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Abstract 
 

Parkinson’s disease (PD) is a common neurodegenerative movement disorder affecting 

more than five million people worldwide.  Afflicted individuals present with an array of 

debilitating movement symptoms arising from the degeneration of dopaminergic (DA) neurons 

in the substantia nigra pars compacta (SNpc).  While advances have been made in the 

management of some of the movement symptoms of PD, the etiology of idiopathic Parkinson’s 

disease remains uncertain. More than two decades after the first rare genetic forms were 

identified, we still lack clear cut mechanisms to explain the selectivity or toxicity of these 

mutations, to the detriment of progress on developing disease modifying therapeutics.  

Nonetheless, genetic modeling of PD still offers our best hope of understanding the pathology of 

sporadic PD.  This is made all the more evident by emerging evidence implicating post-

translational modifications of genetic PD linked proteins in pathogenic cascades relevant to both 

inherited and sporadic disease.  

Autosomal-Recessive Parkinson’s disease (AR-PD) is caused by genetic mutations in the 

E3 ubiquitin ligase parkin or the serine/threonine kinase, PINK1, via a common pathogenic 

mechanism involving mitochondrial quality control.  Moreover, inactivation of parkin through 

post-translational modification seems to play a broader role in the onset or progression of 

sporadic PD.  Accumulation of the parkin substrate PARIS (Parkin Interacting Substrate, 

ZNF746) and transcriptional repression of PGC-1α are key mediators of DA neuron death in 

parkin conditional knockout mice. Correspondingly, PARIS is accumulated in both AR-PD and 

sporadic PD post-mortem ventral midbrain tissue, and this accumulation is inversely correlated 

with PGC-1α protein levels. 
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The impact of PARIS accumulation on cellular mitochondrial pools is unknown.  Here 

we find that parkin loss, leads to PARIS dependent reductions in mitochondrial protein markers 

and mitochondrial DNA copy number.  Using transmission electron microscopy (TEM) we find 

that there are fewer mitochondria per cell in the ventral midbrain of both parkin conditional 

knockout mice and virus mediated PARIS overexpressing mice and that more of the 

mitochondria have structural defects.  Using microplate based respirometry, we find that PARIS 

accumulation in mouse primary ventral midbrain culture leads to PGC-1α dependent reductions 

in basal oxygen consumption and maximal respiratory capacity.   

Additionally, we find that PARIS accumulation and PGC-1α repression mediate DA 

neuron loss in an adult PINK1 conditional knockdown mouse model.  Using in-vitro, cellular and 

in-vivo analyses we observe that PINK1 phosphorylates PARIS on two conserved serine 

residues, enhancing its ubiquitination and degradation by parkin.  In the absence of PINK1, 

PARIS accumulates leading to transcriptional repression of PGC-1α and cell death.  Taken 

together these findings implicate PARIS accumulation and PGC-1α repression as nodal events in 

a pathogenic cascade tethering AR-PD to sporadic disease and leading to impaired mitochondrial 

biogenesis, declines in mitochondrial mass and deficits in the respiratory capacity of cellular 

mitochondrial pools in DA neurons. 
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Chapter 1:  Background 
 

Parkinson’s disease is common, complex and incurable 

More than five million people world-wide suffer from Parkinson’s disease, the most 

common neurodegenerative movement disorder, and that number is expected to double by 2030 

(Dorsey et al., 2007).  In the United States prevalence estimates range from 500,000 to 1.5 

million with 60,000 new cases identified each year (Dorsey et al., 2007; Kowal, Dall, 

Chakrabarti, Storm, & Jain, 2013).   In 2010 there were about 630,000 diagnosed cases of PD 

across the U.S. resulting in an annual excess economic burden of 14.4 billion dollars (Kowal et 

al., 2013).  That’s an average of $22,800 per patient per year.  Moreover, average costs were 

skewed toward advancing age, portending an acceleration of the economic burden of PD that 

will outpace the projected increase in prevalence. 

With an average age of onset of 60, PD sufferers gradually develop debilitating and 

disfiguring motor symptoms due to the progressive degeneration of dopamine neurons in the 

substantia nigra pars compacta (SNpc), a modulatory nucleus of the basal ganglia circuitry.  

Presentation and disease course vary widely but the cardinal motor symptoms associated with 

PD (resting tremor, rigidity, bradykinesia and postural instability) are often the presenting 

complaint as well as the basis for making a clinical diagnosis.  Unfortunately, these symptoms 

are a late manifestations of a disease process that has already wiped out 50% or more of the 

SNpc dopamine neurons (Halliday & McCann, 2010; Halliday et al., 1996).  PD can also be 

associated with an array of other movement and non-movement symptoms, some attributable to 
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SNpc pathology, while others might reflect dysfunction of monoaminergic cells in other nuclei 

or ganglia (Reichmann, Brandt, & Klingelhoefer, 2016) .  

While the cytopathology of PD is well described the molecular etiology is murky and 

complex with 90% of cases considered sporadic and a myriad of genetic variations and 

environmental exposures showing tenuous links to disease onset and progression (A. Lee & 

Gilbert, 2016).  Age, male sex, and race/ethnicity are the most consistent determinants of 

sporadic PD risk (A. Lee & Gilbert, 2016; Noyce et al., 2012).  History of a head injury, β-

blocker usage, and exposure to pesticides may represent modifiable risk factors independently 

predisposing to PD (Noyce et al., 2012).  Single gene mutations are thought to account for up to 

10% of disease burden and even these cases can be complex, with multiple pathogenic mutations 

exhibiting variable penetrance and unpredictable ages of onset and rates of progression 

(Aguilera, Oliveros, Martinez-Padron, Barbas, & Ferrus, 2000; Martin, Dawson, & Dawson, 

2011).   

Current therapies augment striatal dopamine levels providing temporary relief of motor 

symptoms, often greatly improving quality of life for years.  However, this strategy does little to 

address disease features that may be related to loss of other monoamine producing cell 

populations.  In fact, dopamine replacement therapy can exacerbate some of the neuropsychiatric 

complications of PD.  More concerningly, PD is progressive and there are no available 

treatments that will stop or slow the degeneration of dopamine neurons.  Earlier diagnosis and 

identification of preventable risk factors must be major priorities of PD research, as even the best 

pharmacologic strategies can’t bring back lost neurons.  However, there is also a real need for the 

development of new molecular based therapeutics that can halt or prevent neurodegeneration. 

Meeting this demand will require a better understanding of the common pathologic mechanisms 



3 
 

responsible for the death of dopamine and other monoaminergic neurons from a variety of 

primary insults.   To this end, mitochondrial dysfunction is perhaps the most consistently 

implicated processes in PD pathogenesis. 

 

Mitochondrial Dysfunction is central to PD pathology 

Some of the earliest evidence that mitochondrial pathology contributes to dopaminergic 

neuron death was the fortuitous discovery of toxin induced acute-onset parkinsonian phenotypes.  

Most notoriously, in the 1970’s, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine  (MPTP)  

contaminated opiates led to an epidemic of acute-onset parkinsonism (Langston, Ballard, Tetrud, 

& Irwin, 1983).  Follow-up studies showed that 1-methyl-4-phenylpyridinium (MPP+), the 

active metabolite of MPTP, could inhibit the function of Complex 1 (NADH Dehydrogenase) of 

the electron transport chain (ETC) (Hoppel et al., 1987).   Systemic administration of MPTP to 

rodents leads to loss of DA neurons and predictable behavioral phenotypes (Hoppel et al., 1987; 

Kuhn et al., 2003; Langston et al., 1983). The selective toxicity of MPP+ seems to stem from its 

preferential uptake by dopamine transporters (Bezard et al., 1999).   

Rotenone is a component of some pesticides and a potent inhibitor of Complex 1. 

Chronic rotenone exposure causes loss of dopamine neurons in rats associated with 

intracytoplasmic inclusions (Betarbet et al., 2000), and exposure to rotenone containing 

pesticides may increase the risk of developing PD (Pezzoli & Cereda, 2013; Tanner et al., 2011).  

Likewise, the herbicide and electron transfer inhibitor paraquat has been linked to loss of DA 

neurons in rodents, and chronic exposure is associated with increased risk for developing 

parkinsonism (Dinis-Oliveira et al., 2006; Pezzoli & Cereda, 2013; Tanner et al., 2011).    
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The relevance of toxin induced PD models was soon bolstered by the identification of 

mitochondrial deficits in sporadic Parkinson’s disease.  Complex 1 function was found to be 

reduced in sporadic PD SNpc tissue (Mann et al., 1994; Schapira et al., 1990).  Complex 1 and 

IV activity are also reduced in platelets and lymphocytes of genetic and sporadic PD patients 

(Benecke, Strumper, & Weiss, 1993; Haas et al., 1995; Parker, Boyson, & Parks, 1989).  

Mitochondrial DNA (mtDNA) mutations, which invariably accumulate during aging, are more 

common and more often deleterious in PD SN than in age matched controls (Bender et al., 2006; 

M. T. Lin et al., 2012).  Interestingly, mutations and polymorphisms of the mitochondrial DNA 

polymerase (POLG) have also been linked to parkinsonism (Anvret et al., 2010; Balafkan et al., 

2012; Davidzon et al., 2006; Remes et al., 2008)   

The 37 genes in the mitochondrial genome encode just 13 proteins and the maternal 

transmission pattern associated with inherited mitochondrial diseases does not explain sporadic 

PD.  Interestingly however, transfer of PD patient cytoplasm to cell line models, the cybrid 

model of PD, recapitulates mitochondrial pathology, and, in some cases, the formation of Lewy 

body like inclusions, suggesting that de novo mitochondrial DNA mutations in some PD patients 

could induce disease states.  (Keeney et al., 2009; Trimmer, Borland, Keeney, Bennett, & Parker, 

2004). These findings have been pointed to as signs of increased oxidative stress as well as 

inadequate mitochondrial proteins and DNA repair or removal.  

There is also evidence that synthesis of new mitochondrial proteins and mtDNA is 

impaired in PD.  Most mitochondrial proteins are encoded by nuclear DNA.  Peroxisome 

proliferator-activated receptor-γ coactivator 1α (PGC-1α), is a potent inducible regulator of 

nuclear encoded mitochondrial proteins including the ETC machinery, and important enzymes in 

glycolysis, the citric acid cycle, and β-oxidation, all of which supply substrates for ATP 
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generation by the ETC (J. Lin, Handschin, & Spiegelman, 2005; St-Pierre et al., 2006).  

Moreover, transcription of mitochondrial DNA polymerase-g (POLG) and mitochondrial 

transcription factor A (TFAM) are regulated by PGC-1α, linking nuclear transcription with 

mtDNA replication and transcription.  Dysregulation of PGC-1α has been implicated in other 

neurodegenerative diseases, and polymorphisms have been identified which correlate with PD 

onset and progression in humans as well as sensitivity to rotenone exposure in rodent models 

(Abbas et al., 1999; J. Clark, Reddy, Zheng, Betensky, & Simon, 2011; Zheng et al., 2010).  

More directly, multiple studies show evidence that PGC-1α expression is decreased in sporadic 

PD patient ventral midbrain (VM) (Elstner et al., 2011; Eschbach et al., 2015; Jiang et al., 2016; 

Shin et al., 2011; Zheng et al., 2010).  PGC-1α levels in PD VM have been correlated with both 

accumulation of direct transcriptional repressors (Shin et al., 2011) and promoter 

hypermethylation (Su et al., 2015). Deficits lead to reduction of PGC-1α co-regulated gene 

products and dysregulation of cellular energy metabolism in PD patient VM (Elstner et al., 2011; 

Zheng et al., 2010).   

 

Loss of function of PINK1 or PARKIN causes Autosomal-Recessive Parkinson’s Disease  

Hereditary Parkinson’s disease accounts for about 10% of Parkinson’s disease burden 

(Lesage & Brice, 2009; Martin et al., 2011).  These hereditary forms of PD often have an earlier 

onset but are otherwise clinically indistinguishable from sporadic disease (Bonifati, 2012; 

Puschmann, 2013).  Mutations in the SNCA and LRRK2 genes lead to dominantly inherited PD.  

Autosomal-Recessive Parkinson’s disease (AR-PD) has been linked to mutations in three genes, 

PARK2, PARK6 and PARK7, encoding the parkin, (phosphatase and tensin homolog (PTEN) 
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induced putative kinase 1) (PINK1) and DJ-1 proteins respectively.  AR-PD due to mutations in 

these genes is rare and presentation varies, so generalizations about distinct clinical features of 

AR-PD should be viewed with caution.  However, observational data suggests that these cases 

may present with very early onset and slow disease progression with robust response to 

levodopa, and that AR-PD may be more strongly associated with neuropsychiatric comorbidities 

and L-dopa induced dyskinesias.(Bonifati, 2012; Bonifati et al., 2005; Puschmann, 2013).   

About 70% of AR-PD cases can be attributed to mutations in the PARK2 gene which 

encodes a 465-amino acid, E3 ubiquitin ligase parkin (Kilarski et al., 2012).  More than 100 

pathogenic parkin mutations have been described that either impair its E3 ligase activity directly, 

or alter the solubility or stability of the protein (Dawson & Dawson, 2010; Lesage & Brice, 

2009).  Parkin has been reported in all cellular compartments and facilitates ubiquitination of 

numerous substrates using a variety of linkage motifs.  Nearly 30% of AR-PD cases are 

attributed to mutations in PARK6 which encodes the mitochondrial-targeted serine/threonine 

kinase PINK1 (Kilarski et al., 2012; Valente et al., 2001; Valente et al., 2002).  More than 40 

mutations in PINK1 have been identified throughout the coding regions of the gene but impaired 

kinase function is believed to be associated with the development of PD (Lesage & Brice, 2009). 

PINK1 is targeted to the outer mitochondrial membrane, however under normal conditions 

mitochondrial PINK1 is rapidly cleaved and therefore localizes more abundantly as a 55kD 

cytosolic protein which seems to function in complex with parkin and DJ-1 (Xiong et al., 2009).  

Only a handful of cases of DJ-1 mutation leading to PD have been identified, but this protein has 

also been implicated in mitochondrial health and anti-oxidant regulation, and deficits may 

potentiate PINK1 and parkin linked pathology (Kilarski et al., 2012). 
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While each of these proteins have been implicated in a variety of functions, the current 

consensus is that loss of function of PINK1 or parkin (and likely DJ-1 as well) lead to AR-PD 

through impairment of a common pathway.  The first direct evidence of this was observed in 

Drosophila where knockout of either PINK1 or parkin produces robust and nearly identical 

phenotypes including male sterility and degeneration of indirect flight muscles and dopamine 

neurons (I. E. Clark et al., 2006; Park et al., 2006).  Parkin overexpression mitigates the cell 

toxicity associated with PINK1 loss (I. E. Clark et al., 2006; Park et al., 2006; Yang et al., 2006).  

More than a decade after these observations were published much has been learned about the 

diverse roles of PINK1 and parkin, however there is still considerable debate over the relative 

importance of the pathways on which these two genes converge. 

