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Abstract

DJ1 is a multifunctional protein whose mutations cause autosomal recessive early-onset Parkinson
disease (PD). DJ1 loss of function disrupts mitochondrial function, but the signaling pathway
whereby it interferes with energy metabolism is unknown. Here, we found that mouse embryonic
fibroblasts obtained from DJ1-null (dj17") mice showed higher glycolytic rate than those from
wild type DJ1 (dj1*/*). This effect could be counteracted by the expression of the full-length
cDNA encoding the wild type DJ1, but not its DJ1-L166P mutant form associated with PD. Loss
of DJ1 increased hypoxiainducible factor-1a (Hifla) protein abundance and cell proliferation. To
understand the molecular mechanism responsible for these effects, we focused on PTEN-induced
protein kinase-1 (Pink1), a PD-associated protein whose loss was recently reported to up-regulate
glucose metabolism and to sustain cell proliferation (Requejo-Aguilar, Lopez-Fabuel, Fernandez,
Martins, Almeida and Bolafios, 2014, Nature Communications 5, 4514). Noticeably, we found that
the alterations in glycolysis, HIF1a and proliferation of DJ1-deficient cells were abrogated by the
expression of Pink1. Moreover, we found that loss of DJ1 decreased pink1 mRNA and Pink1
protein levels, and that DJ1, by binding with Foxo3a transcription factor, directly interacted with
pinkl promoter stimulating its transcriptional activity. These results indicate that DJ1 regulates
cell metabolism and proliferation through Pink1.
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Introduction

DJ1 was initially identified as an oncogene [1] and it has been attributed antioxidant [2, 3],
chaperone [4, 5], transcriptional [6, 7] and RNA regulatory [8] properties. Mutations in DJ1,
such as L166P, cause loss of mitochondrial integrity [9, 10] and contribute to the
development of autosomal recessive early-onset Parkinson's disease (PD) [10]. Remarkably,
the function of DJ1 has been linked with those of Pink1 and Parkin, two proteins also found
mutated in autosomal recessive early-onset forms of PD [8]. Whilst PD relevant mutations
in DJ1, Pink1 and Parkin lead to mitochondrial dysfunction [11], their metabolic
consequences are not fully understood, and the mechanistic link between these proteins is
still a matter of debate. Thus, it has been found that the physical interaction of these proteins
protects cells against oxidative stress and promotes the degradation of unfolded proteins [12,
13]. However, other laboratories could not find such a physical interaction, and propose that
DJ1 would either act on the same upstream pathway, or in parallel to Pink1/Parkin [14, 15]
at protecting mitochondrial integrity [16, 17].

In view that DJ1 loss-of-function causes mitochondrial energy failure [18], here we
hypothesized whether DJ1 deficiency altered glucose metabolism by interacting with PTEN-
induced protein kinase-1 (Pink1), a protein whose loss was recently reported to up-regulate
glucose metabolism to sustain cell proliferation [19]. We found that loss of DJ1 increased
the glycolytic rate and cell proliferation, and that these effects were counteracted by the
expression of Pink1. Furthermore, we found that DJ1 physically interacted with Foxo3a to
activate pink1 promoter. These results indicate that DJ1 represses glucose metabolism and
cell proliferation by transcriptionally activating Pink1.

Experimental

Statement regarding the ethical use of animals

All animals used in this work were bred at the Animal Experimentation Unit of the
University of Salamanca, in accordance with Spanish legislation (RD 1201/2005) under
license from the Spanish Ministry of Science and Innovation. Protocols were approved by
the Bioethics Committee of the University of Salamanca.

