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Transcriptional repression of p53 by parkin and
Impairment by mutations associated with autosomal
recessive juvenile Parkinson’s disease
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Mutations of the ubiquitin ligase parkin account for most
autosomal recessive forms of juvenile Parkinson’s disease
(AR-JP). Several studies have suggested that parkin possesses
DNA-binding and transcriptional activity. We report here

that parkin is a p53 transcriptional repressor. First, parkin
prevented 6-hydroxydopamine-induced caspase-3 activation in
a p53-dependent manner. Concomitantly, parkin reduced p53
expression and activity, an effect abrogated by familial parkin
mutations known to either abolish or preserve its ligase activity.
ChIP experiments indicate that overexpressed and endogenous
parkin interact physically with the p53 promoter and that
pathogenic mutations abolish DNA binding to and promoter
transactivation of p53. Parkin lowered p53 mRNA levels and
repressed p53 promoter transactivation through its Ringl
domain. Conversely, parkin depletion enhanced p53 expression
and mRNA levels in fibroblasts and mouse brains, and
increased cellular p53 activity and promoter transactivation in
cells. Finally, familial parkin missense and deletion mutations
enhanced p53 expression in human brains affected by AR-JP.
This study reveals a ubiquitin ligase-independent function

of parkin in the control of transcription and a functional link
between parkin and p53 that is altered by AR-JP mutations.

Parkinson’s disease is a movement disorder characterized by severe loss
of dopaminergic neurons, probably through apoptosis. This syndrome
is mainly idiopathic but about 5% of cases are linked to a Mendelian
pattern of inheritance and may be associated with an autosomal domi-
nant or recessive mode of transmission. Parkin is associated with auto-
somal recessive juvenile forms of Parkinson’s disease' and has been

characterized as a ubiquitin ligase® that acts as a negative modulator of
apoptosis, both in vitro and in vivo>'. Enzymatic activity of parkin is
abolished by several mutations associated with AR-JP. This functional
deficit, therefore, has been proposed as a mechanism for the accumula-
tion of proteasome-resistant, and potentially toxic, proteins observed
in parkin-related familial cases of AR-JP2.

Interestingly, several lines of evidence indicate that parkin could also
behave as a transcription factor. First, parkin has been shown to be local-
ized in the nucleus®®, a feature confirmed by our immunohistochemical
analysis of parkin expression in human cells (Supplementary Information,
Fig. S1). Second, parkin harbours a Ring-IBR-Ring domain, which pre-
dicts putative DNA binding and transcriptional activity properties’. Third,
parkin downregulates expression of genes that encode various proteins,
the levels of which are enhanced by apoptotic stimuli®. Thus, parkin was
found to prevent ceramide-induced upregulation of various genes, includ-
ing CHK, EIF4EBP1, GADD45A and PTPN-5 (ref. 8). However, whether
the cytoprotective effect of parkin was associated with its ability to control
proteasomal degradation and cellular homeostasis of a set of cell death
modulators through its ubiquitin ligase activity or whether this phenotype
was linked to a direct or indirect modulation of gene expression remains
questionable. Notably, putative target genes under direct parkin-mediated
transcriptional control have not yet been documented. Here, we demon-
strate that parkin acts as a transcriptional repressor of p53 independently
of its ubiquitin ligase function and that parkin mutations associated with
familial AR-JP abolish the parkin-mediated control of p53, both in vitro
and in vivo. Furthermore, mapping of the parkin domain involved in p53
transcriptional regulation indicates an essential role of the Ringl parkin
domain, confirming the importance of the carboxy-terminal R1-IBR-R2
motif identified by empirical sequence-database searches’.
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Figure 1 Protective effect of parkin is associated with modulation of p53 in
TSM1 neuronal cell line. (a) Analysis of endogenous (Wt-Pk) and HA-tagged-
parkin (HA), p53 and actin-like immunoreactivity in stably transfected TSM1
cells overexpressing either wild-type parkin (Pk) or empty vector (Ct) (numbers
indicate distinct clones). The right panel shows the densitometric analysis

of p53-like immunoreactivity (normalized to actin expression) expressed as
percentage of control mock-transfected cells. Bars represent the mean + s.e.m.
of 3 independent experiments performed in duplicate (**P < 0.001). (b)
Determination of caspase-3 activity in TSM1 neurons overexpressing empty
vector (mock) and wild-type parkin (Wt-Pk) after treatment with staurosporine
(STS, 1 uM) for 2 h or 6-hydroxydopamine (60HDA, 0.2 mM) for 8 h. Bars
represent the mean + s.e.m. of 5 independent experiments performed in
duplicate (*P<0.01 for Wt-Pk compare with Mock). (c, d) Analysis of p53
activity (PG13, Bax and p21), promoter transactivation (Pp53) and mRNA levels
(mRNA) in Mock- and Wt-Pk-transfected cells (clone Pk15, see a). Values are