Recent evidence suggests that parkin may play a broader role in the onset or progression 

of sporadic PD (Dawson & Dawson, 2014).  A number of post-translational modifications have 

been identified which alter the solubility or enzymatic activity of parkin (Ko et al., 2010; 

LaVoie, Ostaszewski, Weihofen, Schlossmacher, & Selkoe, 2005; Winklhofer, 2006; 

Winklhofer, Henn, Kay-Jackson, Heller, & Tatzelt, 2003).  Post mortem studies of PD VM 

suggest that parkin is reduced in the soluble fraction and that this is associated with higher levels 

of known parkin substrates.  MPTP exposed rodents exhibit accumulation of parkin substrates 

and DA neuron toxicity.  This MPTP-mediated DA neuronal toxicity and accumulation of parkin 

substrates is dependent upon phosphorylation of parkin by c-abl, a non-receptor tyrosine kinase 

that is activated under cellular stress conditions.  Levels of activated c-abl are increased in 

sporadic PD VM, and inhibition of c-abl has been shown to protect neurons in MPTP treated 

mice (Karuppagounder et al., 2014; Ko et al., 2010).  This emerging evidence of convergence 
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between AR-PD and sporadic PD pathogenesis reinforces the value of genetic models for 

illuminating the shared pathologic features of this complex disease. 

 

AR-PD models converge on a common pathway involving mitochondrial quality control  

Current AR-PD models suggest that PINK1 and parkin are involved in the regulation of 

all aspects of mitochondrial quality control, a coordinated set of processes that regulate 

mitochondrial morphology, subcellular localization and turnover to efficiently meet cellular 

bioenergetic needs (Scarffe, Stevens, Dawson, & Dawson, 2014).   Existing mitochondria are 

subject to continuous reorganization by fission and fusion and redistribution throughout 

subcellular compartments.  New mitochondria are generated through biogenesis and removal of 

damaged mitochondrial proteins and DNA are mediated through proteasomal degradation and 

mitophagy.   Disruption of these processes in neurons could have particularly deleterious effects 

due to the high energetic demand of neurons and dependence on oxidative phosphorylation.  

The balance of fission and fusion can be perturbed by a number of cellular stresses 

(Youle & van der Bliek, 2012). Fission and fusion regulate mitochondrial size and maintain 

efficiency of the mitochondrial pool through asymmetric fission, which segregates dysfunctional 

mitochondria, and fusion events which reallocate mtDNA and may serve to complement 

mitochondria with deleterious mtDNA mutations (Youle & van der Bliek, 2012; Yu, Sun, Guo, 

& Lu, 2011.  The balance of fission and fusion can be perturbed by a number of cellular stresses 

{Youle, 2012 #4579).    Loss of parkin or PINK1 in Drosophila results in swollen mitochondria 

suggesting derangement of the balance of fission to fusion towards fusion (I. E. Clark et al., 

2006; Park, Lee, & Chung, 2009; Park et al., 2006; Yang et al., 2006).  Overexpression of the 
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pro-fission GTPase Drp1 restores normal mitochondrial morphology but not functional deficits 

(Lutz et al., 2009; Yang et al., 2008).  In mammalian cells knockdown of PINK1 or parkin yields 

fragmented mitochondria, though these results may vary by cell type (Dagda et al., 2009; Lutz et 

al., 2009; Yu et al., 2011).   

Fission and fusion balance likely has an impact on mitochondrial trafficking since smaller 

mitochondria are preferentially trafficked (Itoh, Nakamura, Iijima, & Sesaki, 2013).  However, 

parkin and PINK1 may also directly affect trafficking by coordinated proteasomal targeting of 

the outer mitochondrial membrane (OMM) protein Miro.  Miro facilitates axonal and dendritic 

trafficking of mitochondria via recruitment of the adapter protein, milton, which in-turn binds 

mitochondria to the kinesin-1 heavy chain. PINK1 phosphorylates Miro, whereas parkin 

ubiquitinates it, targeting this protein for proteasomal degradation and arresting mitochondrial 

motility (Liu et al., 2012; Wang et al., 2011). Sorting and trafficking of mitochondria is 

particularly important in neurons which need efficient local energy production at axon terminals 

to maintain synaptic function.   Moreover, tight control of mitochondrial dynamics facilitates 

segregation of dysfunctional mitochondria by asymmetric fission events and prevention of 

trafficking leading to perinuclear localization which may facilitate turnover (Itoh et al., 2013; 

Youle & van der Bliek, 2012)31, 32.  

Citing poor turnover of mitochondrial proteins and dysfunctional and damaged 

mitochondria in drosophila, as well as the accumulation of mtDNA mutations in PD VM, a great 

deal of research has focused on the mechanisms responsible for recognition and removal of 

defective mitochondria.  Studies in mammalian cell line models and human fibroblasts treated 

with mitochondrial uncoupling agents such as carbonyl cyanide m-chlorophenyl hydrazone 

(CCCP), implicate PINK1 as the primary mediator of these processes (Grunewald et al., 2010; 
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Narendra, Tanaka, Suen, & Youle, 2008; Rakovic et al., 2011).  PINK1 accumulates on 

depolarized mitochondria where it undergoes auto-phosphorylation and phosphorylates several 

OMM proteins, leading to translocation of cytosolic parkin to the OMM.  Direct phosphorylation 

of parkin and ubiquitin by PINK1 is required for the translocation and activation of parkin at the 

OMM (Kane et al., 2014).  Once recruited to mitochondria, overexpressed parkin ubiquitinates 

several OMM proteins, including Mitofusins and Miro (Sarraf et al., 2013).  Ubiquitination may 

target some of these proteins to the proteasome however, in the setting of mitochondrial 

depolarization histone deacetylase 6 (HDAC6) and Sequestosome 1 (p62/SQTM) recognize 

these ubiquitin moieties and recruit elements of the canonical autophagy machinery to the OMM 

(Michiorri et al., 2010{Van Humbeeck, 2011 #46)}(Grenier, McLelland, & Fon, 2013).  OMM 

protein levels are subsequently reduced and mitochondrial proteins colocalize with 

autophagosomal and lysosomal markers. 

Robust parkin translocation and mitophagy is observed in cell lines and fibroblasts after 

CCCP exposure, however in cultured neurons mitochondrial translocation of overexpressed 

parkin is modest and seems to occur only after prolonged CCCP exposure under atypical culture 

conditions and with co-administration of apoptosis or lysosomal inhibitors (Cai, Zakaria, 

Simone, & Sheng, 2012; Grenier et al., 2013). One explanation for this disparity is that most cell 

lines are glycolytic, whereas neurons depend heavily on oxidative phosphorylation for ATP 

production.  Hexokinase activity seems to be important for parkin recruitment as either inhibition 

of glycolysis or culturing cells in galactose only media inhibit parkin recruitment and mitophagy 

(Hasson et al., 2013; McCoy, Kaganovich, Rudenko, Ding, & Cookson, 2014; Van Laar et al., 

2011).  Strategies for mitochondrial complementation or repair may play a more significant role 

in neurons allowing for more subtle removal mechanisms utilizing the ubiquitin proteasome or 
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mitochondrial-derived vesicles (MDV) (McLelland, Lee, McBride, & Fon, 2016; McLelland, 

Soubannier, Chen, McBride, & Fon, 2014; Sugiura, McLelland, Fon, & McBride, 2014). 

There is limited evidence to support a clinically significant role of mitophagy defects in 

either PD tissue or germ line knockout models of AR-PD.  Moreover, in vivo studies invoking 

more physiologic mitochondrial damage also downplay the disease relevance of defective 

mitophagy and, in some cases, suggest that mitophagy may not be parkin dependent (Ekstrand et 

al., 2007; Sterky, Lee, Wibom, Olson, & Larsson, 2011).  Drp1 knockout in neurons leads to 

accumulation of damaged mitochondria with evidence of mitophagy, including mitochondrial 

ubiquitination, even when parkin is knocked out (Kageyama et al., 2012).  Deletion of the TFAM 

selectively in DA neurons leads to degeneration associated with mitochondrial aggregates, 

however this is not associated with parkin recruitment even when parkin is overexpressed, and 

knocking out parkin has no effect on the phenotype (Sterky et al., 2011).  Mice engineered with 

an error prone POLG exhibit loss of dopamine neurons exclusively in combination with parkin 

knockout, theoretically due to inadequate clearance of mutated mtDNA (Pickrell et al., 2015).  

However, a closer look at these mice found no evidence that parkin knockout mice had an 

increased load of mtDNA mutations suggesting that defective clearance may not be the primary 

mode of DA neuron toxicity.       

The final leg of mitochondrial quality control is the generation of new mitochondria.  As 

discussed in the sections above, there is good evidence that defects in mitochondrial biogenesis 

may contribute to PD.  However, there has been little direct experimental evidence that PINK1 

and parkin regulate this process.  Recently our lab generated and characterized an adult 

conditional parkin knockout mouse model, which showed progressive dopaminergic neuron 

degeneration, overcoming a major barrier to the validation of disease relevant mitochondrial 
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phenotypes(Shin et al., 2011).  In this model, degeneration of dopamine neurons was determined 

to be dependent upon the accumulation of a single parkin substrate PARIS (Parkin Interacting 

Substrate, ZNF 746).  PARIS overexpression in adult mouse VM was sufficient to cause 

dopaminergic neuron loss.  The toxicity of PARIS was found to be due to transcriptional 

repression of PGC-1α.  The relevance of these finding to human PD is underscored by post-

mortem data suggesting that PARIS is increased in the SN of nearly all PD patients whether 

familial or sporadic.  The importance of this accumulation is supported by a strong inverse 

correlation between PARIS levels and PGC-1α protein levels in post-mortem midbrain(Shin et 

al., 2011). 
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Chapter 2:  PARIS accumulation impairs mitochondrial biogenesis 
leading to reduced mitochondrial mass and functional capacity  

 

 

SUMMARY 

• Parkin loss leads to PARIS dependent deficits in mitochondrial markers. 
• Reduced mitochondrial marker, size and number in adult conditional parkin knockouts. 
• Overexpression of PARIS leads to reduced mitochondrial protein markers 
• PARIS overexpression leads to reduced mitochondrial number and structural 

abnormalities.  
• PARIS overexpression leads to PGC-1α-dependent deficits in cellular respiratory 

capacity 
 

INTRODUCTION 

Mitochondrial dysfunction and dysmorphism occur in almost all AR-PD models 

including germ line deletion models of PINK1 and parkin which do not show loss of dopamine 

neurons nor any behavioral correlates of human disease.  AR-PD genetic models consistently 

exhibit mitochondrial dysfunction even if they do not demonstrate a clear PD phenotype or 

cellular toxicity.  Germ-line deletion or knockdown of PINK1, parkin, DJ-1, or all three in mice 

does not lead to obvious dopamine neuron degeneration during their lifespan (Kitada, Pisani, et 

al., 2009; Kitada et al., 2007; Kitada, Tong, Gautier, & Shen, 2009; Zhou et al., 2007).  This has 

been a considerable barrier to the study of AR-PD since biochemical and mitochondrial 

alterations can’t be linked with neurodegeneration.   

PINK1 or parkin deficits in mice lead to impairment of complex 1 activity and ATP 

production, and increase sensitivity to mitochondrial toxins including MPP+ toxicity, while 

overexpression mitigates MPP+ toxicity (Kitada et al., 2007; Morais et al., 2009).  (Haque et al., 

2012; Haque et al., 2008).  The  degenerative phenotype observed in flies is also accompanied by 
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alterations in mitochondrial shape and distribution as well as impairment of mitochondrial 

function (I. E. Clark et al., 2006; Park et al., 2006).  Impairment of Complex 1 function seems to 

be a key determinant of cell toxicity in these flies as well since supplementation with yeast 

NADH dehydrogenase, ubiquinone or its analog vitamin K2 rescues the pathology either by 

augmenting Complex 1 function or enhancing Complex 2 driven respiration (Morais et al., 2009; 

Vilain et al., 2012; Vos et al., 2012) 

The relative significance of changes in mitochondrial shape, distribution or function is 

difficult to interpret outside of the context of cell toxicity.  The adult conditional parkin knockout 

mouse model is the first mammalian genetic model of AR-PD to recapitulate progressive age 

dependent degeneration of dopamine neurons in the substantia nigra (Shin et al., 2011).  

Experiments in this model suggest that accumulation of the PARIS is necessary and sufficient for 

dopaminergic cell death, and that this is mediated through transcriptional repression of PGC-1α 

(Shin et al., 2011).  Moreover, PARIS accumulates in parkin linked and sporadic human disease, 

making this a particularly intriguing model for more in depth study.  The effect of PARIS 

mediated PGC-1α repression on neuronal mitochondrial pools has not been characterized.  Here 

we report on the mitochondrial phenotype found in the adult conditional parkin knockout mouse 

model.  

PGC-1α is an inducible transcriptional cofactor responsible for coordinating cell 

metabolism, antioxidant defense and mitochondrial biogenesis (J. Lin et al., 2005; St-Pierre et 

al., 2006).  Polymorphisms in PGC-1α have been linked to PD onset (J. Clark et al., 2011) and 

PGC-1α levels are low in the SNc of post-mortem PD brain samples compared with controls 

(Shin et al., 2011).   
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RESULTS 

Parkin loss leads to PARIS dependent deficits in mitochondrial markers. 

First, we assessed the effect of shRNA knockdown of parkin in the SH-SY5Y cell line 

(Figure 2.1A). We found that shRNA knockdown of parkin in the SH-SY5Y cells leads to a two-

fold increase in the level of PARIS accompanied by a reduction of PGC-1α and several 

mitochondrial proteins including pyruvate dehydrogenase alpha (PDHA), COXIV, voltage 

dependent anion channel (VDAC). Succinate dehydrogenase complex, subunit A (SDHA) did 

not decrease significantly (Figure 2.1A). Knockdown of PARIS prevents the downregulation of 

PGC-1α and the mitochondrial proteins induced by parkin knockdown (Figure 2.1A). 

Parkin knock down via shRNA also leads to a significant reduction of mitochondrial 

DNA copy number determined by the ratio of the mitochondrial encoded NADH dehydrogenase 

1 (ND1) gene to genomic β-actin as measured by real-time quantitative PCR (Figure 2.1B) (H. 

C. Lee, Lu, Fahn, & Wei, 1998).  This reduction in mtDNA copy number is restored by shRNA-

PARIS co-transfection (Figure 2.1B). We also found PARIS -dependent reduction of COXI 

levels in parkin knockdown cells (Figure 2.1C).  PARIS overexpression was sufficient to cause a 

similar reductions of mtDNA copy number in SH-SY5Y cells, transfected with GFP-tagged 

wild-type (WT) PARIS or GFP-tagged C571A mutant PARIS, which lacks transcriptional 

repressive activity (Shin et al., 2011). WT PARIS overexpression leads to a significant 56% 

reduction of mtDNA copy number, whereas overexpression of C571A mutant PARIS does not 

affect mtDNA copy number (Figure 2.1D), indicating that the effect of PARIS on mtDNA copy 

number is SH-SY5Y cells is likely to be mediated by PGC-1α repression.  
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Reduced mitochondrial marker, size and number in adult conditional parkin knockouts.   

In order to evaluate whether parkin loss leads to reductions in mitochondrial mass in-vivo 

adult conditional parkin knockout mice were generated as previously described by injecting a 

lentivirus expressing GFPCre stereotactically into the ventral midbrain of 2 month old parkinflx/flx 

mice (Figure 2.2A) (Shin et al., 2011).  In a subset of mice a lentivirus expressing PARIS 

shRNA was co-injected to prevent the upregulation of PARIS due to the deletion of parkin as 

previously described (Shin et al., 2011). Immunostaining for GFP in the GFP or GFPCre injected 

mice demonstrates that Lenti-GFP and Lenti-GFPCre effectively transduce neurons in the 

substantia nigra (SN) including DA neurons (Figure 2.2B).  Lenti-GFPCre leads to almost 

complete loss of parkin from the ventral midbrain of parkinflx/flx mice compared to Lenti-GFP 

mice (Figure 2.2C). Accompanying the loss of parkin is a robust upregulation of PARIS, 

resulting in reduction of PGC-1α and Nuclear Respiratory Factor-1(NRF-1) as previously 

described (Shin et al., 2011) (Figure 2.2C).  