Cell cultures

Mouse embryonic fibroblasts (MEF) were prepared from fetal (E13.5) dj17" and dj1*/*
(wild type; WT) offspring, derived from crossing dj17- mice at 11t generation under a
C57BI6/J background, generously donated by Wolfgang Wurst (Institute of Developmental
Genetics, Helmholtz Zentrum Miinchen, Neuherberg, Germany) [20], with wild type
C57BI6/J mice. Cells were seeded (10° cells/cm?) in high glucose (25 mM) DMEM (Sigma,
Madrid, Spain) with 10% fetal calf serum (FCS; Roche Diagnostics, Heidelberg, Germany),
L-glutamine (4 mM) and 1% penicillin-streptomycin-amphoteryicin (Sigma), and incubated
at 37°C in a humidified 5% CO»,-containing atmosphere. MEF were used at passages 10-20.
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Cells transfection

For plasmid transfections, 1.6 ug (per 103 cells) of the plasmid was mixed with 1 uM
polyethylenimine (PEI, Sigma) and pre-incubated for 10 min at room temperature in
Optimem medium (Invitrogen). Cells were then incubated with this PEI/DNA-containing
mixture at 37 °C for 1 h, followed by washing with PBS and further incubated in the
corresponding culture medium for 24 h (glycolytic flux and western blotting analyses) or 48
h (luciferase assay).

Assessment of cell proliferation

This was achieved by bromo-deoxy-uridine (BrdU) incorporation into DNA followed by
flow cytometric analysis after a 3 h-pulse with BrdU (10 mg/mL) using the APC BrdU Flow
Kit (Becton Dickinson Biosciences, Franklin Lakes, NJ, USA) following a previously
described protocol [21]. The proportions of cell cycle phases were also determined by flow
cytometric analyses of 7-AAD-stained cells. Cell proliferation was also confirmed by direct
counting under light microscopy.

Determination of the glycolytic rate

Suspensions of known amounts of cells (4-5x10° cells) obtained by smooth detaching from
the cultures were incubated in sealed vials containing a central well containing 1 ml of
water, which was used for 3H,0 trapping. Cells were incubated in the presence of 5 pCi of
D-[3-H]glucose in a Krebs-Henseleit buffer (11 mM NayHPO,, 122 mM NaCl, 3.1 mM
KCI, 0.4 mM KH,PQOy, 1.2 mM MgSQy, 1.3 mM CaCl,; pH 7.4) containing 5 mM D-
glucose at 37 °C. In order to ensure an adequate O, supply for oxidative metabolism by the
cells throughout the 90 min incubation period, the gas phase of the vials containing the cells
was supplied with extra O, before the vials were sealed. The glycolytic flux was measured
by assaying the rate of 3H,0 production from [3-3H]glucose, as detailed previously [22].
Lactate released to the culture media was also determined to estimate the glycolytic rate. To
do so, the increments in absorbance of the culture media samples were measured at 340 nm
in a mixture containing 1 mM NAD™ and 22.5 U ml-! lactate dehydrogenase in 0.25 M
glycine/0.5 M hydrazine/1 mM EDTA at pH 9.5.

Plasmids and site-directed mutagenesis

pcDNA-DEST47-Pink1-C-GFP was purchased from Addgene (plasmid 13316) [23]. GFP-
DJ1 (EX-10087-M03) was purchased from GeneCopoeia (Rockville, MD, USA). This GFP-
DJ1 cDNA fusion construct was subjected to site-directed mutagenesis to change Leul56 to
Prol66 using the QuikChange XL site directed mutagenesis kit (Stratagene, La Jolla, CA,
USA) using the following forward and reverse primers, respectively: 5’-
GGGACCAGCTTCGAGTTTGCGCCTGCAATTGTTGAAGCCCTGAATGGC-3 and 5'-
GCCATTCAGGGCTTCAACAATTGCAGGCGCAAACTCGAAGCTGGTCCC-3
(mutated nucleotides underlined). For Pink1 promoter activity assays, we used pGL4-based
luciferase reporter constructs harboring either the 0.4 kb regulatory region of Pink1 (pinkl
wild type promoter) or its 3 single-nucleotide substitution mutations within the Foxo3a-
binding site (pinkl FOXO3a-mutant promoter), which were generously donated by Y. Mei
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(Fujian, China) [24]. To investigate cholecystokinin (cck) promoter activity, we used the
pGL3-CCK-1615 construct, kindly provided by H. Ariga (Sapporo, Japan) [25].