We have obtained stably transfected TSM1 neurons overexpressing
HA-tagged wild-type parkin (Wt-Pk, Fig.1a). Determination of parkin
immunoreactivity using antibodies directed against the HA tag and the
native C terminus of parkin indicate a high enrichment of parkin expres-
sion when compared with its endogenous levels. Wt-Pk (clone 15, Fig. 1a
and clone 5, data not shown) protects TSM1 neurons from a variety of
pro-apoptotic stimuli. Thus, Wt-Pk reduced staurosporine- (STS) and
6-hydroxydopamine (6-OHDA)-induced caspase-3 activation by 70%
and 84%, respectively (n = 10, P <0.01, compared with mock-treated
cells; Fig. 1b). In addition to the parkin-associated protective pheno-
type, we have established that parkin controls the p53 pathway at sev-
eral levels. Thus, overexpression of Wt-Pk induced marked reductions
in p53 expression (p53, 82%, n = 6, P <0.001, Fig. 1a), transcriptional
activity (PG13, Bax and p21, 96%, n = 6-10, P <0.0001, Fig.1c), pro-
moter transactivation (Pp53, 56%, n = 6, P <0.01, Fig. 1d) and mRNA
levels (mRNA, 86%, n = 3, P <0.01, Fig. 1d) when compared with mock-
transfected control cells. Interestingly, increasing expression levels of
Wt-Pk reduced p53 expression in a concentration-dependent manner
in lentiviral-infected primary cultured neurons (Fig. le).

We examined whether parkin-associated reduction of 6-OHDA-
stimulated caspase-3 activity was strictly dependent on p53 by com-
paring the effect of parkin overexpression (Fig.1f) in p194*'~~and
p194F1--p53~- fibroblasts. These two cell systems allow examination
of the effect of p53 on apoptosis without the influence of this oncogene
on cell cycle control®. Parkin reduced 6-OHDA-induced caspase-3 acti-
vation in p19“/ cells (Fig.1g). Clearly, although caspase-3 could be

+ -+ -+ - o+

normalized for transfection efficiency (B-galactosidase activity), expressed as
percentage of mock-transfected cells (taken as 100) and are the mean + s.e.m.
of 4 (Pp53, mRNA and PG13) or 5 (Bax and p21) independent experiments
performed in duplicate (*P <0.01, **P<0.001, ***P <0.0001). (e) p53
expression in lentiviral-infected primary cultured neurons overexpressing parkin.
Primary cultured neurons were infected with 0.5, 1 and 2 MOI (multiplicity

of infection) of Wt-Pk-lentiviral vector and then assayed for parkin and p53
expression four days after infection. (f, g) pI1 9™ and p19™#5-fibroblasts
were transiently transfected with empty pcDNA3 (DNA3) or parkin (Pk) cDNA.
Twenty-four hours after transfection, cells were treated with 6-OHDA (60H,

0.2 mM) for 8 h then expression of parkin (f) and caspase-3 activity (g) were
monitored. Bars represent mean + s.e.m. of 3 independent experiments
performed in triplicate (** P <0.001; ns, not significant). Parkin and actin levels
were assessed on separate gels as explained in Methods. Full scans of the blots
in a, e and f are available in Supplementary Information, Fig.S3.

stimulated by 6-OHDA in p19*#17-p537-, p53 depletion fully prevented
parkin-associated reduction of 6-OHDA-induced caspase-3 activation in
this cell system (Fig. 1g). This finding indicates that control of 6-OHDA-
stimulated caspase-3 activity by parkin was strictly p53-dependent, at
least in fibroblasts.

To examine the implication of p53 control by endogenous parkin,
we analysed the responsiveness of fibroblasts devoid of parkin (Pk-)
to 6-OHDA. Parkin depletion led to a substantial augmentation of
caspase-3 activity under control (163%, n = 6, P <0.05) and 6-OHDA-
induced conditions (247%, n = 6, P <0.01, Fig. 2a). Parkin depletion
also increased p53 expression (231% of control, n = 6, P <0.01, Fig. 2b),
activity (PG13, 632%, n = 6, P <0.01, Fig. 2c), promoter transactiva-
tion (Pp53, 275%, n = 6, P <0.01, Fig. 2c) and mRNA levels (338%,
n =5, P <0.05, Fig. 2c). Of particular interest, we established that
brain homogenates prepared from parkin knockout mice also showed
increased p53 expression (145% of wild-type brain, n = 4, P <0.05,
Fig. 2d) and mRNA levels (224% of wild-type brain, n = 4, P <0.05,
Fig. 2e). Thus, our data demonstrate that endogenous parkin down-
regulates the p53 pathway both in vitro and in vivo.

We examined whether parkin mutations associated with AR-JP
(Supplementary Information, Table S1) could impair the protective phe-
notype elicited by wild-type parkin. To determine whether a putative loss
of parkin function correlates with abrogation of its ligase activity, we exam-
ined the influence of various familial mutations known to either abolish
(C418R and C441R) or preserve (K161N and R256C) this catalytic activity.
We transiently transfected wild-type parkin or its mutants in SH-SY5Y
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Figure 2 p53 pathway is upregulated in parkin-deficient fibroblasts and mouse
brains. (a) Caspase-3 activity in 6-OHDA-treated (0.2 mM, 8 h) wild-type (Pk*)
and parkin-deficient (Pk-) fibroblasts. Bars represent the mean + s.e.m. of

3 independent experiments performed in triplicate (* P <0.05; **P <0.01).