We assessed mitochondrial DNA (mtDNA) copy number in the adult conditional parkin 

KO ventral midbrain by measuring two different mitochondrial markers, cytochrome C oxidase 

(COX) and cytochrome b (CYTB) using real-time quantitative PCR (Figure 2.2D). Conditional 

knockout of parkin in adult mice results in an approximately 60% reduction in mitochondrial 

DNA copy number as assessed by COX and CYTB levels (Figure 2.2D). Administration of 

lentiviral shRNA-PARIS along with Lenti-GFPCre reverses the change in COX and CYTB 

levels (Figure 2.2D). To ascertain whether the reduction of COX and CYTB levels is cell 

autonomous in DA neurons, laser capture microdissection (LCM) was performed in conditional 

parkin KO mice 4 weeks after the Lenti-GFPCre injection to obtain DNA and RNA from TH 
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positive neurons transduced with GFP-Cre (Figure 2.2 E and F).  We find a significant reduction 

of COX and CYTB levels in tyrosine hydroxylase (TH)-positive DA neurons of conditional 

parkin KO mice, whereas the levels of TH mRNA are unchanged (Figure 2.2G).  These changes 

occur prior to observation of significant degeneration. 

  Nine months later when active loss of DA neurons is occurring, transmission electron 

microscopic (TEM) images from the SN were collected to determine the effects of the loss of 

parkin on nuclear and mitochondrial morphology.  Adult knockout of parkin in the SN of mice 

leads to the clumping of nuclear chromatin and pyknotic nuclei (Figure 2.3A). Quantification of 

the pyknotic nuclei reveals a significant increase in the percentage of pyknotic nuclei in the adult 

conditional parkin knockout mice compared to lenti-GFP injected control mice (Figure 2.3B).  

Knockdown of PARIS via lenti-PARIS shRNA substantially and significantly reduces the 

percentage of pyknotic nuclei (Figure 2.3B) consistent with previous reports of PARIS mediated 

degeneration in the adult conditional parkin knockout mouse. 

In ventral midbrain (VM) neurons with normal appearing nuclei, TEM image analysis of 

mitochondrial number and size was performed (Figure 2.3C, D and E).  Quantification of 

mitochondrial number revealed a 32% reduction in mitochondria in adult conditional parkin 

knockout mice compared to AAV-GFP injected SN.  Knockdown of PARIS via lenti-PARIS 

shRNA prevents the reduction in mitochondrial number (Figure 2.3C, D and E). Mitochondria in 

adult conditional parkin knockout mice are 40% smaller than AAV-GFP injected SN and 

knockdown of PARIS via lenti-PARIS shRNA prevents the reduction in mitochondrial size 

(Figure 2.3F).   In adult conditional parkin knockout mice 69% of the mitochondria have 

abnormal cristae compared to lenti-GFP injected SN and knockdown of PARIS via lenti-PARIS 

shRNA substantially and significantly prevents the formation of abnormal cristae (Figure 2.3G). 
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Overexpression of PARIS leads to reduced mitochondrial protein markers 

To assess the impact of PARIS on mitochondria in-vivo we utilized the previously 

described PARIS overexpression mouse model.  Adeno-associated virus serotype 1 (AAV1)-

PARIS was stereotaxically injected into the SN of C57Bl/6 mice and compared to mice injected 

with control AAV1-GFP virus (Figure 2.4A).  One month after injection, AAV1 mediated 

overexpression of PARIS leads to a greater than two-fold upregulation of PARIS levels in the 

SN of mice similar to level of upregulation of PARIS in sporadic PD and in conditional parkin 

KO mice (Figure 2.4A) (Shin et al., 2011). Accompanying this increase in PARIS levels is a 

downregulation of a number of nuclear encoded mitochondrial proteins from all compartments of 

the mitochondria including PDHA (pyruvate dehydrogenase subunit A), COXIV (cytochrome c 

oxidase subunit four), VDAC (voltage dependent anion channel), SDHA (succinate 

dehydrogenase subunit A) and a trend toward a reduction in cytosolic SOD1 (superoxide 

dismutase 1) (Figure 2.4B) perhaps suggesting an overall decrease in mitochondrial mass.  

To further examine the effect of PARIS on mitochondrial mass the level of COXIV, a 

widely used mitochondrial reference protein, was assessed and normalized to β-actin via western 

blot (Figure 2.4C).  PARIS overexpression significantly reduces relative COXIV levels.  Co-

injection of AAV1-Parkin both reduced PARIS levels and rescued COXIV levels.  

Overexpression of PGC-1α via co-injection of lenti-PGC-1α also restored COXIV levels without 

effecting PARIS levels (Figure 2.4C) further suggesting that depletion of mitochondrial protein 

levels is due to transcriptional repression of PGC-1α by PARIS.  
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PARIS overexpression leads to reduced mitochondrial number and structural 

abnormalities.  

In order to better understand what was happening to mitochondria with PARIS 

overexpression we used transmission electron microscopy (TEM) to look at the structure, size 

and number of mitochondria in AAV-PARIS injected ventral midbrain.   TEM images from SN 

were collected 4 weeks after stereotactic injection of AAV1-GFP or AAV1-PARIS.  PARIS 

overexpression in the SN of mice leads to the clumping of nuclear chromatin and pyknotic nuclei 

(Figure 2.5A) consistent with the finding of DA neuron toxicity previously shown (Shin et al., 

2011).   In AAV1-PARIS injected SN 43% of the cells examined had shrunken pyknotic nuclei 

compared to 15% of the control AAV1-GFP injected.  In cells with normal appearing nuclei, 

TEM image analysis reveals a 23% reduction in mitochondrial number in AAV1-PARIS injected 

SN compared to AAV1-GFP injected SN (Figure 2.5C).   Interestingly, the mitochondria in 

AAV1-PARIS injected SN are two times bigger than those in AAV1-GFP injected SN (0.71 um2 

vs. 0.39 um2, respectively) (Figure 2.5D). In AAV1-PARIS injected SN, 47.5% of the 

mitochondria have loss of organized cristae compared to 14.8% in control injected SN (Figure 

2.5E).   

 

PARIS overexpression leads to PGC-1α-dependent deficits in cellular respiratory capacity 

To ascertain the effect of PARIS overexpression on mitochondrial function, 

mitochondrial respiration was measured in primary embryonic mouse ventral midbrain cultures 

using a Seahorse XF-24 analyzer (Agilent Technologies). TH immunostaining indicates that 10.9 

+/- 2.2% of the total cells in cultures are DA neurons (Figure 2.6A). Lentiviral PARIS 
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transduction leads to a two to three fold increase in PARIS levels compared with GFP transduced 

control (Figure 2.6B), similar to the relative increase of PARIS in sporadic PD and in the 

conditional parkin KO mouse (Shin et al., 2011). In this system, increased PARIS levels lead to a 

54% reduction in PGC-1α transcription (Figure 2.6C). We assessed mitochondrial respiration 

and observed a 29% reduction in basal respiration, a 45 % reduction in CCCP induced maximal 

respiration and a 69% reduction in spare respiratory capacity (Figure 2.6D). These deficits were 

rescued by co-transduction with a PGC-1a lentivirus which resulted in mildly elevated PGC-1α 

levels.  

 

DISCUSSION 

The adult conditional parkin knockout model shows progressive loss of dopamine 

neurons which is dependent upon accumulation of toxic levels of PARIS and transcriptional 

repression of PGC-1α.  Here we demonstrate that loss of parkin in the VM of adult mice leads to 

reductions in mitochondrial proteins, mtDNA copy number and average mitochondrial number 

and size.  These finding are consistent with an overall reduction of mitochondrial mass 

suggesting deficits in mitochondrial biogenesis that are not counterbalanced by the deficits in 

mitophagy suggested by cell line models of parkin dysfunction.  Given the significant loss of 

dopamine neurons seen in this model, this reduction in mitochondrial mass is not likely to be due 

to a physiologic difference in bioenergetic demands and likely represents a pathological process 

predisposing to neuron death.  

This phenotype is a direct consequence of PARIS accumulation since simply preventing 

toxic levels of PARIS can rescue the mitochondrial phenotype and prevent the loss of dopamine 
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neurons.  Moreover, PARIS overexpression alone is sufficient to recapitulate dopamine neuron 

loss in mice, and these experiments demonstrate that PARIS overexpression mirrors the 

decreases in mitochondrial protein levels and mitochondrial number seen in parkin loss.  

Likewise, PARIS overexpression in mouse VM leads to a higher proportion of mitochondria 

with structural abnormalities.  Thus, toxic accumulation of PARIS largely explains the 

phenotype in the adult conditional parkin knockout mouse.    

Similar observations have been reported in mouse models harboring the parkin Q311X 

mutation and a model of sporadic PD based on MAO-B overexpression leading to oxidative 

inactivation of parkin (Siddiqui et al., 2015; Siddiqui, Hanson, & Andersen, 2012; Siddiqui, 

Rane, Rajagopalan, Chinta, & Andersen, 2016). Each of these models show toxic PARIS 

accumulation and reduction of PGC-1α regulated mitochondrial proteins, which are restored by 

restoring PGC-1α levels.  Human fibroblasts engineered for parkin deletion also exhibit 

reductions in the mtDNA copy number.  Overexpression of parkin in these cells, but not disease 

associated mutant parkin constructs, increased mtDNA copy number and decreased vulnerability 

to oxidative stress-induced mtDNA damage (Rothfuss et al., 2009).  Mitochondrial markers and 

PGC-1α targets have been reported to be reduced in PD SN.  Additionally, DA neurons from 

patients with parkin mutations exhibit reduced mitochondrial fractional volume, and this has 

been reproduced in DA cells from an isogenic parkin KO-inducible pluripotent stem cell line 

(Shaltouki et al., 2015).   

In our models, there is a discrepancy in average mitochondrial size.  Adult parkin 

knockout mice exhibit smaller mitochondria compared with GFP controls consistent with the 

idea that parkin is profusion and with MPTP models which show mitochondrial fragmentation at 

least partly mediated by parkin inactivation.  Meanwhile, PARIS overexpression appears to lead 
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to an increase in mitochondrial size.  The reason for, and significance of, this difference is 

unclear.  Preserved parkin function in this model may impact other cellular processes or axes of 

mitochondrial quality control.   Given the relatively rapid progression and higher toxicity in 

PARIS overexpression mice, it’s also possible that the difference in mitochondrial size is related 

to severity of the phenotype, representing more of a consequence than cause of cell death.   

Deficits in mitochondrial function are also found in nearly all models of PD.  In our 

studies, we find that repression of PGC-1α by PARIS and concomitant reductions in 

mitochondrial mass translate directly to deficits in cellular mitochondrial respiration.  Reductions 

in basal oxygen consumption rate in these studies are consistent with the loss of mitochondrial 

mass though, the significance of this alteration is unclear.  It may simply reflect lower average 

bioenergetic needs or the culminating phase of a pathologic state undermining cellular ATP 

production.  Greater deficits are found with respect to maximal respiration measured in the 

uncoupled state, and the correlated metric reserve capacity, both of which crudely represent the 

potential for the cell to respond to increased bioenergetic demand by increasing flow of electrons 

through existing ETC complexes.    

Using adult conditional parkin knockout mouse makes cellular assays of mitochondrial 

function technically difficult given the necessity of engineering mature neurons and the long 

incubation period.  Such a study would be more feasible in germ line parkin knockout mice, and 

to this end others have found striatum specific deficits in mitochondrial respiration, most notable 

for reduced maximal respiratory capacity (Damiano et al., 2014).  However, given the lack of 

cell death in this model and presumed neuroprotective developmental compensation it is difficult 

to interpret these findings.  Preliminary studies of CRISPR/Cas9 mediated parkin knockout in 

SH-SY5Y cells cultured in galactose media to enhance their dependence on oxidative 
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phosphorylation favor a loss of respiratory capacity that can be restored by PGC-1α, however as 

with the mitophagy data the validity and relevance of these findings should be scrutinized more 

closely before drawing conclusions about neural correlates.  

The adult conditional parkin knockout model offers a robust PD phenotype and lends 

credence to the idea that mouse dopaminergic neurons may develop some compensatory 

response to germ-line parkin loss.  Understanding that compensation may provide additional 

therapeutic targets.  Extending this paradigm to PINK1 and DJ-1 may elicit PD phenotypes 

allowing for a better understanding of the shared pathology of AR-PD.   

 

MATERIALS AND METHODS 

Stereotaxic injection. For stereotactic injection of AAV1 overexpressing GFP or PARIS and 

lentivirus overexpressing GFP or GFPCre, experimental procedures were followed according to 

the guidelines of Laboratory Animal Manual of the National Institute of Health Guide to the 

Care and Use of Animals, which were approved by the Johns Hopkins Medical Institute Animal 

Care Committee. Six to eight-week-old male C57BL mice (Charles River Laboratories, Inc.) or 

parkinFlx/Flx were anesthetized with pentobarbital (50 mg/kg). An injection cannula (26.5 gauge) 

was applied stereotactically into the SN (anteroposterior, -3.0 mm from bregma; mediolateral, 

1.2 mm; dorsoventral, 4.3 mm), or cortex (anteroposterior, 1.0 mm from bregma; mediolateral, 2 

mm; dorsoventral, 1.5 mm). 

 

Conditional parkin knockout. To generate the Cre-flox conditional model of parkin knock out, 

lentiviral vector expressing GFP fused Cre recombinase (Lenti-GFPCre) was stereotactically 
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introduced into exon 7 floxed parkin mice (parkinFlx/Flx) in six to eight-week-old mice. 

Furthermore lentiviral shRNA-PARIS was co-administrated along with Lenti-GFPCre to 

demonstrate whether the changes in the contents of mtDNA were due to PARIS.  

 

TEM imaging and mitochondrial assessment.  Mice were anesthetized with a lethal dose of 

pentobarbital (100 mg/kg), and perfused with PBS containing 1% sodium nitrite (pH 7.4), fixed 

with fixative consisting of 3% paraformaldehyde, 1.5% glutaraldehyde, 100 mM cacodylate, 

2.5% sucrose, (pH 7.4), and postfixed for 1 hr. Brain sections were processed as described 

(McCaffery & Farquhar, 1995). Images were collected on a Philips EM 410 TEM installed with 

a Soft Imaging System Megaview III digital camera. To quantify the number of apoptotic cells 

and mitochondrial abnormalities, extensive image analysis was performed on approximately 

0.225 mm2 area per mouse. Chromatin clumping, loss of cytoplasm (shrinkage), lack of 

membrane layers and ultrastructural cristae were considered as morphologic markers for 

apoptosis and loss of ultrastructure. The TEM image tool was used to measure the size of 

mitochondria on randomly chosen cells and the number of mitochondria harboring clear two-

layer membranes and size larger than 0.15 um2 were counted to minimize bias. 