RT-qPCR analysis—This was performed in total RNA samples purified from MEF.
Reverse transcription of pinkl was performed for 50 min at 48°C, and PCR conditions were
10 min at 95°C followed by 35 cycles of 30 s at 95°C plus 30 s at 54 °C and 30 s at 72 °C,
using the Maxima SYBR Green qRT-PCR Master Mix (Fermantas) and the following
primers (purchased from Thermo Scientific, Offenbach, Germany): forward, 5’-
TCAGGAGATCCAGGCAATTTT-3; reverse, 5-GCATGGTGGCTTCATACACA-3'.
Expression values were normalized using B-actin as housekeeping gene using the following
primers: forward 5-CGATGCCCTGAGGCTCTTTT-3’; reverse, 5'-
CAACGTCACACTTCATGATG-3'. The mRNA abundance of pinkl transcript was
normalized to the f-actin mMRNA abundance obtained in the same sample. The resulting
normalized values of the dj17-samples, with or without previous expression of dj1 or dj1
(L166P), were expressed as the fold change compared to the corresponding normalized
values of the WT samples.

Luciferase assay

To analyze pinkl and cck promoter activity, WT and dj17- MEFs were transfected with
either the wild type pink1, the Foxo3a-mutant pinkl or the cck promoters-driven luciferase
reporter constructs [24, 25], together with empty vector (M03; GeneCopoeia), dj1-
expressing vector (EX-10087-M03; GeneCopoeia) or dj1 (L166P) vector. After 24 h, cells
were lysed and luciferase activity was determined using a Luciferase Assay System Kit
(Promega Biotech Iberica) following the manufacturers' instructions. Values were
normalized to those found in either the WT or the dj17- samples, as indicated.

Chromatin immunoprecipitation

Chromatin immunoprecipitation was performed as described previously [26]. Formaldehyde
cross-linked chromatin fragments were immunoprecipitated with either 10 pg of anti-DJ1
antibody (Abcam, Cambridge Science Park, Cambridge, UK) or 2 ug of anti-histone H3
antibody (Abcam) overnight at 4 °C. Control samples were treated in the same way except
that no antibody was present. Immune-complexes were captured with protein A/G-agarose
and washed with 150 mM NacCl, 13.5% sucrose, 1% Triton X-100, 0.2% SDS, 0.02 NaN3, 5
mM EDTA, 20 mM Tris—Cl pH 8.0, and then 500 mM NaCl, 1% Triton X-100, 0.1%
deoxycholate, 0.2% NaN3, 1 mM EDTA and 50 mM HEPES pH 7.5, and finally Tris—
EDTA (10 mM TRIS, 1 mM EDTA, pH 8.0). Immunecomplexes were then eluted by
incubation with 1% SDS and 100 mM NaHCOs. To reverse cross-links, eluates and input-
DNA were incubated overnight at 65 °C. DNA was purified using the Qiagen PCR clean-up
kit (Qiagen, Valencia, CA, USA). PCRs were performed with primers flanking the Pink1
promoter (forward, 5-TGAGAGCACTTGGGAGTGGGGGAGAAGAG -3 and reverse, 5/
CTGTCGCACCGCCATGGTGGCGCGGTGACC -3'). PCR products were resolved by
electrophoresis in agarose gel and visualized with ethidium bromide.
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Western blotting