(b) p53 and actin expression in Pk* and Pk fibroblasts were determined

by western blotting. The lower panel shows densitometric analysis of p53
(normalized by actin expression) and bars represent mean + s.e.m. of 3
independent experiments performed in duplicate (**P <0.01). (c) Analysis

of p53 activity (PG13), promoter transactivation (Pp53) and mRNA levels

in Pk* and Pk fibroblasts. Values normalized for transfection efficiency

cells and measured caspase-3 activity. With respect to Parkinson’s disease
pathology, it is interesting to note first that wild-type parkin protected the
dopaminergic neuroblastoma cell line SH-SY5Y from caspase-3 activation
triggered by 6-OHDA (Fig. 3a), a natural dopaminergic toxin frequently
used to trigger phenotypes resembling Parkinson’s disease in vivo'. Thus,
wild-type parkin significantly decreased caspase-3 activity (43% of reduc-
tion, n = 6, P <0.05, Fig. 3a), p53 expression (Fig. 3b) and p53 promoter
activity (n = 6, P <0.05, Fig. 3¢) in 6-OHDA-treated SH-SY5Y cells. We
note that expression of mutant parkin varied slightly in our transfection
experiments (Fig. 3b). This variation could not be attributed to differ-
ences in transfection efficiencies, as neomycin phosphotransferase II
expression was similar (Fig. 3b). A more likely explanation is the dis-
tinct catabolic susceptibilities of parkin mutants as previously reported'’.
However, this slight variation in catabolic fate is probably cell-specific
(see similar expressions after transfection in fibroblasts in Fig. 3d) and
does not influence the phenotype triggered by all parkin mutations. Thus,
neither ligase-active nor ligase-dead mutants were able to affect 6-OHDA-
stimulated caspase-3 activity (Fig. 3a), and increased both p53 expres-
sion (Fig. 3b) and promoter transactivation (Fig. 3c). Another mutation
(R42P) also abolished parkin-induced reduction of p53 in lentiviral-
infected primary cultured neurons (data not shown).

We examined the potential of wild-type and mutated parkin to restore
the parkin-associated phenotype in parkin-deficient fibroblasts. First we
established that wild-type parkin lowers p53 promoter transactivation in
wild-type fibroblasts (35% of reduction, n = 6, P <0.05, data not shown).
Transient transfection of wild-type parkin cDNA in parkin-deficient
fibroblasts lowered p53 expression (Fig. 3d), promoter transactivation
(Fig. 3e) and mRNA levels (Fig. 3f). This phenotype was not observed

(B-galactosidase activity) are expressed as percentage of mock-transfected
cells (taken as 100). Bars represent the mean + s.e.m. of 3 independent
experiments performed in duplicate (* P <0.05; **P <0.01). (d) p53 and actin
immunoreactivity in brain homogenates derived from Pk* and Pk~ mice were
determined. The right panel shows densitometric analysis of p53 (normalized
by actin levels) and bars represent the mean + s.e.m. of 5 brains analysed

in duplicate (**P <0.01). (e) Densitometric analysis of p53 mRNA levels
derived from Pk* and Pk~ mice measured by RT-PCR. Bars represent the
mean + s.e.m. of 4 brains analysed in duplicate (* P <0.05). Full scans of the
blots in b and d are available in Supplementary Information, Fig.S3.

with parkin mutants (Fig. 3d-f). These data clearly establish that parkin-
associated downregulation of p53 transcription is abolished by familial
Parkinson’s disease mutations independently of its ubiquitin ligase activity
and is consistent with our experiments failing to demonstrate a parkin-
mediated ubiquitylation of p53 (data not shown).

To our knowledge, only six human brain samples are available world-
wide (Supplementary Information, Table S1) to examine whether
patients with Parkinson’s disease carrying a parkin mutation show any
alteration in their endogenous content of p53. We were able to obtain
two brain samples carrying either a point mutation or an exon deletion
(see Methods). Although the number of pathological samples was small,
we observed a reproducible and consistent increase in p53-like immu-
noreactivity in AR-JP brains (454% of control brains, n = 2, Fig. 3g)
and we established that brain sample harbouring the exon 4 deletion
(Supplementary Information, Table S1) shows higher p53 mRNA levels
(data not shown). These data suggest that the ability of parkin mutations
to downregulate the p53 pathway in cells could indeed reflect alterations
occurring in pathological brains.