 

Determination of mtDNA copy number using real-time quantitative PCR. Total DNA was 

extracted with Trizol reagent (Invitrogen) and aliquots of DNA were used as templates for real-

time quantitative PCR procedure. Relative quantities of mtDNA were analyzed using real-time 

PCR (Applied Biosystems ABI Prism 7700 Sequence Detection System, Applied Biosystems). 

The SYBR greenER reagent (Invitrogen) was used according to the manufacturer’s instruction. 
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The primer sequences are listed below. (For human sequences: β-actin forward, 5’-

CATGTGCAAGGCCGGCTTCG-3’, β-actin reverse 5’-CTGGGTCATCTTCTCGCGGT-3’; 

mtDNA ND1 forward  5’-TCTCACCATCGCTCTTCTAC-3’, mtDNA ND1 reverse 5’-

TTGGTCTCTGCTAGTGTGGA-3’;  COXI forward, 5′-TTCGCCGACCGTTGACTATTCTCT-

3′, COXI reverse, 5′ AAGATTATTACAAATGCATGGGC-3′). 

(For mouse sequences:  GAPDH forward, 5’- TGGGTGGAGTGTCCTTTATCC-3’, GAPDH 

reverse 5’- TATGCCCGAGGACAATAAGG-3’; mtDNA COX1 forward  5’-

GCCTTTCAGGAATACCACGA-3’,  mtDNA COX1 reverse 5’-

AGGTTGGTTCCTCGAATGTG-3’;  mtDNA CYTB forward  5’-

ATTCCTTCATGTCGGACGAG-3’, mtDNA CYTB reverse 5’-

ACTGAGAAGGCCCCCTCAAAT-3’).   

 

Mouse embryonic ventral midbrain culture. Primary mouse ventral midbrain cultures were 

prepared from E12.5-E14.5 mouse embryos. Dissection was performed in ice cold HBSS with 

20% horse serum, 200 µM ascorbic acid and penicillin streptomycin.  Narrowly dissected ventral 

midbrain sections were incubated in Accutase for 5-7 minutes and then manually dissociated. 

Cell suspensions were then diluted in plating media (Neurobasal media (Life Technologies), 2% 

Horse serum, 2 mM glutamine, 1X B-27 supplement (Life Technologies) conditioned in mature 

astrocyte cultures filtered and supplemented with freshly prepared 200 µM ascorbic acid).  Cell 

suspensions were filtered through 70 µm2 cell filters and plated on poly-L-ornithine and laminin 

coated seahorse plates at a density of ~200,000 cells per well. Viral transduction was conducted 

from 3-5 DIV.  Assays were conducted 7-10 days post transduction. 
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Microplate based respirometry. Primary mouse ventral midbrain cultures were assayed at 12-

15 DIV using a standard mitochondrial stress test paradigm on the Seahorse Bioscience XF-24 

analyzer. SH-SY5Y cells were assayed 96 hours post-transduction. Cells were washed once with 

assay media (DMEM with 10 mM glucose, 1 mM pyruvate and 2 mM glutamine) before adding 

675 µL of assay media to each well and incubating in a non-CO2, 37o C incubator for 30-60 

minutes. Oxygen consumption rate (OCR) was measured using a 1 minute mix, 1 minute wait, 2 

minute measurement cycle. Injection ports contained: (A) DMSO (0.002% v/v), (B) oligomycin 

(1.25 µg/mL), (C) Carbonyl cyanide m-chlorophenyl hydrazine (CCCP) (1.25 µM) and (D) 

rotenone (1 µM). For SH-SY5Y cells Antimycin-A (1 µM) was added to the final injection port.  

OCR values were normalized to total protein, determined for each well by BCA assay, and 

rotenone insensitive (non-mitochondrial) oxygen consumption was subtracted from all values. 

Basal respiration was calculated using the mean of the three OCR measurements prior to the first 

injection and maximal respiration was calculated as the mean of three OCR measurement cycles 

after CCCP injection. Reserve capacity was calculated by subtracting the basal OCR values from 

CCCP-induced maximal OCR. Proton leaks were calculated by subtracting rotenone insensitive 

OCR values from oligomycin-sensitive OCR.  
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Figure 2.1 
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Figure 2.1:  Parkin knockdown in SH-SY5Y cells reduces mitochondrial mass 

(A) Immunoblot analysis of parkin, PARIS, PGC-1α, mitochondrial markers (PDHA, COXIV, 

VDAC, and SDHA), and β-actin in double-knockdown experiments via lentiviral transduction of 

shRNA-parkin and/or shRNA-PARIS in SH-SY5Y cells, n = 3. Quantitation of the immunoblots 

normalized to β-actin (n = 3, parkin; F = 60.09, R2 = 0.9601, PARIS; F = 144.7, R2 = 0.9830, 

PGC-1α; F = 18.54, R2 = 0.8812, PDHA; F = 6.198, R2 = 0.7126, COXIV; F = 5.139, R2 = 

0.6727, VDAC; F = 14.16, R2 = 0.8500).  (B) Relative mtDNA copy number as assessed by real-

time quantitative PCR of ND1 in SH-SY5Y cells subjected to parkin and/or PARIS knockdown. 

Lentivirus-mediated knockdown of parkin leads to 70% reduction of mtDNA and this phenotype 

was restored by knockdown PARIS (fourth bar) (n = 4, F = 11.39, R2 = 0.7523). (C) Using 

COXI, the relative mtDNA copy number normalized to genomic GAPDH copy number was 

determined. (n = 4, F = 9.291, R2 = 0.7124).  (D) Relative quantities of mtDNA as assessed by 

real-time quantitative PCR of ND1 in SH-SY5Y cells transiently transfected with WT GFP-

PARIS and mutant GFP-PARIS C571A (n = 3, F = 9.131, R2 = 0.7527).  
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Figure 2.2 
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Figure 2.2:  Decreased mtDNA copy number in the parkin conditional knockout mouse 

(A) Experimental illustration of generation of conditional KO of parkin via stereotactic 

intranigral virus injection. Stereotactic delivery of lenti-GFP, lenti-GFPCre, lenti-GFPCre along 

with lenti-shRNA–PARIS into the substantia nigra pars compacta (SNpc) of exon 7 floxed 

parkin mice (parkinflx/flx). (B) The efficiency of viral injection was assessed by 

immunofluoresence in SNpc and coverage was calculated by counting total TH+ and TH+ GFP+ 

neurons yielding 84.9 ± 1.9% and 78.1 ± 2.6% colocalization in GFP and GFPCre-injected side, 

respectively (n = 3 per group). (C) Immunoblot analysis showing reduced parkin levels and 

increased PARIS levels. Accompanying the elevation of PARIS is a reduction in the levels of 

PGC-1α and NRF-1.  (D) The relative quantity of mtDNA using two different mtDNA markers 

(COX and CYTB) normalized to GAPDH was measured in the ventral midbrain of conditional 

parkin KO mice 10 mo after lenti-GFPCre deletion of parkin. (E) Representative 

photomicrographs of laser capture microdissection (LCM) of dopaminergic neurons from 

conditional parkin KO mice 4 wk after lenti-GFPCre deletion of parkin. Right panels are after 

LCM and Lower four panels are images from lenti-GFPCre injection compared with lenti-GFP 

injection as a control (Upper four panels). (F) Using LCM-captured DA neurons, the relative 

quantity of mtDNA was measured by quantitative real-time PCR. Values were normalized to 

GAPDH, n = 3 per group. (G) Measurement of TH mRNA indicates that an equal amount of 

LCM-captured DA neurons were used. The results were evaluated for statistical significance by 

applying the one-way ANOVA with Tukey’s post hoc test (COX; F = 227.4, R2 = 0.9806, 

CYTB; F = 234.3, R2 = 0.9812) (D) or unpaired t test (F and G). ***P < 0.001. Data are 

expressed as mean ± SEM. 
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Figure 2.3 
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Figure 2.3:  Adult conditional parkin knockout mice 

(A) Postinjection 9 mo, transmission electron micrographs reveal an increase of pyknotic cells in 

conditional parkin KO mice. (Scale bar, 5 μm.) N, nucleus and representative image showing the 

reduction of pyknotic cells by PARIS knockdown in conditional parkin KO mice. (B) 

Quantification of pyknotic cells shown in A, n = 3 mice per group (GFP; n = 90 cells, GFPCre; n 

= 70 cells, GFPCre + sh-PARIS; n = 85 cells).  Reduced mitochondrial size and number in adult 

conditional knockout of parkin. (C) High power view of mitochondria in substantia nigra pars 

compacta. (Scale bar, 1 μm.) (D) Super power view of mitochondria in neurons of substantia 

nigra pars compacta. (Scale bar, 0.5 μm.) DM, degenerative mitochondria; NM, necrotic 

mitochondria. (E) Assessment of mitochondrial number per cell, n = 4 mice per group (GFP; n = 

108 cells, GFPCre; n = 120 cells, GFPCre + sh-PARIS; n = 111 cells). (F) Measurement of 

mitochondria size, n = 4 mice per group (GFP; n = 211 mitochondria from 10 cells, GFPCre; n = 

204 mitochondria from 12 cells, GFPCre + sh-PARIS; n = 240 mitochondria from 12 cells). (E) 

Observation of abnormal cristae by TEM images (GFP; n = 108 cells, GFPCre; n = 120 cells, 

GFPCre + sh-PARIS; n = 111 cells). The results were evaluated for statistical significance by 

applying the Kruskal–Wallis test (E-G) or one-way ANOVA with Tukey’s post hoc test (F = 

439.7, R2 = 0.7235) (B). Data are expressed as median with interquartile range (75th and 25th 

quartiles) (E-G) or mean ± SEM (B). Differences were considered significant when ***P < 

0.001. Asterisk indicates statistical significance compared with lenti-GFP vs. lenti-GFPCre and 

lenti-GFPCre vs. lenti-GFPCre along with lenti-shRNA-PARIS, respectively. 
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Figure 2.4 
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Figure 2.4:  PARIS overexpression reduces mitochondrial proteins  

(A) Experimental illustration of stereotactic intranigral virus injection.  (B) Intranigral 

stereotactic injection of AAV1-PARIS leads to an up-regulation of PARIS and a reduction in the 

levels of PDHA, COXIV, VDAC, and SDHA compared with AAV1-GFP–injected mice as 

assessed via immunoblot analysis 4 wk postinjection (n = 3 per group). Relative protein levels 

are normalized to β-actin. Data are expressed as mean ± SEM. (C) Immunoblot analysis of 

PARIS, parkin, PGC-1α, and COXIV, normalized to β-actin. Data are expressed as mean ± SEM 

(n = 3). The results were evaluated for statistical significance by applying the unpaired t-test (B) 

or one-way ANOVA with Tukey’s post hoc test (F = 6.803, R2 = 0.7184) (C). Differences were 

considered significant when P < 0.05 (*P < 0.05, **P < 0.01, ***P < 0.001). 
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Figure 2.5 
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Figure 2.5: Overexpression of PARIS leads to mitochondrial dysfunction. 

(A) TEM images 4 weeks post-injection showing greater chromatin clumping and pyknotic 

nuclei in AAV1-PARIS–injected versus AAV1-GFP–injected SN.  Image morphological 

assessment demonstrates that 43% and 15% of cells observed in a 0.225 mm2 area were 

apoptotic in AAV1-PARIS–injected versus AAV1-GFP–injected SN, respectively (n = 3 per 

group).  (B) TEM of neurons with normal appearing nuclei reveals decreased mitochondrial 

number and larger mitochondria (arrows) in AAV1-PARIS–injected versus AAV1-GFP–injected 

SN (Left) as shown in the magnified region flanked by the green/red rectangles (Middle). Further 

magnification reveals mitochondria lacking organized cristae (Right). (C) Image analysis reveals 

a 23% reduction of mitochondrial number in AAV1-PARIS–injected SN compared with AAV1-

GFP–injected SN. The number of mitochondria harboring clear two-layer membranes and size 

larger than 0.15 μm2 was counted (GFP; n = 145 cells, PARIS; n = 110 cells), n = 4 mice per 

group. (D) Mitochondria are approximately two times larger in AAV1-PARIS–injected than in 

AAV1-GFP–injected SN (0.71 μm2 vs. 0.39 μm2 on average) as measured by TEM software, n 

= 4 mice per group (GFP; n = 519 mitochondria from 19 cells, PARIS; n = 405 from 23 cells). 

(E) AAV1-GFP–injected SN leads to a loss of cristae in 14.8% of the mitochondria (n = 145 

cells), whereas AAV1-PARIS–injected SN leads to a loss of cristae in 47.5% of the mitochondria 

(n = 110 cells). The results were evaluated for statistical significance by applying the Mann–

Whitney test (C and D) or unpaired t test with Welch’s correction (F = 2.560, R2 = 0.6463) (E). 

Data are expressed as median with interquartile range (75th and 25th quartiles) (C and D) or 

mean ± SEM. “*” = p < 0.05; “***” = P < 0.001. Asterisk indicates statistical significance. 
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Figure 2.6 
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Figure 2.6:  PARIS overexpression reduces mitochondrial respiratory capacity 

(A) Mouse embryonic ventral midbrain cultures were transduced with the indicated lentivirus 

from 3–5 d in vitro (DIV). Seahorse microplate based respirometry was conducted at 12–15 DIV. 

Ventral midbrain cultures showed an average of 10.9 ± 2.2% TH positive cells at 15 DIV (n = 3 

wells per dissection, 4 dissections). (B) PARIS-transduced cultures exhibited a two- to threefold 

increases in PARIS protein levels compared with lenti-GFP control (n = 3). (C) Lentiviral 

PARIS-transduced cultures exhibited a 54.1% reduction in PGC-1α transcript levels (n = 6). 

Transcript levels were restored by transduction with lentiviral PGC-1α (n = 3). (D) Seahorse 

mitochondrial stress testing of the cultures. PARIS overexpression caused a 29.0 ± 6.3% 

decrease in basal respiration and a 44.5 ± 9.7% decrease in maximal respiration. PARIS 

overexpression reduced mitochondrial reserve capacity by 69.0 ± 7.8 (n = 5 assays). Concurrent 

overexpression of PGC-1α rescued these phenotypes (n = 4 assays). Data are expressed as mean 

± SEM. The results were evaluated for statistical significance using one-way ANOVA with 

Tukey’s post hoc test (B-D). Differences were considered significant when *P < 0.05, ***P < 

0.001.  



39 
 

Chapter 3:  PARIS is Co-regulated by PINK1 and Parkin 
 

SUMMARY OF FINDINGS 

• Endogenous PINK1, PARIS and Parkin interact in the cytosol 
• PINK1 phosphorylates PARIS 
• Phosphorylation of PARIS by PINK1 regulates the ubiquitination of PARIS by Parkin 
• PINK1 dependent phosphorylation regulates steady-state levels and turnover of PARIS 

 

INTRODUCTION 

Genetic models suggest that parkin and PINK1 regulate DA neuronal survival in a 

common pathway involving mitochondrial quality control processes, however the nature of their 

interaction and the common pathogenic mechanisms elicited by loss of their function remain 

unclear (Corti & Brice, 2013; Rochet, Hay, & Guo, 2012; Scarffe et al., 2014).  Full length 

PINK1 is targeted to the outer mitochondrial membrane (OMM) with its kinase domain facing 

the cytosol (W. Lin & Kang, 2008).  Much has been made about the role of mitochondrial 

PINK1 in mitochondrial quality control processes, particularly given robust evidence in cell line 

models that PINK1 facilitates parkin dependent mitochondrial autophagy.  As discussed in 

chapter 1 questions remain about the relevance of this process to PD pathology as well as the 

extent to which this process is utilized in neurons. 

