, Grand Island, NJ, USA) and 2mM L-glutamine. Neurons were incubated at 37 °C in
a humidified 5% CO2-containing atmosphere; at second day, the medium was replaced, and neurons were
used on the seventh or eighth day in vitro.

 

Sample preparation. Cortical neurons grown for 7-8 days were harvested and lysed in 100mM Tris-HCl
buffer, pH 7.5, using a homogenization pestle for 1.5 mL tubes. The extracts were centrifuged, and the
supernatants 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-HCl buffer
(0.5mM EDTA, 1mM PMSF, 100mM Tris-HCl, pH 7.5). The samples were centrifuged, and the supernatant
fraction was collected for analysis.

 

Mass spectrometry.

 

Sample preparation, digestion and nLC-MS2 analysis. Samples from supernatants were prepared and
analyzed in the Proteomics Facility at Research Support Central Service (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 20mM dithiothreitol. The mixture was cooled down to
room temperature and alkylatated by addition of 40mM iodoacetamide. Proteolytic digestion was
performed by addition of Trypsin (Promega, Madison, WI) and stopped by addition of trifluoroacetic acid,
the digested samples were finally Speedvac dried. Nano-LC was performed in a Dionex Ultimate 3000
nano UPLC (Thermo Scientific) as described previously (29).

Data analysis. MaxQuant (v1.5.7.0) (30) and Perseus (v1.5.6.0) (31) software were used to analyze the
different MSe runs in triplicate. Proteins were identified by searching raw data against the mouse
UniprotKB/Swiss-Prot protein database (February 2018 version). Carbamidomethylation 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 precursors 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 resultant list was analyzed according to the instructions of the software
developers (31). The criteria for considering a differentially expressed protein were that it was identified
and quantified using at least two unique peptides 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
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error probability (PEP)≤0.05 (Supplementary Table S3). Functional enrichment analysis was carried out
using Ingenuity Pathways Analysis tool (IPA-Ingenuity Systems, www.ingenuity.com) and the results
compared with other tools such as GOrilla, David and String (32-34).

 

Western blot. Cells were lysed in 50mM Tris-HCl buffer, pH 7.5 supplemented with 2% sodium dodecyl
sulphate (SDS), 2mM EDTA, 2mM EGTA, , phosphatase inhibitor (50mM NaF) and protease inhibitors
(100 mM phenylmethylsulphonyl fluoride, 50 µg ml-1 amastatin and 50 µg ml-1 leupeptin), stored on ice
for 30 min and boiled for 10 min. Extracts (25–100 μg) were subjected to SDS–PAGE and blotted onto
nitrocellulose membrane (GE Healthcare Life Sciences). After electrotransfer, membranes were blocked
for 1 h with 5% non-fat milk (BioRad) solubilized in TBS-T (150mM NaCl, 50mM Tris, pH 7.5, 0.05%
Tween-20). Primary antibodies were anti-AGEs (1:100; ab23722; Abcam), anti-mTOR Pathway Antibody
Sampler Kit (1:1000; Cell Signalling), anti-Akt (1:1000; sc-5298; Santa Cruz Biotechnology), anti-p-Akt
(1:1000; 4060S; Cell Signalling), anti-DJ-1 (1:2000; PA1-46262, Invitrogen), and anti-b-actin (1:2000; sc-
47778; Santa Cruz Biotechnologies);. Secondary antibodies were anti-rabbit (1:4000) and anti-mouse
(1:8000) IgG-peroxidase conjugates (Sigma). Incubations were carried out overnight and for 2 h,
respectively. Signal detection was performed with an enhanced chemiluminescence 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  b-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, Millipore). 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 β5subunit provided in the kit, as a reference.

 

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. All measurements in cell culture were carried out, at least, in triplicate, and the results
are expressed as the mean ± SEM values from at least three different culture preparations. Two groups
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were compared and statistical analysis of the results was performed by one-way analysis of variance
(ANOVA), followed by the Student's t test. In all cases, p<0.05 was considered significant.

Abbreviations
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Figure 1

Label-free quantitative (LFQ) Proteomic analysis of changes in DJ-1 knockout (dj1-/--KO) primary
cultured neurons. (A) Volcano plot showing the outcome of neurons dj1-/- vs dj1+/+, t-test performed with
Perseus. Proteins are distributed along x axis by fold change and y axis by p-value; proteins over the
dashed line represent those changing significantly in the absence of DJ-1. (B-D) Gene ontology and
Ingenuity pathways enrichment analysis. Enrichment analysis was performed by GO terms using GOrilla,
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String and David tools and also Ingenuity Pathways Analysis tool (IPA). Panels B and C show GO
biological terms, cellular components and molecular functions clusters that are down or up-regulated in
neurons lacking DJ-1 protein, respectively. Panel D shows canonical pathways more significantly altered
in DJ-1 deficient neurons detected by IPA indicating induction or inhibition for the different pathways
identified.

Figure 2

Quantitation of a-synuclein, b-amyloid and Tau in dj1-/- neurons. Levels of a-synuclein (A), b-amyloid (B)
and Tau (C) were detected by mass spectrometry and statistically analysed using Perseus.
Phosphorylated Tau peptides were also analysed using MaxQuant and the ratio p-Tau/Tau was
calculated (D). * indicates significant differences with p<0.05.
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Figure 3

Analysis of proteins related to Cdk5, Akt/GSK and mTOR pathways involved in cell cycle re-entry in
mature neurons when DJ-1 is absent. (A) Ratio phospho/ total protein levels for the two targets of Cdk5
MAP2 and MAP1b 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 control and



Page 17/19

neurons deficient for DJ-1 protein (a representative gel and global densitometry analysis are shown). (E)
Levels of proteins related to Akt/GSK pathway identified by mass spectrometry. (F-G) Western blot
analysis and quantification of Akt and phospho-Akt in neuron wild type and knockouts for DJ-1 protein.
Western blot data are mean ± SD (N≥3; t-test; *p<0.05).

Figure 4
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Analysis of cell cycle enhancing factors in neurons control and dj1-/-. Levels of the protein PCNA
implicated in cell cycle progression (A), MAPKs identified by mass spectrometry (B), and BDNF receptor
(C) identified and quantified by mass spectrometry, are shown. (D) Western blot and quantification of
advanced ends glycation products (AGEs) (a representative gel and global densitometry analysis are
shown). (E) Proteasome proteins identified by mass spectrometry and the fold change dj1-/- vs dj1+/+
are shown, highlighted are proteins with significant changed according to Perseus. (F) Proteasome
activity was also determined in these neurons, data are mean ± SD (N≥3, n=3; t-test; *p<0.05).

Figure 5

Schematic view of pathways induced and inhibited according to enrichment and biochemical analysis,
that may lead to cell cycle re-entry and neurodegeneration in DJ-1 knockout neurons (see main text for
further explanation).
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