After transfections and treatments, cells were lysed in a buffer containing 2% sodium
dodecylsulphate, 2 mM EDTA, 2 mM EGTA, 50 mM Tris pH 7.5, supplemented with
phosphatase inhibitors (1 mM Na3VO4, 50 mM NaF) and protease inhibitors (100 pM
phenylmethylsulfonyl fluoride, 50 pg/mL anti-papain, 50 pg/mL pepstatin, 50 ug/mL
amastatin, 50 pg/mL leupeptin, 50 pg/mL bestatin and 50 pg/mL soybean trypsin inhibitor).
Samples were stored on ice for 30 min and boiled for 10 min. Aliquots of cell extracts were
subjected to SDS polyacrylamide gel (MiniProtean®, Bio-Rad) and blotted with antibodies
overnight at 4 °C. Signal detection was performed with an enhanced chemiluminescence kit
(ECL Plus Western blotting detection reagent from GE Healthcare). Hifla, and DJ1
antibodies were purchased from Abcam. Pink1 and Hexokinase 1l (Hk2) were from Santa
Cruz Biotechnology (Heidelberg, Germany) and B-actin was purchased from Sigma.
Biologically independent replicates (three) were always performed, and a representative
western blot is shown. The protein abundances were measured by densitometry of the bands
on the films using ImageJ 1.48u4 software (National Institutes of Health, USA), and were
normalized against the corresponding loading control.

Djl1-Foxo3a co-immunoprecipitation

WT MEFs were lysed in a buffer containing Tris-HCI (50 mM), NaCl (150 mM), EDTA (2
mM) and NP-40 (1%), pH 7.6 for 5 min on ice plus 45 min in an orbital roller at 4 °C.
Lysates were centrifuged at 16,000 x g for 20 min, and the supernatant was collected.
Immunoprecipitation was performed in 300 ug of cell lysates with Dynabeads (Life
Technologies), using Foxo3a antibody (1:100; Cell Signalling, catalog humber 2497)
overnight at 4 °C in an orbital roller. Proteins were eluted from the beads by heating at 70
°C for 10 min in Laemmli's Buffer (3-mercaptoethanol 5%; SDS 2%; bromophenol blue
0.05%; glycerol 10%; Tris 60 mM). Eluted proteins were loaded directly onto 12% SDS-
PAGE. For the input, 100 pg of cell lysates were loaded. Western blot was performed using
anti-DJ1 (1/1000, Abcam ab4150) and anti-foxo3a (1/500) antibodies, both for the eluted
proteins and the input.

Enzymatic analyses

Cells were collected and suspended in 0.1 M potassium phosphate buffer (pH 7.0). After
freeze/thawing three times to ensure cellular disruption, NADH-CoQ1 reductase (complex I)
and citrate synthase activities were determined as previously described [27].

Protein Determination

Protein concentrations were determined in the cell suspensions, lysates or in parallel cell
culture incubations after solubilization with 0.1 M NaOH. Protein concentrations were
determined as described [28] using 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.
Statistical analysis of the results was performed by one-way analysis of variance (ANOVA),
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followed by Bonferroni test, or by the Student's t test for comparisons between two groups
of values. In all cases, p<0.05 was considered significant.

Results and Discussion

To elucidate whether DJ1 regulates glucose metabolism, we first obtained dj17- and dj1*/*
(wild type or WT) mouse primary embryonic fibroblasts (MEF). The glycolytic flux in dj17-
MEF were ~1.7 higher when compared with WT (Figure 1A). Expression of a plasmid
vector harboring full-length dj1 in dj17- MEF rescued this effect (Figure 1A). In contrast,
expression of dj1 (L166P), i.e. a mutant form of DJ1 found in PD patients, did not fully
reach the same glycolytic rate values to those of WT (Figure 1A). Similar results were
obtained when determining the release of lactate to the culture medium (Figure 1B), often
used as an index of the glycolytic rate. In good agreement with previous studies reporting
mitochondrial dysfunction by DJ1-loss of function [29], dj17/- MEF showed a marked
reduction in complex | activity when compared with WT cells (Figure 1C) and no change in
the mitochondrial mass index, citrate synthase (Figure 1C). Acute mitochondrial dysfunction
is known to cause rapid, otherwise transient, glycolytic activation in healthy cells [30].
However, under our circumstances, dj17" cells show a phenotype compatible with a
persistent glycolytic activation, suggesting long-term transcriptional and/or translational re-
programming of glucose metabolism. In view that most glycolytic-promoting enzymes are
transcriptionally regulated by the hypoxia-inducible factor-1 (Hifl) [31], we analyzed its
expression in dj17 cells. As shown in Figure 1D, the protein abundances of Hifla, as well
as the Hifl well-known target hexokinase-2 (Hk2) [31], were higher in dj17- cells when
compared with WT. A role for DJ1 in regulating Hifla has been previously studied,
providing conflicting results [32-34]. Our data reporting Hifla stabilization along with its
target Hk2, as well as increased glycolytic rate, strongly supports the notion that DJ1 is a
negative regulator of Hifl and glycolysis. In agreement with this, a mitochondrial
respiration-glycolytic shift has been suggested in DJ1 knockdown astrocytes [35], although
the mechanism for this effect remained unclear.