Under normal conditions mitochondrial PINK1 is rapidly cleaved and therefore more 

abundant in the 55kD form in cytosolic fractions (Fedorowicz et al., 2014; Haque et al., 2008; 

W. Lin & Kang, 2008, 2010; Weihofen, Ostaszewski, Minami, & Selkoe, 2008) where it may 

function in complex with parkin and DJ-1 (Fedorowicz et al., 2014; Xiong et al., 2009).  The 

recent emphasis on mitochondrial PINK1’s role in mitochondrial quality control has led to 
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questions about the role of cytosolic PINK1 and even whether it exhibits enzymatic activity.  

However, various studies have implicated cytosolic pools of PINK1 diverse processes such as 

regulation of dendritic complexity (Dagda et al., 2014), vesicular release of dopamine, calcium-

activated potassium channels, long-term potentiation (Kitada et al., 2007 ;  Shan et al., 2009), 

and mitochondrial transport (Liu et al., 2012 ;  Matenia et al., 2012).  Thus, the search for disease 

relevant substrates should not be limited to the mitochondria or to cells treated with CCCP. 

Adult conditional parkin knockout mice recapitulate a number of human PD features, 

including progressive degeneration of dopamine neurons, reduced mitochondrial mass, 

mitochondrial dysfunction, and accumulation of PARIS with reduced levels of PGC-1a and 

PGC-1a target genes.  The molecular changes appear to be generalizable to toxin induced models 

and to sporadic PD.  Given the strong evidence that PARIS mediates the parkin knockout 

phenotype and the presumption of a common pathogenic mechanism underlying AR-PD we were 

interested in whether PARIS may represent a common node in AR-PD pathogenesis.  Here we 

investigated whether PINK1 plays any role in the turnover of PARIS. 

 

RESULTS 

Endogenous PINK1, PARIS and Parkin interact in the cytosol 

We first assayed the subcellular distribution and potential interaction of endogenous 

parkin, PINK1 and PARIS in the neuroblastoma SH-SY5Y cell line, a widely-used model for 

monoaminergic cells (dopaminergic, catecholaminergic, serotonergic).  Western blot analysis 

indicates that endogenous PINK1 is mainly detected in the cytosolic fraction with barely 

detectable levels of PINK1 in the mitochondrial fraction (Figure. 2.1A) consistent with prior 

http://www.sciencedirect.com/science/article/pii/S2211124716318125#bib9
http://www.sciencedirect.com/science/article/pii/S2211124716318125#bib29
http://www.sciencedirect.com/science/article/pii/S2211124716318125#bib49
http://www.sciencedirect.com/science/article/pii/S2211124716318125#bib35
http://www.sciencedirect.com/science/article/pii/S2211124716318125#bib37
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reports (Fedorowicz et al., 2014; Haque et al., 2008; W. Lin & Kang, 2008, 2010; Weihofen et 

al., 2008).  Parkin is predominantly found in the cytosolic fraction whereas PARIS is localized to 

both the cytosolic and nuclear fractions (Figure 3.1A) as previously shown (Shin et al., 2011).  

Immunoprecipitation of endogenous parkin from whole cell lysates of SH-SY5Y cells results in 

co-precipitation of both endogenous PARIS and PINK1 (Figure 3.1B).  Immunoprecipitation of 

endogenous PINK1 from SH-SY5Y cells proved to be technically challenging due to low 

abundance of the protein in the cells and the poor quality of commercially available antibodies.  

Nonetheless, we immunoprecipitated endogenous PINK1 from cytosolic fractions of SH-SY5Y 

cells and found that PARIS co-immunoprecipitates from the cytosolic fraction (Figure 3.1C). 

Taken together these results suggest that parkin, PINK1 and PARIS interact in SH-SY5Y cells.  

In order to better determine if PINK1 and PARIS directly interact independently of parkin we 

conducted an in-vitro interaction assay and found that pull-down of N-terminal V5-tagged 

recombinant PARIS (rV5-PARIS) co-precipitates GST-tagged recombinant PINK1 (rGST-

PINK1) (Figure 3.1D). 

Next, we evaluated the interaction of these three proteins in-vivo by employing 

immunoprecipitation in brain tissue lysates from wild-type or parkin knockout mice.  Once again 

immunoprecipitation of endogenous parkin from wild-type mice co-immunoprecipitates both 

PINK1 and PARIS (Figure 3.1D).  Conversely, immunoprecipitation of endogenous PARIS from 

wild-type mouse brain co-immunoprecipitated both parkin and PINK1.  Notably, PARIS pull-

down still co-immunoprecipitated PINK1 in the parkin knockout mouse providing further 

evidence that these two proteins can interact independent of parkin (Figure 3.1F).  

In order to better characterize the interaction of PINK1 with PARIS we used transient 

overexpression of FLAG-PARIS and PINK1 in SH-SY5Y cells and found that 
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immunoprecipitation of FLAG-PARIS pulls-down both the full length and proteolytically 

cleaved forms of PINK1.  To assess whether PINK1 kinase activity was necessary for the 

interaction we used transient transfection of familial and kinase dead PINK1 mutant constructs.  

Parkinson’s disease-linked mutant L347P-PINK1 and kinase dead mutant K219M-PINK1 

exhibit decreased interaction with FLAG-PARIS, especially with the 55 kDa processed form of 

PINK1 (Figure 3.2B).  To narrow down the region of PINK1 involved in this interaction, we 

transfected SH-SY5Y cells with N-terminal GFP-tagged PINK1 deletion mutants (N, 1-270; C, 

268-581).  Immunoprecipitation of the N-terminal half of PINK1 is sufficient for the PARIS 

interaction (Figure 3.2C). We attempted to generate smaller fragments of GFP-PINK1 with only 

the N-terminal lobe of the kinase domain, but protein instability hampered further analysis of the 

PARIS interaction. Taken together, these co-immunoprecipitation experiments suggest that 

amino acids 101-260 of PINK1 consisting of the transmembrane domain (TM) and the N-lobe of 

the kinase domain are important for the interaction with PARIS.   

In order to better understand which regions of PARIS might be involved in the interaction 

with PINK1, SH-SY5Y cells were transfected either with N-terminal FLAG-tagged full length 

PARIS (FLAG-PARIS) or its deletion mutants and N-terminal GFP-tagged PINK1 (GFP-

PINK1). Pull-down of GFP-PINK1 co-immunoprecipitates both the full-length PARIS and the 

Krüppel-associated box (KRAB) domain containing N-terminal fragment of PARIS (Figure 

3.2D).  

 

PINK1 phosphorylates PARIS 
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In order to test the hypothesis that PINK1 phosphorylates PARIS we first used 

overexpression of PINK1 and FLAG-PARIS in SH-SY5Y cells.  PINK1 overexpression leads to 

increased PARIS phosphorylation as detected by a phosphoserine antibody following 

immunoprecipitation of FLAG-PARIS (Figure 3.3A). The L347P, A217D and G309D familial 

mutants of PINK1 as well as K219M (kinase dead) PINK1 fail to phosphorylate FLAG-PARIS 

(Figure 3.3A).  In order to determine if PINK1was responsible for the increased PARIS 

phosphorylation we conducted an in-vitro kinase assay.  Since recombinant human PINK1 

displays minimal kinase activity, we used recombinant maltose-binding protein fused Tribolium 

castaneum PINK1 (MaBP-TcPINK1).  This homolog possesses both strong kinase activity and 

high homology with human PINK1 (Woodroof et al., 2011).  FLAG-PARIS was immunopurified 

from SH-SY5Y cells.  Wild-type TcPINK1 markedly increases PARIS phosphorylation as 

detected by 32P, whereas kinase inactive TcPINK1 (D359A) fails to phosphorylate PARIS 

(Figure 3.3B).  

In order to study the consequences of PINK1 phosphorylation of PARIS we needed to 

identify the sites of phosphorylation.  Four serine residues and one threonine residue were 

identified by mass spectrometry analysis of in-vitro PINK1 phosphorylated FLAG-PARIS, S106, 

S322, S359, and S613 and threonine 603. Of these sites S322 and S613 were conserved among 

mammalian species (human, monkey, chimpanzee, rat and mouse) (Figure 3.4A and B). Site 

directed mutagenesis of serine 322 or serine 613 to alanine (S322A or S613A) substantially 

reduces the phosphorylation of PARIS by PINK1 (Figure 3.4C). Using this knowledge, we 

generated phospho-specific antibodies against a PARIS peptide containing phosphorylated serine 

613 (pS613). The purified rabbit antibody to pS613-PARIS is highly specific since the antibody 

fails to react with S613A-PARIS while strongly reacting with wild-type PARIS (Figure 3.4C). 
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Interestingly, it appears that mutagenesis of S322 (S322A-PARIS) also affects PARIS S613 

phosphorylation, suggesting a synergistic regulation of the phosphorylation of these two serine 

residues by PINK1 (Figure 3.4D).   

Using our phospho-specific antibody, we again assessed the phosphorylation of FLAG-

PARIS specifically at S613 using transient overexpression of FLAG-PARIS and PINK1 wild-

type or mutant constructs in SH-SY5Y cells.  Phosphorylation of PARIS S613 is markedly 

enhanced by PINK1 co-expression, whereas kinase deficient PINK1 mutants fail to 

phosphorylate PARIS (Figure 3.5A). The use of the pS613-PARIS specific antibody also enabled 

us to determine whether PARIS is phosphorylated by endogenous PINK1. FLAG-PARIS is 

phosphorylated at S613 by endogenous PINK1 since depletion of PINK1 by shRNA reduces 

S613 phosphorylation of FLAG-PARIS (Figure 3.5B).  An shRNA resistant PINK1 (PINK1R) 

restores the phosphorylation of FLAG-PARIS in the setting of shRNA-PINK1, thus controlling 

for potential off-target effects of shRNA-PINK1 (Figure 3.5B). Endogenous PARIS is also 

phosphorylated by PINK1 on S613 since shRNA-PINK1 reduces the amount of endogenous 

PARIS that is phosphorylated by PINK1, despite increasing the overall levels of PARIS (Figure 

3.5C). These results taken together indicate that PARIS is a physiologic phosphosubstrate of 

PINK1. 

 

Phosphorylation of PARIS by PINK1 regulates the ubiquitination of PARIS by Parkin 

Next, we set-out to explore whether phosphorylation of PARIS impacted the interaction 

of parkin and PARIS; the logical hypothesis being that phosphorylation would lead to greater 

ubiquitination of PARIS by parkin, facilitating parkin’s role in regulating PARIS levels.  In order 
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to determine whether PINK1 could regulate the ubiquitination of PARIS, SH-SY5Y cells were 

transfected with PINK1, HA-ubiquitin and FLAG-PARIS.  Immunoprecipitation of PARIS and 

western blot for HA-ubiquitin reveals that wild-type PINK1 enhances the ubiquitination of 

PARIS (Figure 3.6A). PINK1 kinase activity seems to be required for this enhancement since 

neither the L347P PINK1 nor the K219M PINK1 mutants impact the ubiquitination of PARIS 

(Figure 3.6A). This effect appears to be parkin dependent because when parkin was knocked 

down by shRNA in the same transient transfection system we found significantly reduced 

ubiquitination of PARIS as well as the PINK1 mediated enhancement (Figure 3.6C). 

In order to determine whether endogenous PINK1 is required for ubiquitination of 

PARIS, PINK1 was knocked down by shRNA.  This resulted in substantially reduced 

ubiquitination of FLAG-PARIS which was restored by expression of a shRNA resistant PINK1 

(PINK1R) (Figure 3.6B), thus controlling for potential off-target effects of shRNA-PINK1.  

Finally, to further understand the effect of PINK1 phosphorylation on PARIS ubiquitination we 

transfected SH-SY5Y cells with TetP-PARIS-FLAG or TetP-PARIS-FLAG phospho-mutants 

(S322A or S613A or S322/613A), HA-ubiquitin, parkin and tTA (to drive PARIS expression). 

Wild type PARIS is robustly ubiquitinated in the parkin overexpression cell system, while the 

ubiquitination of S322A and S613A PARIS mutants is reduced and PARIS ubiquitination is 

eliminated with the double (S322/613A) PARIS mutant (Figure 3.6D). 

PINK1 has also been reported to phosphorylate ubiquitin and parkin leading to increased 

parkin enzymatic activity (Kane et al., 2014; Kazlauskaite et al., 2014).  In order to characterize 

the contributions of phosphorylation on ubiquitin, parkin and PARIS to PARIS turnover we 

conducted in-vitro phosphorylation/ubiquitination assays (Figure 3.6E, F).  In the presence of 

TcPINK1 parkin is phosphorylated leading to enhanced ubiquitination of PARIS (Figure 3.6E). 
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However, under the same conditions activated parkin is unable to ubiquitinate the PARIS 

phosphorylation double mutant (SA-DM) suggesting that phosphorylation of PARIS is important 

for parkin mediated ubiquitination (Figure 3.6E).  To better understand this finding we 

conducted in-vitro phosphorylation/ubiquitination assays using the S65A ubiquitin mutant and a 

constitutively active parkin from rat (Figure 3.6F).  Rat parkin failed to phosphorylate 

recombinant PARIS, however incubation with Tc PINK1 dramatically enhanced PARIS 

ubiquitination (Figure 3.6F) suggesting that phosphorylation of ubiquitin at S65 is not necessary 

for PARIS ubiquitination.  As with the prior assay rat parkin failed to ubiquitinate the 

phosphorylation mutant PARIS, even when incubated with PINK1 (Figure 3.6F), further 

underscoring the importance of intrinsic PARIS phosphorylation for parkin-mediated 

ubiquitination. 

Given these findings, we speculated that PINK1 phosphorylation might increase the 

affinity of parkin for PARIS.  An in-vitro interaction assay suggests that there is greater 

interaction of parkin with PARIS in the presence of PINK1 (Figure 3.7A).  We examined 

whether there is a change in the affinity of wild-type and phospho-deficient mutant PARIS with 

N-terminal V5-tagged parkin (V5-parkin). Single mutations (S322A or S613A) in PARIS 

diminished the parkin interaction, and double mutations (S322/613A) abolished PARIS’s ability 

to interact with parkin (Figure 3.7B), suggesting that phosphorylation of PARIS by PINK1 on 

these two serine residues promotes parkin’s interaction with and ubiquitination of PARIS.  

 

PINK1 dependent phosphorylation regulates steady-state levels and turnover of PARIS 
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In order to evaluate whether endogenous PINK1 regulates the steady state level of PARIS 

the levels of endogenous PARIS were monitored following shRNA knockdown of PINK1 in SH-

SY5Y cells.  ShRNA knockdown of PINK1 leads to an almost three-fold increase in PARIS 

levels and a shRNA resistant PINK1 construct restores PARIS levels to baseline (Figure 3.8A). 

The increase in PARIS levels is not due to a transcriptional response since the mRNA levels of 

PARIS do not change in response to shRNA knockdown of PINK1 (Figure 3.8B). 