One of the main cell survival molecular pathways involves phos-
phorylation of Akt/PKB mediated by phosphatidylinositol-3-kinase'?.
Several studies have consistently documented a molecular cascade
linking Akt and NFkB that ultimately leads to p53 inhibition and cell
survival®. It was of interest therefore to examine whether the selective
Akt inhibitor LY294002 could prevent parkin-associated reduction
of p53 pathway. Our data indicate that LY294002 did not modulate
parkin-mediated reduction of 6-OHDA-stimulated caspase-3 activity
(Supplementary Information, Fig. S2), suggesting that the control of
p53 by parkin occurs mainly at the transcriptional level.
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Figure 3 Mutations associated with familial Parkinson’s disease abolish the
ability of parkin to control p53 and do not rescue parkin function in parkin-
deficient fibroblasts. (a—c) Caspase-3 activity (a), p53 and parkin expression

(b) and p53 promoter transactivation (c) in SH-SY5Y cells transiently transfected
with empty vector (CT), wild-type parkin (Wt-Pk) and the C418R (418), C441R
(441), K161N (161) and R256C (256) mutated parkin constructs. Actin and
neomycin phosphotransferase Il (Neo) expression (b, left panel) were determined
to control transfection efficiency and protein loading. p53 expression (b, right
panel) was normalized by actin immunoreactivity. The transfection efficiencies
were normalized after co-transfection of p-galactosidase cDNA. Values are
expressed as percentage of mock-transfected SH-SY5Y cells (controls taken

as 100) and are the mean + s.e.m. of 3 independent experiments performed

in triplicate (*P<0.05, ***P <0.001, ns, not statistically significant). (d—f)

We have delineated the p53 domain with which parkin could function-
ally interact by means of deletion analysis of the 5” p53 promoter region.
Parkin-induced reduction of luciferase activity was abolished when the
-312 to -196 sequence was deleted (compare p53-4 and p53-5 constructs;
Fig. 4a, b). Accordingly, we examined whether parkin could physically
interact with this p53 promoter region. We designed three probes covering
the -312 to -130 promoter sequence of p53 (Fig. 4c). Our data show that
parkin interacts only with the -312 to -243 promoter region covered by
Pp53-A probe (Fig. 4d, left panel), whereas parkin did not interact with the
Pp53-B and Pp53-C probes (Fig. 4d). Importantly, parkin-Pp53-A interac-
tion was observed for both endogenous and overexpressed parkin in HEK
human 293 cells (Fig. 4d, right panel), as can be deduced from increased
labelling of the parkin-Pp53-A complex observed in cells overexpressing
parkin. The specificity of the interaction was further supported by super-
shift experiments that indicate downregulation of the parkin-Pp53-A
complex in the presence of a specific antibody directed towards parkin,
as well as by the full displacement of the parkin-Pp53-A labelling by a
20-fold excess of cold-specific (cs) Pp53-A probe (Fig. 4d, right panel).
To definitively establish that endogenous parkin physically interacted

3
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p53 expression (d), promoter transactivation (e) and mRNA levels (f) in parkin-
deficient cells transiently transfected with empty vector (CT), wild-type parkin
(Wt-Pk) and the C418R (418), C441R (441), K161N (161) and R256C

(256) mutated parkin constructs. Values are expressed as percentage of mock-
transfected parkin-deficient fibroblasts (controls taken as 100) and are the
mean + s.e.m. of 3 independent experiments performed in triplicate (*P <0.05,
**P<0.01, ***P<0.001, ns, not statistically significant). (g) Parkin mutations
increase p53 expression in AR-JP-affected human brains. p53 expression and
densitometric analyses in control (CT) and pathological (familial Parkinson’s
disease, AR-JP) human brains (group 1 (G1) represents the ‘England’ samples
and group 2 (G2) the ‘Japan’ samples). Parkin and actin levels were assessed on
separate gels as explained in Methods. Full scans of the blots in b, d and g are
available in Supplementary Information, Fig.S3.

with the p53 promoter, we carried out chromatin immunoprecipita-
tion (ChIP) experiments using a set of primers encompassing the p53
promoter region mapped in Fig. 4b, d. We confirmed that endogenous
parkin indeed binds to the mouse p53 promoter (Fig. 4e, see lane IP in
Pk). Specificity of this interaction was demonstrated by the lack of PCR
amplification product detectable after ChIP analysis in parkin-deficient
fibroblasts (Fig. 4e, compare lanes IP in Pk* and Pk"). ChIP analyses also
showed that all parkin mutations examined here markedly reduced par-
kin binding to the p53 promoter (Fig. 4f, compare IP lanes).

Finally, we delineated the parkin domain involved in p53 tran-
scriptional repression. We focused on the Ringl-IBR-Ring2 domain
harboured by parkin (Fig. 5a) for several reasons. First, the Ring1-IBR-
Ring2 architectural feature has been identified as a consensus sequence
found in a variety of important proteins with suspected transcription
factor activities”. Second, the Ringl-IBR-Ring2 sequence of RBCK1
alone was found to be sufficient to induce transcription of a reporter
gene'. Transient co-transfection of cDNA encoding parkin domains
encompassing Ringl/2 and/or IBR domains (Fig. 5a) together with
the p53 human promoter construct indicate that only the constructs
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Figure 4 Deletion analysis of p53 promoter transactivation by parkin and
physical interaction between parkin and p53 promoter. (a) Representation of
the 5" deletion constructs (p53-n) of p53 promoter region. (b) p53 promoter
transactivation in SH-SY5Y cells. The indicated p53 promoter-luciferase
constructs were co-transfected with the p-galactosidase reporter gene

and either empty cDNA or wild-type parkin (Wt-Pk) cDNA. Bars represent
the mean + s.e.m. of 3 independent experiments performed in duplicate
(*P <0.05; **P <0.001). (c) Representation of human p53 promoter regions
covered by p53 probes (Pp53-A, Pp53-B and Pp53-C). (d) Gel retardation
of nuclear preparations of HEK293 cells over-expressing Wt-Pk incubated
with indicated labelled p53 probes with (=) or without (+) excess of cold p53
probe (cs, cold-specific). Only Pp53-A reveals a specific and displaceable
Pk-p53 complex. Gel retardation of nuclear preparations of HEK293 cells
transiently transfected with empty vector (Ct) or HA-tagged Wt-Pk (Pk)
incubated with labelled Pp53-A probe (right, lanes 1,2); lanes 3, 4 and