Next, we aimed to elucidate the mechanism whereby DJ1-loss up-regulated Hifla leading to
increased glycolytic rate. We have recently found that the loss of Pink1 stabilizes Hifla
through reactive oxygen species leading to enhanced glycolytic rate [19]. Since it has been
postulated that Pink1 is a downstream DJ1-target [15], we hypothesized whether the effects
of the loss of DJ1 could be re-established by ectopically expressing Pink1. As shown in
Figure 2A, expression of pinkl in dj17- cells fully prevented the increase in the glycolytic
flux of DJ1-null cells. Furthermore, the increased Hifla abundance caused by DJ1-loss was
counteracted by the expression of pinkl (Figure 2B). Thus, DJ1 loss of function enhances
Hifla and glycolytic rate through a mechanism that can be replaced by Pink1.

Given that (i) Pink1 rescues the loss of function of DJ1 at regulating Hifla and glycolysis
(this work), (ii) Pink1 has been reported to be a tumor suppressor [36] and (iii) Pink1-loss
increases Hifla-mediated cell proliferation [19], we hypothesized whether dj17 cells had
altered their proliferation rate. As shown in Figure 3A, dj17cells proliferated faster than the
wild type, and the expression of pink1 in dj17- cells rescued the rate of proliferation to the
WT values. To confirm this result further, we studied the rate of bromo-deoxy-uridine
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(BrdU) incorporation into dj17- and WT MEF. We found that the proportion of BrdU-
positive cells was ~3-fold higher in dj17- cells than in WT; moreover, pinkl expression
abrogated this effect (Figure 3B). Since increased BrdU incorporation is a reflection of
increased DNA replication, we next analyzed the cell cycle phases under these conditions.
As shown in Figure 3C, loss of DJ1 induced a decrease in cells in the Gp/G1 phase and an
increase in cells in the S and G,/M phases, a result that is compatible with increased
proliferation rate. Moreover, this effect on the cell cycle was abolished by the expression of
pinkl (Figure 3C). Uncontrolled activation of DJ1, in cooperation with Ras [1], promotes
tumorigenesis, which might argue against a role for DJ1 as a negative regulator of cell
proliferation. Whilst such an oncogenic role for DJ1 are difficult to conciliate with our data,
it should be mentioned that we have not explored the effect of a dominant-positive
expression of DJ1, but rather its loss of function. In view of the rather promiscuity of DJ1
[1-8], one would speculate that the overall effect of DJ1 —or its loss— on cell proliferation
would depend on the cellular type and regulatory context. Thus, our results suggest that loss
of DJ1 enhances cell proliferation through a molecular mechanism that can be replaced by
ectopically expressing Pink1.