To further examine the role of PINK1 in mediating PARIS turnover we designed a 

tetracycline sensitive PARIS expression system (TetP-PARIS-FLAG) to monitor the steady state 

levels of PARIS-FLAG in response to manipulation of PINK1 levels. Twenty-four hours after 

PARIS-FLAG induction with tTA co-expression, doxycycline was added to block PARIS-FLAG 

expression followed by monitoring the levels of PARIS-FLAG over time. PINK1 overexpression 

reduces the steady state levels of PARIS compared to ß-galactosidase, which was expressed as a 

control in place of PINK1 (Figure 3.8C). The kinase deficient L347P and K219M mutant PINK1 

fail to alter the steady state levels of PARIS-FLAG (Figure 3.8C). To ascertain the role of 

endogenous PINK1 and parkin in the regulation of PARIS steady state levels, PARIS protein 

turnover was monitored with knockdown of either PINK1 or parkin by shRNA. Knockdown of 

PINK1 or parkin prevents reduction in the steady state levels of PARIS (Figure 3.8D). 

To investigate whether the phosphorylation of PARIS S322 and S613 are required for 

PARIS protein turnover in response to PINK1, the steady state levels of TetP-PARIS-FLAG or 

TetP-PARIS-FLAG mutants (S322A or S613A) were monitored in the presence of PINK1 

overexpression. Wild-type PINK1 overexpression reduces the steady state level of wild-type 

PARIS-FLAG by greater than 50%, whereas the S322A PARIS-FLAG mutant levels are only 

reduced by about 30% and the S613A PARIS-FLAG mutant levels are not reduced (Figure 
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3.8E). Conversely, phosphomimetic PARIS, with serine to aspartate substitution (S322D, 

S613D, S322/613D) showed significantly reduced protein stability and steady state levels when 

compared to wild-type PARIS (Figure 3.8F). These changes in protein expression are not due to 

transfection or transcriptional differences because the fluorescent protein mCherry expressed 

from the same transcript did not show noticeable difference among the groups (Figure 3.8F, 

bottom panel). Taken together these results indicate that parkin ubiquitination of PARIS and 

control of PARIS steady state levels are regulated by PINK1 phosphorylation of PARIS S322 

and S613. 

 

DISCUSSION 

PINK1 phosphorylates PARIS and this phosphorylation enhances its interaction, 

ubiquitination, and turnover by parkin providing a plausible link between AR-PD due to PINK1 

loss-of-function mutations and parkin mutations or inactivation.  PARIS accumulation in 

sporadic and AR-PD brain samples, in PINK1 and parkin conditional knockout models and in 

toxin or stress induced loss of parkin activity suggest that PARIS may be a key node in a 

common pathogenic mechanism undermining mitochondrial biogenesis leading to mitochondrial 

dysfunction and dopaminergic neuron death.  

Under physiologic conditions, cytosolic PINK1 appears to exist as part of a complex with 

parkin and PARIS because they are all immunoprecipitated together from cytosolic fractions, 

and the presence of PINK1 enhances the interaction of parkin with PARIS.  These findings are 

supported by prior evidence that PINK1, while often thought of as a mitochondrial protein, is 

found at relatively higher levels in the cytosol under normal conditions.  PINK1 also appears to 
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interact directly with PARIS independently of either protein’s interaction with parkin 

foreshadowing a functional interaction between these two proteins.   

PINK1 phosphorylates PARIS on serine 322 and 613 as shown in-vitro as well as in cell 

based assays and mouse brain tissue.  In-vitro studies suggest that this reaction is not dependent 

on any extrinsic activating factor.  Auto-phosphorylation of PINK1 on a number of serine 

residues has been proposed as a regulatory mechanism for PINK1 kinase activity giving some 

the notion that PINK1 may only be active when clustered on mitochondria (Aerts, Craessaerts, 

De Strooper, & Morais, 2015; Hatano, 2012; Okatsu et al., 2012; Zhuang, Li, Chen, & Wang, 

2016).  Treatment of SH-SY5Y cells with CCCP increases PINK1 levels as well as the 

phosphorylation and clearance of PARIS providing further evidence of the regulation of PARIS 

by PINK1.  This enhanced degradation of PARIS is prevented by shRNA knockdown of parkin 

or PINK1.  Thus, auto-phosphorylation may enhance PINK1 activity.  Nonetheless, the bulk the 

evidence presented here suggests that endogenous PINK1 under normal physiologic conditions 

in brain tissue and cell culture is sufficiently active to phosphorylate ubiquitin and PARIS.  

Perturbation of endogenous PINK1 levels with shRNA knockdown leads to reduced 

phosphorylation of Ubiquitin and PARIS and increased steady state levels of PARIS.     

Finally, phosphorylation of PARIS enhances the ubiquitination and degradation of 

PARIS as shown by in-vitro and cellular ubiquitination assays as well as pulse-chase assays.  

Studies using phosphomutant and phosphomimic PARIS constructs suggest that this is 

dependent on the intrinsic phosphorylation status of the Serine 322 and Serine 613 residues of 

PARIS.  PINK1 also phosphorylates ubiquitin as well as the ubiquitin-like domain of parkin at 

Ser65, and others have reported that this is required for the activation of parkin at the OMM 

(Kane et al., 2014; Kazlauskaite et al., 2014).  Direct phosphorylation may represent a more 
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general functional interaction between these proteins. However, this fails to explain the 

dependence of PARIS ubiquitination on serine 322/613 phosphorylation and can’t account for 

the sufficiency of PARIS over-expression in reproducing the parkin loss phenotype.  Here we 

show in in-vitro phosphorylation/ubiquitination assays that, while PINK1 phosphorylates parkin, 

enhancing its activity, even phosphorylated or constitutively active parkin does not ubiquitinate 

PARIS SA-DM phospho-mutant.  Furthermore, phosphorylation of ubiquitin S65 is not required 

for PARIS ubiquitination.  Further studies under more physiologic conditions in neurons. are 

needed to determine the significance of PINK1 mediated parkin and ubiquitin phosphorylation, 

these seem less important in PARIS turnover than intrinsic PARIS phosphorylation.  

 

MATERIALS AND METHODS 

Purification of GST-V5-PARIS, GST-PINK1, GST-FLAG-parkin and MaBP-TcPINK1 

recombinant proteins:  For purification of recombinant GST fusion proteins, the plasmids 

(pDEST-GST-V5-PARIS, pDEST-GST-FLAG-parkin, pGEX-6P-1-PINK1 wild-type and kinase 

dead mutant) were transformed to BL21 pLys, which were then grown in the presence of 0.1 mM 

IPTG for 4 h at 30°C. Cells were lysed by sonication in a TNE buffer (10 mM Tris–HCl, pH 7.4, 

200 mM NaCl, 1 mM EDTA) containing 0.1% Triton X-100 (vol/vol) and protease inhibitors 

and finally centrifuged at 14,000 rpm for 30 min at 4°C. After centrifugation, the supernatant 

was recovered, and the GST-V5-PARIS, GST-FLAG-parkin and GST-PINK1 were purified with 

glutathione Sepharose 4B (GE Healthcare). GST tag was removed by PreScission protease (GE 

Healthcare) from GST-V5-PARIS and GST-FLAG-parkin following the manufacturer’s 

instructions. For purification of maltose-binding protein (MaBP) fusion proteins, Tc PINK1 



51 
 

wild-type and kinase inactive (D359A)(Woodroof et al., 2011) were transformed to BL21 pLys, 

which were then grown with 250 µM IPTG for 15–16 h at 16°C. Cells were lysed by 

microfluidizer (Microfluidics) in the lysis buffer. Lysates were clarified by centrifugation at 

30,000g for 30 min at 4°C. After centrifugation, the supernatant was recovered and the MaBP 

TcPINK1 wild-type and kinase dead were purified with amylose resin for 1.5 h at 4°C and eluted 

in 12mM maltose. Buffer was exchanged to 50mM Tris-HCl (pH7.5), 150mM NaCl, 5% 

glycerol and 0.27M sucrose after elution. 

 

Cell culture and transfection:  Human neuroblastoma SH-SY5Y cells (ATCC, Manassas, VA) 

were grown in DMEM containing 10% FBS (vol/vol) and antibiotics in a humidified 5% 

CO2/95% air atmosphere at 37°C. For transient transfection, cells were transfected with 

indicated target vectors using Fugene reagent (Promega) according to manufacturer’s 

instructions. The ratio of amounts of DNA constructs used in transfection is as follows, 

PARIS:PINK1=1:4 for cellular kinase assay; HA-Ub:PARIS:PINK1=4:1:4 for cellular 

ubiquitination assay. Unless otherwise indicated, lysates were prepared 48 hours after 

transfection. For the luciferase assay SH-SY5Y cells were transiently transfected with pCMV-

empty vector or pCMV-FLAG-PARIS or pCMV-tTA together with TetP-PARIS-FLAG wild-

type or phosphorylation mutants with either wild-type or K219M PINK1, or pGL3-Basic, pGL3-

PGC-1α promoter-Luciferase (a gift from Akyoshi Fukamizu, University of Tsukuba, Japan) for 

firefly Luciferase assay and 0.1 mg pRL-TK vector (Promega) for Renilla luciferase control. 

 

Subcellular fractionation:  SH-SY5Y cells and mouse brain tissues were subcellular 
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fractionated into the cytosol, mitochondria, and the nucleus by using Qproteome Mitochondria 

Isolation Kit (Qiagen) following the instructions in the manual. Cytosolic fractions were further 

concentrated with acetone precipitation. Purity of each fraction was validated with western blots 

using antibodies to marker proteins for cytosolic (GAPDH), mitochondrial (SDHA), and nuclear 

(PARP1) subcellular fractions. 

 

In vitro interaction assay:  For in vitro protein-protein interaction assays, 0.2 mg of V5–PARIS 

and protein G Sepharose preincubated with anti-PARIS antibodies were mixed and incubated 

with rGST-PINK1 over night at 4°C in 10 ml binding buffer (20 mM Tris-HCl, pH 8.0, 100 mM 

NaCl, 1 mM EDTA, 1% NP-40 (vol/vol), 0.1% SDS (wt/vol)) including the protease inhibitor 

cocktails (Roche). After extensive washing, retained proteins were eluted by boiling in SDS 

protein loading buffer and analyzed by immunoblotting using rabbit anti-PINK1 (Novus 

Biologicals) and rabbit anti-PARIS antibodies. For in vitro complex formation with recombinant 

FLAG-parkin, V5-PARIS/rGST-PINK1/FLAG-parkin were incubated in combinations in 

binding buffer as described previously. The pull-down samples by a mouse anti-parkin antibody 

were subjected to western blots analysis with the indicated antibodies.  

 

In vitro kinase assay:  MaBP-TcPINK1 wild-type and the kinase inactive recombinant proteins 

were prepared as described in the Method section of the Purification of recombinant proteins 

above. FLAG-PARIS was purified by anti-FLAG immunoprecipitation from SH-SY5Y cells 

transfected with the cFUGW-FLAG-PARIS construct. The in vitro PARIS phosphorylation 

assay protein preparations were incubated at 30 °C for 45-60 min in a mixture of 10-20 mM 
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MgCl2, 2-3 mM MnCl2, 1 mM dithiothreitol, 20% glycerol (vol/vol) , protease inhibitor cocktail, 

1-2 mM ATP (when [γ-P32]-ATP was used in the reaction, the final concentration per reaction 

was set to be 4 µCi ), and 20 mM Tris or 40 mM HEPES (pH 7.4). The reaction was stopped by 

adding sample buffer and boiling. The mixtures were separated on a SDS–polyacrylamide gel 

and PARIS phosphorylation was determined by western blot with phosphoserine specific 

antibodies or pS613-PARIS specific antibodies or P32 autoradiography. 

 

Co-immunoprecipitation:  For co-immunoprecipitation from SH-SY5Y cells, 48 hours after 

transfection cells were washed with cold PBS and harvested in immunoprecipitation buffer (1% 

NP-40, 2 mg per ml aprotinin, and 100 mg per ml PMSF in PBS). The lysate was then rotated at 

4°C for 1 h, followed by centrifugation at 14,000 rpm for 20 min. The supernatants were then 

combined with protein G Sepharose beads (Amersham Biosciences) preincubated with 

antibodies against FLAG or GFP, followed by rotating at 4°C over night. The protein G 

Sepharose was pelleted and washed two times using immunoprecipitation buffer and additional 

two times with 500 mM NaCl buffer. The precipitates were resolved on SDS-PAGE gel and 

subjected to immunoblot analysis. Immunoblot signals were visualized with chemiluminescence 

(Pierce, Rockford, IL). For coimmunoprecipitation of endogenous parkin and associated protein 

complex from mouse brain, brains were homogenized in lysis buffer (10 mM Tris-HCl, pH 7.4, 

150 mM NaCl, 5 mM EDTA, 0.5% Nonidet P-40, 10 mM Na-beta-glycerophosphate, 

Phosphatase Inhibitor Cocktail I and II (Sigma), and Complete Protease Inhibitor Mixture 

(Roche)), using a Diax 900 homogenizer (Heidolph). The tissue homogenate was incubated on 

ice for 30 min and mixed twice for complete lysis. The samples were then centrifuged at 52,000 

rpm at 4°C for 20 min. The supernatant was used for immunoprecipitation with an anti-parkin 
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antibody. Immunoprecipitates were separated by SDS-PAGE and subjected to immunoblot 

analysis with an anti-PARIS or anti-PINK1 antibodies. Immunoblot signals were visualized with 

chemiluminescence. For mapping of the binding region between PINK1 and PARIS, FLAG-

tagged PARIS full length or deletion constructs were transfected with GFP-tagged PINK1, or 

FLAG-PARIS was co-transfected with PINK1. Transfections and co-immunoprecipitation was 

performed as described above. 

 

Cellular ubiquitination assay:  For the ubiquitination assay, SH-SY5Y cells were transiently 

transfected with pMT123-HA-ubiquitin, FLAG-PARIS wild-type or phosphorylation mutants in 

the presence of wild-type or kinase deficient PINK1, or shPINK1, or shparkin. 48 hours after 

transfection total cell lysates were prepared by harvesting the cells after washing with PBS, 

followed by solubilizing the pellets in 200 ml of 2% SDS, followed by sonication. The lysates 

were then rotated at 4°C for 1 h, diluted to 1 ml with PBS, and then boiled and sonicated. The 

samples were used as input and for immunoprecipitation. Immunoprecipitation was performed 

with an antibody against FLAG. The precipitates were subjected to immunoblotting with anti-

HA for ubiquitin modification and anti-FLAG antibodies for normalization of PARIS. 

 

Tet-off mediated pulse chase study:  SH-SY5Y cells were transfected with pCMV-tTA and 

TetP- PARIS-FLAG constructs with indicated other DNA constructs. On the following day, SH-

SY5Y cells were treated with doxycycline (200 ng per ml, Invitrogen) to stop further 

transcription of PARIS-FLAG and the levels of PARIS-FLAG degradation were monitored at the 

indicated time points by collecting total protein lysates using western blots with anti-FLAG 
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antibodies. 