5 correspond to lane 2 conditions with an excess of cold-specific Pp53-A
probe, non-specific (ns, anti-V5) or specific (s, anti-Pk) competing antibodies

containing the Ringl domain are able to downregulate p53 promoter
transcription in SH-SY5Y cells (Fig. 5b). Thus, full-length parkin and its
Ringl and Ring1-IBR-derived domains decreased p53 promoter activ-
ity by approximately 40% when compared with empty vector transfected
cells (n =9, *P <0.05, **P < 0.01, Fig. 5b), whereas Ring2 and IBR-Ring2
expression remain biologically inert (Fig. 5b). These data clearly indi-
cate that the Ringl domain of parkin probably accounts for the ability
of parkin to repress p53 transcription.

Interestingly, several ubiquitin ligases have been implicated in the
post-translational control of p53 (refs 15-18). Among these ligases,
MDM2, the major regulator of p53, binds to p53 and triggers 26S
proteasome-mediated degradation and functional inactivation of p53
(ref. 19). Furthermore, MDM2 indirectly controls transcription of p53
through interaction with Nedd8 (ref. 20). However, our data have estab-
lished that parkin-mediated control of p53 remains independent of its
ubiquitin ligase activity.

d
{Pk-p53
Complex
cs -+ - 4+ - + Ct Pk cslns s
I Abs
e IP Inp Ct1 Ct2 Std H,O0 IP Inp Ct1 Ct2 Std

Pk* Pk

ct Inputs

IP Ct1 IP Ct1 IP Ct1 IP

Wt-Pk 161 441 256
161 441
Wt 161 441 256
Pk
Actin

Neo—» w

(Abs), respectively. Pk—p53 complex is abolished only with cold-specific
probe and specific antibody. Dotted line in d, right panel, indicates a lane
that was removed (Supplementary Information, Fig. S3). (e, f) Interaction

of parkin with mouse p53 promoter by ChIP experiments in wild-type (Pk*)
and parkin-deficient (Pk-) fibroblasts (e) or HEK293 cells transfected with
wild-type parkin (Wt-Pk or Pk), KI61N (161), R256C (256) and C441R
(441) mutated parkin constructs. Agarose gels represent PCR products
obtained with the mouse PCR primers covering the -330/-117 region mouse
p53 promoter (e) or the -533/-213 region of the human p53 promoter (f). IP
represent immunoprecipitations with specific parkin antibodies (MAB5512);
Inputs (Inp) represent the DNA inputs in the indicated cells (e) or transfection
conditions (f). Ct1 and Ct2 represent ChlP with non-correlated antibodies
(IgG control) or RNA pol IgG, respectively. Std represents PCR products of
mouse (e) or human (f) p53 promoter constructs. Lower panel f describes
parkin, actin and neomycin phosphotransferase Il (Neo). Parkin and actin
levels were assessed on separate gels as explained in Methods. For full scans
of blots in d, e and f , see Supplementary Information, Fig. S3.

All parkin mutations associated with familial cases of Parkinson’s dis-
ease examined in this study markedly lowered both parkin binding to the
P53 promoter and p53 promoter transactivation. Furthermore, although
human brain samples were difficult to obtain, our set of anatomical
pieces confirmed that p53 was abnormally high in parkin-associated
familial Parkinson’s disease brains. Several cases of AR-JP are linked
to missense point mutations taking place in the Ringl domain of par-
kin only*'. However, our data show that mutations inside (R256C) and
outside the Ringl domain (C418R and C441R mutations are located
in the Ring2 domain) similarly affect the parkin-associated control
of p53 transcription. This suggests that all mutations located within
the Ringl-IBR-Ring2 sequence arrangement alter the functionality
of parkin by affecting the cooperativity of this functional tri-domain
independently of any influence on parkin ubiquitin ligase activity. The
finding that the K161N mutation located outside the Ringl-IBR-Ring2
also abolishes parkin-associated phenotype could suggest that additional
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Figure 5 Mapping of the parkin domain involved p53 transcription

repression. (a) Schematic representation of full-length (FL) and deleted
parkin constructs. These constructs were co-transfected with the human

p53 promoter and p-galactosidase constructs (to normalize transfection
efficiency) in SH-SY5Y neuroblastoma cells. (b) p53 promoter transactivation
in SH-SYBY cells transiently transfected with empty vector (Ct), wild-type
HA-parkin (Wt-Pk) and the indicated Myc-tagged parkin-deleted constructs.
Values are expressed as percentage of empty-vector-transfected cells (controls
taken as 100) and are the mean + s.e.m. of 3 independent experiments
performed in triplicate (* P <0.05,**P <0.01; ns, not statistically significant).

structural/conformational alterations could trigger the impairment of
the interaction of the Ringl domain of parkin with the p53 promoter.
This agrees well with the observation that mutations located outside
the Ringl-IBR-Ring2 domain responsible for ubiquitin ligase activity
could also impair this activity through misfolding and destabilization
of the protein'’.