In view that the metabolic and cellular phenotype of DJ1-loss could be restored by
ectopically expressing Pink1, we hypothesized whether DJ1 is a positive regulator of Pink1.
In fact, there is a vast literature suggesting possible interactions amongst DJ1, Pink1 and
Parkin [12-15, 37]. It appears to be well established that Pink1 acts upstream of Parkin,
promoting its recruitment to mitochondria upon mitochondrial inner membrane potential
loss in order to trigger autophagy of damaged mitochondria as a protective mechanism [16,
17]. However, the involvement of DJ1 in this picture has remained largely unknown. Since
it has been reported that DJ1 can act as a transcriptional co-activator of several genes [6, 7,
25], we sought to investigate whether DJ1 activated Pink1. As shown in Figure 4A, dj17
cells had lower levels of Pink1 protein. This effect could be restored by the ectopic
expression, under a dj17-background, of dj1, but not of the PD-relevant dj1 (L166P) mutant
form of dj1 (Figure 4A). Likewise, pinkl mRNA levels were significantly lower in dj17-
MEF when compared with the WT, an effect that was normalized by the expression of dj1,
but not dj1 (L166P) mutant (Figure 4B). These data support the hypothesis that DJ1 is a
transcriptional activator of pink1. To specifically address this, we assessed whether DJ1
could directly bind the pink1 promoter. To do so, we performed a chromatin-anti-DJ1 (a-
DJ1) immunoprecipitation (ChIP) assay using DNA purified from either WT or dj17"MEF,
followed by agarose gel analysis of the PCR-amplified DNA fragments using primers
flanking the pink1 promoter. As shown in Figure 4C, a-DJ1 bound to the pinkl promoter
from WT, but not from dj17~ cells. Moreover, expression of wild type —but not the L166P
mutant— form of dj1, in a dj17~ background rescued a-DJ1 binding with the pink1 promoter
(Figure 4C). These results strongly suggest that DJ1 is a transcriptional positive regulator of
pinkl by directly binding to the pinkl promoter.

The only transcription factor described so far to activate pink1 gene is Foxo3a [24].
Accordingly, we next wondered whether DJ1 interacts with Foxo3a to promote the
transcriptional activation of pinkl. As shown in Figure 4D, immunoprecipitation of WT cell
lysates with an a-Foxo3a antibody, followed by western blotting against a-DJ1, revealed
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that Foxo3a physically interacted with DJ1. These results suggest the possibility that DJ1, by
interacting with Foxo3a, would be responsible for the transcriptional activation of pinkl
gene. To further confirm this, we performed a luciferase-reporter promoter activity assay
using a plasmid vector harboring the 0.4 kb genomic DNA segment immediately preceding
the start codon of pink1 gene, which has been previously reported to contain its relevant
regulatory elements [24]. We also used a mutant form of this 0.4 kb genomic DNA segment
harboring three single nucleotide mutations in the Foxo3a binding sequence [24]. As a
positive control, cells were also transfected with a luciferase-reporter construct harboring the
regulatory elements of the cholecystokinin (cck) gene, previously reported to be trans-
activated by DJ1 [25]. Both WT and dj17- MEF were then transfected with these plasmid
vectors, and luciferase activity measured as an index of pinkl promoter activity. As shown
in Figure 4E, luciferase activity was decreased by ~45% in cells transfected with the
Foxo3a-mutant pink1 promoter, when compared with cells transfected with the wild type
pinkl promoter. Moreover, luciferase activity in dj17- cells harboring the wild type pinkl
promoter increased by ~twofold by over-expressing wild type dj1, but not the L166P
mutant dj1 (Figure 4E). No significant effect was observed in luciferase activity of the dj17-
cells transfected with the Foxo3a-mutant form of the pink1 promoter (Figure 4E). Finally,
promoter activity of cck was ~12-fold higher than that of pink1 in WT cells, but only ~4-
fold in dj17 cells; furthermore, the latter dramatically increased (by ~100-fold) by over-
expression of dj1, an effect that was significantly prevented by the expression of the L166P
mutant form of dj1 (Figure 4E).