 

In vitro ubiquitination assay:  PARIS-FLAG wild-type and S322A/S613A double mutant 

proteins were immunopurified from SH-SY5Y cells using anti-FLAG antibody bound to protein 

G Sepharose beads. PARIS was eluted by incubating beads with FLAG peptides (N-Asp-Tyr-

Lys-Asp-Asp-Asp-Asp-Lys-C, Sigma-Aldrich, 100 µg per ml in PBS) for 3 hours at 4°C. FLAG 

peptide-eluted PARIS-FLAG wild-type and S322A/S613A double mutant proteins (200 ng) were 

then incubated in the ubiquitin conjugation reaction buffer (Boston Biochem) with 

supplementation of 2 mM ATP and with the addition of Myc-ubiquitin (10 µg), UBE1 (250 ng), 

UbcH5C (500 ng), CHIP (0.2 µg), and His6-parkin (2 µg) or rat Parkin (full length, aa 219-465, 

2 μg) at 37°C for 40 minutes. The reaction was stopped by boiling the samples in SDS sample 

buffer and the boiled supernatants were separated in 8-16% gradient SDS-PAGE. Ubiquitinated 

proteins were detected by immunoblots with antibodies specific for each protein. All the 

recombinant proteins except for rat Parkin, PARIS WT and SA-DM were purchased from Boston 

Biochem. Recombinant CHIP protein was purchased from Millipore. For the in vitro 

kinase/ubiquitination assay, ubiquitination assay conditions were used except for a two fold 

increase in ATP and addition of MaBP-TcPINK1 to the reaction.  
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Figure 3.1 

 

  



57 
 

Figure 3.1: PINK1, Parkin and PARIS interact  

(A) Localization of PARIS, PINK1, and parkin in the cytosol (Cyto), mitochondria (Mito), and 

nuclear (Nuc) subcellular fractions of SH-SY5Y cells determined by western blots using the 

indicated antibodies. Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH), Succinate 

Dehydrogenase (SDHA), and Poly (ADP-Ribose) Polymerase 1 (PARP1) were used as 

subcellular fraction markers. (B) Co-immunoprecipitation of endogenous PARIS and PINK1 in 

anti-parkin immunoprecipitates from SH-SY5Y cells determined by western blots using 

indicated antibodies. β-actin was used as a loading control. (C) Interaction of endogenous 

PINK1 and PARIS in anti-PINK1 immunoprecipitates from cytosolic fractions of SH-SY5Y 

cells determined by western blots. Similar results were obtained in two independent experiments.  

(D) Co-immunoprecipitation of endogenous PARIS and PINK1 with parkin from parkin+/+ and 

−/− mouse brain tissue using a parkin antibody determined by western blots. Experiments were 

repeated three times. (E) Co-immunoprecipitation of endogenous PARIS with PINK1 from 

parkin+/+ and −/− mouse brain tissue using a PARIS antibody determined by western blots. 

Experiments were repeated two times. (F) Recombinant GST-PINK1 (rGST-PINK1) and 

recombinant V5-tagged PARIS (rV5-PARIS) were incubated together and a pull-down was 

performed with a PARIS antibody. Association of PINK1 and PARIS was monitored by western 

blot for pulled-down samples. Experiments were repeated two times. 
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Figure 3.2 
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Figure 3.2:  Domain mapping of PINK1-PARIS interaction 

(A) Interaction of wild-type (WT), L347P, and K291M PINK1 with FLAG-PARIS in anti-FLAG 

immunoprecipitates from SH-SY5Y cells transfected with the indicated DNA constructs 

determined by western blots. (B) Mapping of PINK1 domains required for interaction with 

FLAG-PARIS in anti-GFP immunoprecipitates from SH-SY5Y cells transfected with GFP-

tagged full-length (FL), 1-270 (N), and 265-581 (C) PINK1 together with FLAG-PARIS 

constructs determined by western blots. Arrow heads indicate immunoprecipitated GFP-tagged 

PINK1 full-length and deletion mutants. (C) Co-immunoprecipitation of PINK1 and FLAG-

PARIS from SH-SY5Y cells transfected with the indicated constructs using an anti-FLAG 

antibody. Experiments were repeated three times (MLS, mitochondrial localization sequence; 

TM, transmembrane domain; KD, kinase domain). (D) Co-immunoprecipitation of full length 

(FL), N- (1-322) and C- (322-644) terminal fragments of FLAG-PARIS with GFP-PINK1 from 

SH-SY5Y cells transfected with the indicated constructs using a GFP antibody. Experiments 

were repeated two times (KRAB, Krüppel associated box; ZNF, zinc finger domain).  
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Figure 3.3 
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Figure 3.3:  PINK1 phosphorylates PARIS 

(A) PARIS phosphorylation by wild-type, familial PINK1 mutants or kinase dead PINK1 in SH-

SY5Y cells. PARIS phosphorylation was determined by co-immunoprecipitation of PARIS using 

an anti-FLAG antibody followed by western blot using a phosphoserine antibody (left panel). 

Quantification of relative phosphorylation levels of PARIS. Band intensities of PARIS 

phosphorylation, detected by phosphoserine antibodies, were normalized to total levels of 

immunoprecipitated PARIS (n = 3, right panel). (B) In vitro kinase assay demonstrating PARIS 

phosphorylation by maltose-binding protein tagged Tribolium castaneum PINK1 (MaBP-

TcPINK1) determined by [32P]-ATP incorporation. Experiments were repeated twice (KI, kinase 

inactive mutant TcPINK1 with a kinase inactivating mutation (D359A) in the magnesium-

binding Asp residue within the catalytic domain).  
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Figure 3.4 
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Figure 3.4 (cont…) 
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Figure 3.4:  Mapping and Validation of PINK1 Phosphorylation sites on PARIS 

(A) Mass spectrometry peaks showing PARIS phospho-peptides containing serine 322.or (B) 

serine 613 phosphorylation after PINK1 phosphorylation of FLAG-PARIS.  Alignment of amino 

acid sequence at human PARIS serine 322 (top panel) or serine 613 (bottom panel) among 

mammalian species. Phosphorylation sites are indicated with *  (C) Phosphorylation at S613 of 

PARIS for wild-type and phospho-mutant PARIS with serine to alanine substitutions (S322A, 

and S613A) determined by western blots using pS613-PARIS antibodies for anti-FLAG 

immunoprecipitates from SH-SY5Y cells transfected with the indicated constructs. Relative 

S613 phosphorylation normalized to total PARIS levels were quantified using densitometry and 

presented in a bar graph (n = 3 per group). (D) Phosphorylation at S613 of PARIS determined by 

western blots using pS613 antibodies for anti-FLAG immunoprecipitates from SH-SY5Y cells 

transfected with FLAG-PARIS and PINK1 WT or indicated mutant constructs. Quantification of 

relative S613 phosphorylation normalized to total immunoprecipitated PARIS levels (n = 3 per 

group). Quantified data are expressed as mean ± s.e.m., *P < 0.05, **P < 0.01, ***P < 0.001, 

analysis of variance (ANOVA) test followed by Tukey HSD post-hoc analysis. β-actin was used 

as a loading control.  
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Figure 3.5 
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Figure 3.5:  Phosphorylation of PARIS at Ser613 is PINK1 dependent 

(A) Serine phosphorylation of wild-type and phosphomutant (S322A and S613A) PARIS by 

PINK1 determined by co-immunoprecipitation using an anti-FLAG antibody and western blot 

(left panel). Quantification of relative phosphorylation levels of PARIS wild-type and 

phosphomutants. Band intensities of PARIS phosphorylation detected by phosphoserine 

antibodies were normalized to total levels of immunoprecipitated PARIS (n = 3, right panel). (B) 

PARIS S613 phosphorylation in PINK1 knockdown background determined by phospho-specific 

PARIS antibody from lysates from SH-SY5Y cells transfected with FLAG-PARIS and indicated 

shRNA to PINK1 and shDsRed as a control. shRNA-resistant PINK1 (PINK1R) was transfected 

to restore PINK1 expression in shRNA-PINK1 transfected SH-SY5Y cells (left panel). 

Endogenous human PINK1 is indicated with an arrow head. Quantification of relative pS613 

PARIS levels normalized to total FLAG-PARIS determined by imageJ densitometry analysis (n 

= 4 per shDsRed and shPINK1 group and n = 3 for shPINK1/PINK1R, right panel).  
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Figure 3.6 
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Figure 3.6:  Phosphorylation of PARIS by PINK1 regulates parkin mediated ubiquitination 

 (A) PARIS ubiquitination with overexpression of wild-type and mutant (L347P and K219M) 

PINK1, monitored by western blot using anti-HA antibodies in anti-FLAG immunoprecipitates 

from SH-SY5Y cells transfected with the indicated constructs. Relative PARIS ubiquitination as 

determined by quantification of HA-ubiquitin signal normalized to immunoprecipitated PARIS is 

shown in the bar graph (n = 4 per group). (B) PARIS ubiquitination was assessed after PINK1 

knockdown using a transiently transfected shRNA construct in SH-SY5Y cells. PARIS 

ubiquitination was monitored by western blot using anti-HA antibodies in anti-FLAG PARIS 

immunoprecipitates from SH-SY5Y cells transfected with the indicated constructs. 

Quantification of the levels of ubiquitination, normalized to the levels of PARIS is shown in the 

bar graph. Note, the PINK1 construct used here is a shRNA resistant version (PINK1R) for the 

rescue experiment (n = 3 per group). (C) PARIS ubiquitination with PINK1 overexpression was 

assessed in the parkin knockdown background by co-transfecting a shRNA-parkin expressing 

construct into SH-SY5Y cells. Ubiquitinated PARIS was monitored by western blot using anti-

HA antibodies in anti-FLAG immunoprecipitates. Quantification of the levels of ubiquitination 

of immunoprecipitated PARIS normalized to the levels of PARIS is shown in the bar graph (n = 

3 Ctrl and 4 the other samples). (D) Pulse chase analysis of wild-type and phosphorylation 

mutant PARIS-FLAG degradation in the presence of PINK1 overexpression in SH-SY5Y cells 

monitored by western blots using anti-FLAG antibody. PARIS-FLAG expression was induced 

by Tet-off system for 24 hours, and the degradation of PARIS-FLAG was monitored at 3 h and 

12 h after the treatment of doxycycline to stop further induction of PARIS-FLAG. Quantification 

of relative wild-type and phosphorylation mutant PARIS-FLAG levels normalized to β-actin in 

the indicated time points for samples with cotransfection of PINK1 wild-type is shown in the bar 

graph (n=3). (E) In vitro ubiquitination assay demonstrating PARIS ubiquitination by rat parkin 
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in the presence of TcPINK1 in a recombinant protein-reconstituted ubiquitination reaction. 

S322A/S613A double phosphorylation mutant PARIS fails to be ubiquitinated by parkin as 

determined by western blots using PARIS antibodies. The experiments were repeated three 

times. Polyubiquitinated PARIS species are indicated with (Ub)n. (F) Immunoblot analysis of an 

in vitro parkin ubiquitination assay with UbS65A and rat Parkin219–465 of WT or SA-DM PARIS in 

the presence of TcPINK1. Recombinant PARIS phosphorylation and ubiquitination was 

monitored by Immunoblot using pSer613 and PARIS antibodies respectively. Similar results 

were obtained in two independent experiments.   
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Figure 3.7 
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Figure 3.7:  PARIS phosphorylation enhances interaction with parkin 

(A) rV5-PARIS, rGST-PINK1, and recombinant FLAG-tagged parkin (rFLAG-parkin) were 

incubated in the indicated combinations and a pull-down was performed using anti-parkin 

antibody. PARIS and PINK1 interaction with parkin were monitored by western blots to show an 

increased association of PARIS or PINK1 with parkin when all three proteins are present in a 

pull down assay. Experiments were repeated two times.  (B) S322 and S613 phosphorylation of 

PARIS promotes the interaction with parkin. Coimmunoprecipitation of V5-tagged parkin (V5-

parkin) in anti-FLAG immunoprecipitates from SH-SY5Y cells expressing V5-parkin and wild-

type (WT) and phosphor-deficient PARIS (S322A, S613A, and S322,613A (DM)) determined by 

western blots using the indicated antibodies.  
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Figure 3.8 

 

PARIS

PINK1

β-actin

sh
DsR

ed

sh
PIN

K1

sh
PIN

K1

R
el

at
iv

e
PA

R
IS

 le
ve

ls

sh
DsR

ed

sh
PIN

K1

sh
PIN

K1

3.0

2.0

1.0

0

*** **

75

50

42

PIN
K1R

PIN
K1R

β-actin

tTA/TetP-PARIS-FLAG
Cont PINK1 K219M L347P

FLAG

PINK1

3 6 12 3 6 12 3 6 12 3 6 12hrs

*
*

PINK1

L347P
K219M

Cont

(hrs)R
el

at
iv

e
PA

R
IS

-F
LA

G
 le

ve
ls

0 3 6 9 12

1.0

0.8

0.6

0.4

0.2

0

75

50

42

A

C

D

sh
DsR

ed

sh
PIN

K1

R
el

at
iv

e
PA

R
IS

 m
R

N
A 

le
ve

ls

0.8

0.4

0

1.2

B

**

E



73 
 

Figure 3.8 (cont…)
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Figure 3.8:  Phosphorylation by PINK1 regulates PARIS turnover 
(A) Western blot analysis of endogenous PARIS in SH-SY5Y cells 2 days after transient 

transfection with shRNA against PINK1 or shRNA for PINK1 together with shRNA-resistant 

PINK1 overexpression. The bar graph in the bottom shows quantification of endogenous PARIS 

levels normalized to β-actin in the presence or absence of PINK1 knockdown (n = 5).  (B) 

Quantification of PARIS messenger RNA levels normalized to GAPDH levels in SH-SY5Y cells 

transfected with shPINK1 constructs and shDsRed control constructs monitored by real time 

quantitative PCR (n = 3).  (C) Pulse chase analysis of PARIS-FLAG degradation in the presence 

of PINK1 wild-type, or kinase deficient mutants, K219M and L347P. PARIS-FLAG expression 

was induced by the Tet-off system for 24 hours, and the degradation of PARIS-FLAG was 

monitored at the indicated time points after doxycycline treatment to stop further PARIS-FLAG 

induction. Quantification of relative PARIS-FLAG levels normalized to β-actin at the indicated 

time points for samples with co-transfection of PINK1 wild-type, K219M, L347P, and mock 

transfection as a control is shown in the graph (n = 4, statistical comparison performed for data at 

12 h). (D) Pulse chase analysis of PARIS-FLAG degradation with shRNA mediated knockdown 

of endogenous PINK1 or parkin in SH-SY5Y cells monitored by western blots using anti-FLAG 

antibody. PARIS-FLAG expression was induced by Tet-off system for 24 hours, and the 

degradation of PARIS-FLAG was monitored at 3h, 12 h, and 24h  after treatment with 

doxycycline to stop further induction of PARIS-FLAG. Quantification of relative wild-type 

PARIS-FLAG levels normalized to β-actin in the indicated time points for samples with co-

transfection of shRNA to PINK1 or parkin is shown in the bar graph (n = 4).  (E) Immunoblot of 

PARIS-FLAG degradation by Myc-parkin in the setting of PINK1 overexpression or knockdown 

in SH-SY5Y cells. mCherry was used as a transfection control. Bar graph of quantification of 
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relative PARIS-FLAG levels normalized to mCherry (n = 3 per group) (F) Pulse chase analysis 

of wild-type and phosphorylation mutant PARIS-FLAG degradation in the presence of PINK1 

overexpression in SH-SY5Y cells monitored by western blots using anti-FLAG antibody. 