Parkin is involved in the cellular homeastasis of a series of proteins by
modulating their ubiquitylation and thereby controlling their subsequent
degradation by the proteasome. Previous studies showed that familial par-
kin mutations could differently alter the biophysical properties and sub-
cellular distribution of the protein but also affect its ubiquitin-dependent
catalytic properties”??. Our study delineates another function of parkin as
a transcriptional repressor of p53, a function that could well be primarily
responsible for the physiological control of the tumour repressor p53. It
also shows that this function remains fully independent of parkin-asso-
ciated ubiquitin ligase. As a corollary, it adds another level of complexity
in the understanding of the molecular dysfunction accounting for the
AR-JP cases related to mutations on this pleiotropic protein. O

METHODS
Methods and any associated references are available in the online version
of the paper at http://www.nature.com/naturecellbiology/

Note: Supplementary Information is available on the Nature Cell Biology website.
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METHODS

METHODS

Cell systems and constructs. Pk**, Pk™-, p19*"-*~and p19*7-1--p53~ fibroblasts
were obtained and cultured as described previously®**. TSM1 neurons expressing
empty vector or wild-type HA-tagged parkin were obtained after transfection
(2 pg of each cDNA) using lipofectamine according to manufacturer’s conditions
(Invitrogen). HEK293 cells, TSM1 and SH-SY5Y cells were grown in 5% CO, in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal calf
serum containing penicillin (100 U ml™) and streptomycin (50 pg ml™). Parkin
mutations are summarized in Supplementary Information, Table S1.

Caspase-3 activity measurements. Cells were grown in 6-well plates and incu-
bated without or with staurosporine (1 M) or 6-OHDA (0.2 mM) for 2-4 and 8 h,
respectively. When indicated, cells were treated or not for 30 min with LY294002
(10 uM) before 6-OHDA treatment. Caspase-3-like enzymatic activity was meas-
ured fluorimetrically by means of a microtitre plate reader (Labsystems, Fisher
Bioblock Scientific), as extensively detailed previously*.

Western blot analyses. Proteins (50 ug) were separated on 12% SDS-PAGE
gels and wet-transferred to Hybond-C (Amersham Life Science) membranes.
Immunoblotting was performed using mouse and human monoclonal (PAB240
and PAB1801 both at 1:1,000 dilutions; Santa Cruz, Biotechnology) or poly-
clonal (CM1 provided by J.C. Bourdon, Cell transformation research group,
Cancer Research Uk, Dundee, Scotland, UK) anti-p53 antibodies (1:2,000),
mouse monoclonal anti-HA antibodies (1:1,000; Covance), mouse anti-parkin
antibodies (MAB5512, 1:1,000; Chemicon) or mouse monoclonal anti-actin anti-
bodies (1:5,000; Sigma). Neomycin phosphotransferase II was revealed with the
mouse monoclonal 4B4D1 (1:500) from Abcam. Immunological complexes were
revealed with anti-mouse IgG-coupled to peroxidase (1:5,000; Immunotech)
antibodies, followed by electrochemoluminescence revelation (Roche). In mouse
TSM1 neurons and in primary cultured neurons, p53 and actin were analysed
on the same gel, whereas parkin immunoreactivity from same samples was
analysed on a separate gel run in parallel as parkin and p53 show very close
relative molecular mass (55 and 53K, respectively), and therefore virtually co-
migrate on 12% SDS-PAGE gels. Parkin and actin were always run on parallel
gels as anti-parkin antibodies label an additional band at 48K, which is close to
actin (46K, see full scans of parkin western blots in Figs 1a, 1f, 3b, 3d and 4f in
Supplementary Information, Fig. $3). When p53 was analysed in the human cell
line SH-SY5Y, we used a polyclonal antibody that is much more sensitive for
human p53 but gives rise to non-specific bands (see full scan in Supplementary
Information, Fig. $3, b) that co-migrates with actin. Therefore, actin from same
samples was analysed in a parallel gel. When neomycin and parkin expressions
were analysed, neomycin was analysed on same gels after nitrocellulose cutting
(as neomycin requires longer exposure).

P53 activity and promoter transactivation. The p53 transcriptional activity
(PG13, p21 and Bax) and promoter transactivation were measured as described
previously”. The 5" deletion p53 promoter and Myc-tagged parkin domain con-
structs have been described previously?*?. All activities were measured after co-
transfection of 0.5-1 pg of the above cDNAs and 0.2-0.5 pg of -galactosidase
cDNA to normalize transfection efficiencies as described previously®.

Human and murine brain tissues. Both sample groups correspond to the striatum
(nucleus caudate/putamen). The ‘England’ group includes one control brain and
one AR-JP brain (female, 83 years, heterozygous missense mutation Arg275Trp
in exon 7, Supplementary Information, Table S1). The Japan’ group includes three
control brains from patients with no history of dementia or other neurological
diseases, and one AR-JP brain (male, 70 years, homozygous exon 4 deletion, Supp.
Table 1). Parkin knockout murine brains have been described recently®.