In conclusion, here we describe that DJ1 loss of function, often associated with earlyonset
PD, enhances the rate of glycolysis and cell proliferation of cultured mouse embryonic
fibroblasts. Moreover, we find that this phenotype can be fully replaced by Pink1, a protein
whose loss causes similar effects [19] to those we herein describe in DJ1-null cells.
Furthermore, we demonstrate that, by binding to Foxo3a, DJ1 is a transcriptional activator
of pinkl gene, hence explaining why Pink1 can take the place of these DJ1 functions. These
findings may add new insight to the current apparent controversy [12-15] on the role of DJ1
in modulating the function of the Pink1/Parkin pathway. Whether DJ1 loss of function, by
altering glucose metabolism, has any deleterious effect on non-dividing cells such as the
dopaminergic neurons that degenerate in PD remains elusive. However, it is well known
that, in post-mitotic neurons, an increase in the rate of glucose consumption through
glycolysis shifts-down the rate of glucose oxidation through the pentose-phosphate pathway
(PPP) [22]. Since PPP, by regenerating NADPH, is an essential pathway for the restoration
of antioxidant glutathione [38], the increased glycolysis upon DJ1 loss of function might
have negative consequences for the neuronal redox status likely contributing to the oxidative
stress associated with dopaminergic neurodegeneration in PD [39]. In fact, loss of Pink1
triggers a decrease in PPP activity in neurons [19]. However, whether this effect occurs in
DJ1-deficient neurons is an interesting possibility worth pursue investigating to better
understand the biochemical hallmarks of PD, and to identify novel therapeutic targets
against this devastating neurological disorder.
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Brdu bromo-deoxy-uridine

cck cholecystokinin

DMEM Dulbecco's modified Eagle's medium
FCS fetal calf serum

GFP green fluorescent protein

Hifl hypoxia-inducible factor-1

KO knockout

MEF mouse embryonic fibroblasts
PD Parkinson's disease

PEI polyethylenimine

Pink1 PTEN-induced protein kinase-1
PPP pentose-phosphate pathway
WT wild type
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Figure 1. DJ1 loss of function enhances glycolysisand Hifla,
(A) Glycolytic flux was higher in dj17- MEF when compared with wild type (WT) MEF

obtained from the same offspring. Expression of the full-length wild type dj1, but not the dj1
(L166P) mutant form of dj1, rescued the increased glycolytic flux. (B) Lactate released was
higher in dj17- MEF when compared with WT. Expression of dj1, but not dj1 (L166P),
rescued the increased release in lactate. (C) The activity of mitochondrial complex | was
reduced in dj17" cells, whereas citrate synthase activity remained unchanged. (D) Hifla and
Hk2 protein abundances are higher in dj17/- MEF when compared with WT. B-Actin was
used as loading control. A representative western blot is shown out of three. The right-hand
side panel shows the relative Hifla and HK2 protein abundances, as normalized with B-
Actin, averaged from three different blots. Data are expressed as mean+S.E.M. *p<0.05
(ANOVA followed by Bonferroni test; n=3-4 independent experiments).

Biochem J. Author manuscript; available in PMC 2016 April 15.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Requejo-Aguilar et al. Page 13

1.4
42— We— C-Actin ; 7'D

=9 0.0- _
— + pink1 WT -+ pinkT

dj1” dj1-

o O

WT

A Glycolytic flux B Hif1a/R-Actin
2 20, ~r MW dj1”
3 T (kDa) WT — + pink1 38
2 215, 100- [ Hif1a 2.8
(=] 3
o _ — Hifla w247
8 10 1 100 —p (low exp_) LE
8
-

o
&
o,

3H20 (nmol/min x mg protein)

Figure 2. Pink1 rescues DJ1-loss-mediated glycolysis and HIfla enhancements
(A) The increased glycolytic flux of dj17- MEF is prevented by the expression of pinkl. (B)