RT-PCR analysis of p53 mRNAs in cells and mice brain. Total RNA from cells
was extracted using the RNeasy kit following the instructions of the manufacturer
(Qiagen), reverse transcribed (AMV-transcriptase, Promega) then subjected to
real-time PCR as described previously®.

Electrophoretic mobility shift assay (EMSA). EMSA was performed using a
commercial DNA-binding-protein detection system (Promega). In brief, three
pairs of oligonucleotides (Pp53A, B and C forward and reverse, see below) cover-
ing distinct regions of the human p53 promoter (see Fig. 4c) were synthesized
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by Eurogentec, annealed and end-labelled using *?P-ATP (6000 Ci mmol™, ICN
Biomedicals). For the preparation of nuclear extracts, HEK293 cells were cul-
tured in 100-mm diameter dishes and transiently transfected with either empty or
HA-tagged parkin cDNA vectors (12 pg), using lipofectamine. Forty-eight hours
after transfection, cells were recovered and nuclear extracts were prepared accord-
ing to the Current Protocols in Molecular Biology®. Binding reactions containing
nuclear extracts (10 pg) were performed at 37°C using the p53 probes accord-
ing to the manufacturer’s conditions. The specificity of the reactions described
above was verified by a supershift assay where a pre-incubation (37°C, 10 min) of
nuclear extracts with either MAB5512 (specific) or anti-V5 (non-specific) anti-
bodies was performed before addition of the labelled probe and re-incubation at
37°C for 20 min. Then, protein-DNA complexes were resolved by electrophoresis
(3 h at 300 V) on native polyacrylamide gels (7%) in Tris 5 mM, pH8.3 buffer
containing glycine (38 mM). Gels were dried and subjected to autoradiography
on a BAS-1500 phosphorimager (Fujifilm).

Pp53-A forward: 5-GGCACCAGGTCGGCGAGAATCCTGACTCTGC-
ACCCTCCTCCC CAACTCCATTTCCTTTGCTTCCTCG GC-3’, Pp53-A
reverse: 5'-GCCGGAGGAAGC AAAGGAAATGGAGTTGGGGAGGAGG-
GTGCAGAGTCAGGATTCTCGCCGACC TGGTGCC-3’, Pp53-B forward:
5 TTCCTCCGGCAGGCGGATTACTTGCCCTTACT TGTCATGG CGACTGT-
CGACCTTTGTGCCAGGAGCCTCG-3", Pp53-B reverse:

5"-CGAGGCTCCTGGCACAAAGCTGGACAGTCGCCATGACAAGTA-
AGGGC AAGAATCCGCCTGGGAGGAA-3". Pp53-C forward: 5'GCCA-
GGAGCCTCGCAGG GGTTGATGGGATTG GGGTTTTCCCCTCCCATG
GCTCAAGACTGGCGC3;,

Pp53-Creverse: 5'-GCGCCAGTCTTGAGCACATGGGAGGGGAAAACC-
CCAATCC CATCAACCCCTGCGAGGCTCCTGGC-3".

Chromatin immunoprecipitation assay (ChIP). ChIP assay was performed
according to ChIP-IT kit instructions (Active Motif). Briefly, to prepare chro-
matin, wild-type and parkin knockout cells MEFs were seeded in three 150-mm
dishes and allowed to reach 70-80% confluence. In the case of HEK293 cells,
cells were transfected with 12 pg of pcDNA3 empty vector or containing the
cDNAs of wild-type and mutated parkin. Cells were fixed with formaldehyde
and recovered in phosphate buffered saline (PBS), crosslinked and processed for
chromatin preparation according to the manufacturer’s recommendations. DNA
obtained was digested either with the shearing enzyme (MEFs) provided in the
kit, as reccommended by the supplier or by sonication (HEK293 cells), yielding
chromatin fragments of about 200-500 bp in size. Each immunoprecipitation
was performed on 50 pg of chromatin in the ChIP immunoprecipitation buffer
supplied, with 2 pg of anti-parkin primary antibody (MAB5512, Chemicon
International) or irrelevant antibodies (IgG or RNApol IgG) as negative con-
trols. Immunocomplexes were incubated (1.5 h, 4°C) with 100 ul of a solution
of protein G-Sepharose. After elution of the immune complexes, crosslinks were
reversed and RNA digested using RNase (100 pg ml™). To eliminate proteins,
proteinase K (100 pg ml™) was added and the samples were incubated for 2 h
at 42°C. DNA was purified on columns provided in the kit and PCR amplifi-
cations were performed using primers specific for the -330/-117 bp region of
the mouse p53 promoter (forward 5'-CGACTTTTCACAAAGCG -3’; reverse
5’-GCTACAGAACTTTAGCCAGG-3") (MEF cells) or using primers specific
for the -533/-213bp region of the human p53 promoter (forward 5’ -GGGAGAA-
AACGTTAGGGTGT -37; reverse 5'-CCATGACAAGTAAGGGCAAG -3")
(HEK293 cells).