The increased Hifla abundance of KO MEF was counteracted by the expression of pinkl. B-
Actin was used as loading control. A low exposed film (low exp.) is shown to better
appreciate the differences in Hifla abundances. A representative western blot is shown out
of three. The right-hand side panel shows the relative Hifla protein abundance as
normalized with R-Actin, averaged from three different blots. Data are expressed as mean
+S.E.M. *p<0.05 (ANOVA followed by Bonferroni test; n=3-4 independent experiments).
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Figure 3. DJ1 loss of function enhances cell proliferation through a mechanism that can be

replaced by Pink1

(A) Cell proliferation was higher in dj17- MEF than in WT, and the expression of pinkl in
dj17- MEF restored cell proliferation to the WT values. (B) The proportion of BrdUpositive
cells was higher in dj17- MEF than in WT, and pink1 expression abrogated this effect. (C)
Analysis of the cell cycle phases show that dj17- MEF have decreased Go/G; phase and
increased S and G,/M phases, and pinkl expression abolished this effect. Data are expressed
as meanS.E.M. *p<0.05; #p<0.05 versus all other conditions at 72 h (ANOVA followed by
Bonferroni test; n=3-4 independent experiments).
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Figure 4. DJ1 bindsto Foxo3ato transcriptionally activate pink1
(A) dj17- MEF has lower levels of Pink1 protein, as assessed by western blotting, an effect

that is normalized by the expression of dj1, but not dj (L166P). A representative western blot
is shown out of three. The right-hand side panel shows the relative Pink1 protein abundance
as normalized with B-Actin, averaged from three different blots. (B) Pinkl mRNA levels, as
assessed by RT-qPCR, are lower in dj17"MEF than in WT, and this effect is restored by
expression of dj1, but not dj1 (L166P). mRNA data were calculated from the fold change of
each f-actin-normalized transcript abundance in the dj17- samples versus that in the WT,
which therefore received a value of 1.00. (C) Chromatin-anti-DJ1 (a-DJ1)
immunoprecipitation (ChIP) assay using DNA purified from WT or dj17- MEF shows that
a-DJ1 binds to the pink1 promoter of WT cells, but it does not in dj17- cells. a-DJ1 binds to
the pink1 promoter of dj17- cells if dj1 (but not its mutant L166P form) is over-expressed:;
immunoglobulin-G (IgG) was used as negative control, and anti-histone-3 (a-H3) as a
positive control; input shows equal amplification of DNA in non-immunoprecipitated
samples; IP corresponds to the amplified DNA band in the immunoprecipitated samples. (D)
Immunoprecipitation of WT cell lysates with an a-Foxo3a antibody, followed by western
blotting against a-DJ1, reveals a DJ1 band indicating that physical interaction between
Foxo3a and DJ1. Total cell lysates were used as input. (E) Luciferase-reporter promoter
activity assays using a plasmid vector harboring a 0.4 kb pink1 promoter region, a mutant
form of this 0.4 kb genomic DNA segment harboring three single nucleotide mutations in
the Foxo3a binding sequence, or the regulatory elements of the cholecystokinin (cck) gene.
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Left panel shows decreased luciferase activity in WT cells transfected with the
Foxo3amutant pink1 promoter, and increased luciferase activity in these cells when
transfected with the cck promoter, when compared with cells transfected with the wild type
pink1 promoter. Right panel shows shows that over-expression of dj1 in dj17- MEF
increases luciferase activity driven by wild type pink1 promoter when compared with dj17-
MEF not over-expressing dj1; this effect is not observed by over-expression of dj1 (L166P).
However, the effect of dj1 over-expression is not observed in cells transfected with the
Foxo3a-mutant form of the pink1 promoter. Finally, over-expression of dj1 in dj17/- MEF
increases luciferase activity driven by cck promoter when compared with dj17/- MEF not
over-expressing dj1; this effect is partially rescued by over-expression of dj1 (L166P).
Luciferase activity data were normalized to those found in the WT-pink1 promoter samples.
Data are expressed as mean+S.E.M. *p<0.05 (ANOVA followed by Bonferroni test; n=3-4
independent experiments).
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