Parkin lentivirus generation and primary cultures of neurons. The open-
reading frame of human parkin fused to eGFP was inserted into the cFUGW
lentiviral expression plasmid (a gift from David Baltimore, California Institute of
Technology). Lentivirus was prepared as previously described®'. Packaging con-
structs pLP1, pLP2 and pVSV-G (Invitrogen) were substituted into the produc-
tion protocol. The titre of concentrated virus was directly estimated on primary
neuronal cultures through visualization of eGFP four days post-infection.
Primary cortical neuron cultures were prepared from gestational day 15-16
fetuses of CD-1 mice (Charles River). Cortices were dissected and the cells dis-
sociated by trituration in modified Eagle’s medium (MEM), horse serum (20%),
glucose (25 mM) and L-glutamine (2 mM) following a 15-min digestion in
TrypLE (Invitrogen). The cells were plated on 6-well plates coated with poly-L-
ornithine and were maintained in MEM, horse serum (10%), glucose (25 mM),
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and L-glutamine (2 mM) at 37°C in a 7% CO, humidified incubator. The glial cell
growth was inhibited by addition of 5-fluoro-2’-deoxyuridine (5F2DU, 30 uM;
Sigma) to the culture medium on DI 4. The growth medium was refreshed once
every third day. At DIV6, concentrated lentivirus were directly added at a mul-
tiplicity of infection of 0.5, 1 or 2 as determined through exposure in control
cultures and corresponding visualization of eGFP-positive cells. At DIV10, cells
were harvested into ice-cold PBS containing 1% Triton-X-100 and complete pro-
tease cocktail inhibitors (Roche).

Statistical analysis. Statistical analysis was performed with PRISM software
(GraphPad Software) by using either the t-test Student or Newmann-Keuls mul-
tiple comparison tests for one-way analysis of variance.

24.Von Coelln, R. et al. Loss of locus coeruleus neurons and reduced startle in parkin null
mice. Proc. Natl Acad. Sci. USA 101, 10744-10749 (2004).

25.

26.

27.

28.

29.

30.

3

—

METHODS

Alves da Costa, C., Ancolio, K. & Checler, F. Wild-type but not Parkinson’s disease-
related Ala53Thr-a-synuclein protect neuronal cells from apoptotic stimuli. J. Biol.
Chem 275, 24065-24069 (2000).

Qin, C. et al. Estrogen up-regulation of p53 gene expression in MCF-7 breast cancer cells is
mediated by calmodulin kinase IV-dependent activation of a nuclear factor kappaB/CCAAT-
binding transcription factor-1 complex. Mol. Endocrinol. 16, 1793-1809 (2002).
Chung, K. K. et al. Parkin ubiquitinates the alpha-synuclein-interacting protein, syn-
philin-1: implications for Lewy-body formation in Parkinson disease. Nature Med. 7,
1144-1150 (2001).

Alves da Costa, C. et al. Presenilin-dependent gamma-secretase-mediated control of p53-
associated cell death in Alzheimer’s disease. J. Neurosci. 26, 6377-6385 (2006).
Goldberg, M. S. et al. Parkin-deficient mice exhibit nigrostriatal deficits but not loss
of dopaminergic neurons. J. Biol. Chem. 278, 43628-43635 (2003).

Abmayr, S. M., Yao, T., Parmely, T. & Workman, J. L. Preparation of nuclear and
cytoplasmic extracts from mammalian cells. Curr. Protoc. Mol. Biol. Ch 12, Unit 12.1
(2006).

. Coleman, J. E. et al. Efficient large-scale production and concentration of HIV-1-based

lentiviral vectors for use in vivo. Physiol. Genomics 12, 221-228 (2003).

NATURE CELL BIOLOGY

© 2009 Macmillan Publishers Limited. All rights reserved.



nature SUPPLEMENTARY INFORMATION

cell biology

DOI: 10.1038/ncb1981

Figure S1 Parkin partitions between cytosolic and nuclear compartments. counterstained with DAPI (blue label) in order to visualize the nuclei. Confocal
Cytosolic and nuclear localizations of parkin. HEK293 cells were transfected analysis of the images indicates a punctate label of parkin in the nuclei. Panel ¢
with either 2ug of empty vector (a) or HA-tagged Wt-Pk cDNA (b) as described represents a 2-fold amplification of the field presented in (b). Panel d represents
in Methods and immunolabelled with anti-HA parkin antibodies (red label) or a control where cells were incubated with the secondary antibody only.
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Supplementary Table 1 Parkin mutations summary of the genetic data

For each mutation the localization within parkin domains is indicated. RING, really interesting new gene; IBR, in between ring; HTZ, heterozygous; HMZ,
homozygous. The references concern their first description, but for review of all bibliographical data concerning these mutations see!l. The R275W and exon

4 deletion variants concern the human brain material described in Methods.

Mutation domain type reference
K16IN SH2-like HTZ Abbas et al!
R256C R1 HMZ Abbas et al!
C418R R2 HTZ Bertoli-Avella et al.?
C441R R2 HTZ West et al’®
R275W R1 HTZ Unpublished
Exon 4 deletion - HMZ Hayashi et al*
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