PARIS-FLAG expression was induced by Tet-off system for 24 hours, and the degradation of 

PARIS-FLAG was monitored at 3 h and 12 h after the treatment of doxycycline to stop further 

induction of PARIS-FLAG. Quantification of relative wild-type and phosphorylation mutant 

PARIS-FLAG levels normalized to β-actin in the indicated time points for samples with 

cotransfection of PINK1 wild-type is shown in the bar graph (n=3). (G) Representative western 

blot showing steady state protein levels of wild-type (WT), and phospho-mimetic PARIS 

mutants (S322D, S613D, and S322,613D) in SH-SY5Y cells transiently transfected with tTA 

and pTRE dual constructs expressing PARIS and reporter mCherry (pTRE-PARIS-FLAG-

mCherry). Quantification of relative PARIS levels normalized to β-actin analyzed by imageJ 

densitometry (n = 3 per group). Representative immunofluorescence images (bottom panel) 

showing mCherry expression in the indicated groups of PARIS wild-type and phospho-mimetic 

mutants transfection. (G) Immunoblots of WT and the phosphomimetic form of FLAG-PARIS 

(SD-DM) in response to MG132 in SH-SY5Y cells. mCherry was used for transfection control. 

Bar graph of quantification of relative PARIS-FLAG levels normalized to mCherry (n = 3 per 

group).  Quantified data are expressed as mean ± s.e.m., *P < 0.05, **P < 0.01,  ***P < 0.001, 

analysis of variance (ANOVA) test followed by Tukey HSD post-hoc analysis.  
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Chapter 4:  PARIS mediates cell death in PINK1 deficiency 
 

INTRODUCTION 

Phosphorylation of PARIS by PINK1 controls steady state levels of PARIS suggesting 

that PINK1 may play a role in regulating mitochondrial biogenesis and cellular mitochondrial 

content.  This would perfectly complement the proposed role of mitochondrial PINK1 in sensing 

dysfunctional mitochondria and facilitating their removal from the mitochondrial pool, allowing 

for tight regulation of mitochondrial turnover.  Moreover, identification of this novel role of 

PINK1 in regulating PARIS implies that DA neuron death in PINK1 linked PD may also be 

attributable to PARIS accumulation and PGC-1α repression strengthening the significance of 

PARIS in a common pathogenic cascade linking AR-PD with sporadic PD. 

Studies in the adult conditional parkin knockout mouse, and PARIS overexpression 

mouse models show that accumulation of PARIS leads to mitochondrial deficits and DA neuron 

toxicity via transcriptional repression of PGC-1α (Shin et al., 2011).  Given the lack of 

mammalian PINK1 models with a clear PD phenotype we sought to use a similar approach to 

modeling PINK1 loss in-vivo.  We examine the hypothesis that PINK1 knockdown will lead to 

PARIS dependent phenotypes, including transcriptional repression of PGC-1α and dopaminergic 

neuron death. 

 

RESULTS 

Loss of PINK1 leads to PARIS accumulation and repression of PGC-1α 
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Repression of PGC-1α is the most well understood impact of PARIS accumulation and 

appears to be necessary for toxicity in parkin loss models (Shin et al., 2011; Winklhofer, 2014).  

In order to determine if PARIS plays a role in cellular toxicity due to PINK1 loss we first 

examined whether repression of PGC-1α occurs in SH-SY5Y cells in which PINK1 is knocked 

down using shRNA.  Knockdown of PINK1 reduces PGC-1α protein levels by 50% whereas 

concomitant knockdown of PARIS prevents this downregulation (Figure 4.1A). Levels of PGC-

1α were monitored following shRNA knockdown of PINK1 and/or shRNA knockdown of 

PARIS by using real-time quantitative PCR. Knockdown of PINK1 reduces PGC-1α mRNA 

levels by 40% and shRNA knockdown of PARIS prevents this downregulation (Figure 4.1B).  

Consistent with these findings, PINK1 knockdown in SH-SY5Y cells results in enrichment of 

PARIS at the insulin response sequence (IRS) region of the PGC-1α promoter as shown by 

chromatin immunoprecipitation assay using PARIS antibodies (Figure 4.1C).  

Previously we had shown that conditional knockout of parkin in adult mice leads to 

progressive degeneration of DA neurons that is PARIS dependent (Shin et al., 2011). To 

investigate whether knockdown of PINK1 in adult animals leads to PARIS dependent PGC-1α 

repression and degeneration of DA neurons, we utilized a conditional pink1-RNAi transgenic 

mouse previously described (Zhou et al., 2007). In order to knockdown PINK1 in adult animals, 

mice were stereotaxically injected with AAV-GFP-Cre into the substantia nigra pars compacta at 

2 months of age (Figure 4.2A). AAV-GFP-Cre injection into the substantia nigra of adult pink1-

RNAi transgenic mice efficiently transduces tyrosine hydroxylase-positive DA neurons (Figure 

4.2B).  Evaluation of cytoplasmic fractions from injected SN tissue showed that PINK1 protein 

levels were decreased in the Cre injected by >70% compared with GFP injected controls.  PINK1 



78 
 

knockdown increases PARIS protein levels and decreases the relative phosphorylation of PARIS 

S613 (Figure 4.2C) consistent with our findings in SH-SY5Y cells (Figure 3.5B) 

Knockdown of PINK1 was associated with an approximately two-fold increase in PARIS 

protein levels and a reduction of PGC-1α protein levels that is rescued by shRNA knockdown of 

PARIS (Figure 4.3A).   PINK1 detection by western blot of unfractionated mouse SN tissue was 

not possible with the currently available antibodies, however injection of AAV-GFP-Cre was 

associated with an 80% reduction in PINK1 transcripts and this led to a 30% reduction in PGC-

1α levels as determined by real-time PCR (Figure 4.3B). In order to evaluate whether PGC-1α 

repression was occurring in PINK1 deficient dopamine neurons we utilized laser capture 

microdissection of immunostained TH+ neurons expressing GFP in SN slices from the PINK1 

conditional knockdown mouse.  We found that PGC-1α transcript levels were reduced in AAV-

GFP-Cre transduced TH neurons relative to AAV-GFP transduced TH neurons and that co-

injection of and AAV-shRNA-PARIS construct rescued PGC-1α transcript levels. 

Finally, we further evaluated PGC-1α repression in the adult conditional PINK1 

depletion model by immunofluorescence microscopy. We co-labeled the ventral midbrain of 

pink1-siRNA transgenic mice, injected with either AAV-GFP or AAV-GFP-Cre with or without 

AAV-hPINK1 viruses, with antibodies to TH, PGC-1α, and GFP. For those TH-positive DA 

neurons that are transduced with GFP-Cre, there is a significant reduction of PGC-1α signal 

intensity compared to the AAV-GFP transduction control.  This repression of PGC-1α in DA 

neurons is PINK1-dependent since expression of hPINK1 by co-injection of AAV-hPINK1 

viruses prevents the PGC-1α repression (Figure 4.3D). 

 



79 
 

Conditional Knockdown of PINK1 leads to DA neuron loss. 

Generation of a conditional PINK1 depletion mouse model showed molecular findings 

consistent with the hypothesis that PINK1 plays a role in regulating PARIS levels and therefore 

PGC-1α levels in mouse midbrain neurons. Next, we sought to evaluate whether adult loss of 

PINK1 would lead to degeneration of dopamine neurons.  Three months following stereotaxic 

AAV-GFP-Cre injection into the ventral midbrain of the conditional pink1-RNAi transgenic mice 

the number of DA neurons was assessed via TH immunoreactivity and Nissl staining by 

stereologic analysis. AAV-GFP-Cre injection in adult animals leads to a 30% reduction in TH-

positive neurons that is completely reversed when PARIS is knocked down by shRNA (Figure 

4.4). The DA neuron degeneration by PINK1 knockdown is progressive since at 12 months post-

injection there is an approximate 45% loss of TH-positive neurons.  

To address potential off-target effects of shRNA to PINK1 and shRNA to PARIS, AAV 

viruses that express human PINK1 (AAV-hPINK1) or shRNA to mouse PARIS with a different 

target sequence (AAV-shPARIS#2-RFP) were utilized. Human PINK1 expression in a mouse 

PINK1 deficient background reversed DA neuron loss as determined by stereologic counting of 

TH-positive neurons, demonstrating that acute PINK1 knockdown indeed contributed to an 

approximate 30 % DA cell loss in the substantia nigra (Figure 4.4C). Co-injection of another 

shRNA to mouse PARIS (AAV-shPARIS #2-RFP) with AAV-GFP-Cre also provided almost 

complete protection against DA neuronal toxicity induced by PINK1 depletion, suggesting that 

PARIS accumulation is responsible for the DA cell loss (Figure 4.4C). These results taken 

together confirm that in vivo knockdown of PINK1 in adult mice leads to loss of DA neurons 

that is PARIS dependent. 
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PINK1 overexpression can ameliorate PARIS toxicity 

PARIS accumulation in the setting of PINK1 or parkin loss, or in PARIS overexpression 

systems, is toxic through a PGC-1α dependent mechanism.  Overexpression of parkin has been 

shown to be protective in other models of PD (Arena et al., 2013; Fett et al., 2010; Fournier et 

al., 2009; Jiang, Ren, Zhao, & Feng, 2004; Vercammen et al., 2006) and it mitigates the toxicity 

of PARIS overexpression by accelerating PARIS degradation (Shin et al., 2011).  Our data 

suggests that PINK1 regulates the steady state level of PARIS.  We next examined whether 

overexpression of PINK1 could protect against PARIS toxicity.  We used a 1 kb human PGC-1α 

luciferase promoter construct described previously (Shin et al., 2011) in order to monitor PGC-

1α promoter activity in SH-SY5Y cells transfected to overexpress PARIS with or without 

PINK1 overexpression.  As previously reported PARIS substantially reduces PGC-1α promoter 

activity (Shin et al., 2011). PINK1 overexpression partially prevents this reduction, and PINK1 

kinase activity is required for the reduction in PGC-1α promoter activity since the kinase dead 

K219M PINK1 mutant has no effect (Figure 4.5A). PINK1 overexpression or K219M PINK1 

overexpression have no direct effect on PGC-1α promoter activity, which is likely due to the low 

levels of endogenous PARIS (Figure 3.5A). Repression of PGC-1α by the phosphorylation 

mutants PARIS S322A, PARIS S613A or PARIS S322/613A was not rescued by PINK1 

overexpression whereas wild-type PARIS (WT)-induced repression of PGC-1α promoter activity 

was reversed by PINK1 (Figure 4.5B). 

To determine if PARIS toxicity is influenced by PINK1 phosphorylation, cell death 

following transient overexpression of PARIS in SH-SY5Y cells was monitored. Overexpression 

of PARIS kills approximately 2.5-fold more cells than control transfection. PINK1 
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overexpression prevents the majority of PARIS toxicity, whereas a kinase dead K219M PINK1 

has no effect (Figure 3.5C). PARIS S322A, S613A and S322/613A resulted in more than 2-fold 

increase in cell death in SH-SY5Y cells similar to wild-type PARIS but PINK1 overexpression 

was unable to rescue the toxicity induced by the PARIS phosphorylation defective mutants 

(Figure 4.5C).  

We also examined whether PARIS toxicity can be rescued by overexpression of PINK1 

in DA neurons in vivo. Consistent with our previous report (Shin et al., 2011), recombinant 

adeno-associated virus (rAAV) mediated transduction of ventral midbrain with PARIS leads to 

over a 3-fold increase in the levels of PARIS similar to the levels in sporadic PD and adult 

conditional parkin KO mice (Figure 4.5E) (Shin et al., 2011) and a significant loss of DA 

neurons (Figure 4.5F). Co-expression of PINK1 reduced PARIS levels down to baseline (Figure 

4.5E) and almost completely prevents the loss of DA neurons induced by PARIS overexpression 

(Figure 4.5F).  However similar overexpression of AAV-PARIS SA-DM phosphor-mutant lead 

to DA neuron loss which was not rescued by PINK1 overexpression (Figure 4.5F) presumably 

because the SA-DM protein is unable to be reduced by PINK1 overexpression (Figure 4.5E).  

 

DISCUSSION 

Knockdown of PINK1 in adult mouse ventral midbrain leads to PARIS accumulation, 

transcriptional repression of PGC-1α and progressive degeneration of dopamine neurons, 

providing the first mammalian model of PINK1 linked PD to recapitulate these important aspects 

of human disease.  As with the adult conditional parkin knockout model, simply preventing toxic 

levels of PARIS is sufficient to prevent DA neuron toxicity in these mice.  Conversely, PINK1 
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overexpression is able to block the robust DA neuron toxicity seen with virus mediated PARIS 

overexpression in mouse VM.  This rescue requires PINK1 kinase activity is mediated by 

decreased steady-state levels of PARIS, consistent with the enhanced parkin-dependent 

ubiquitination and degradation of PARIS attributed to PINK1 dependent phosphorylation in the 

previous chapter. PINK1 overexpression is unable to rescue degeneration in the mice injected 

with AAV- PARIS S322/613A SA-DM.  This seems to be due to the inability of PINK to 

accelerate the degradation of this protein since PARIS levels are not reduced by PINK1 

overexpression.  This provides further in-vivo evidence of the importance of intrinsic 

phosphorylation of PARIS by PINK1 in regulating steady state levels of PARIS.  These results 

tie PINK1 to the regulation of PGC-1α and thus to the larger body of evidence implicating 

dysregulation of mitochondrial biogenesis in both inherited and sporadic PD.   

 

MATERIALS AND METHODS 

Primers used for real-time qPCR.  

Target 
genes  Primers (5’-3’) for human genes Primers (5’-3’) for mouse genes 

GAPDH F AAACCCATCACCATCTTCCAG AAACCCATCACCATCTTCCAG 

 R AGGGGCCATCCACAGTCTTCT AGGGGCCATCCACAGTCTTCT 

PINK1 F GCCTCATCGAGGAAAAACAGG GCTTGCCAATCCCTTCTATG 

 R GTCTCGTGTCCAACGGGTC CTCTCGCTGGAGCAGTGAC 

PARIS F GCTGGAATTTCCGGTGTAAACC AGTTGGACTCTGGAGCAGGA 

 R GGGGTCCAAGATGGCCTCT GCTGCTGTGTTGAGCTTCAG 

PGC-1α F TCCTCACAGAGACACTAGACA AGCCGTGACCACTGACAACGAG 

 R CTGGTGCCAGTAAGAGCTTCT GCTGCATGGTTCTGAGTGCTAAG 
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Virally induced conditional PINK1 knockdown mouse model 

Conditional pink1-siRNA transgenic mice were generously given by Dr. Xugang Xia 

(Thomas Jefferson University). In this mouse strain, expression of shRNA to mouse PINK1 is 

blocked by a floxed STOP sequence between the U6 promoter and shPINK1 sequence (Zhou et 

al., 2007). Conditional pink1-siRNA transgenic mice are genotyped by PCR using primers 

annealing to a part of the U6 promoter region and the stuffer sequence (forward primer: 5’-

AGACTTGTGGGAGAAGCTCG-3’; reverse primer: 5’-GCCTCTTCATCGGGAATGC-3’). To 

achieve PINK1 knockdown in adult mice, a recombinant adeno-associated virus expressing GFP-

fused Cre recombinase (AAV-GFP-Cre) was stereotaxically introduced into two-month-old 

conditional pink1-siRNA transgenic mice using the substantia nigra coordinates (1.3 mm lateral, 

3.2mm caudal, 4.3mm ventral relative to Bregma). Furthermore, lentiviral shRNA-PARIS was 

co-administered along with AAV-GFP-Cre to determine whether the changes in PGC-1α and 

toxicity were PARIS dependent. Additional AAV viruses were used to address potential off-

target effects by shRNA to mouse PINK1 or mouse PARIS (AAV-human PINK1; AAV-

scrambled shRNA-GFP control with targeting sequence: CCGG-

CAACAAGATGAAGAGCACCAA-CTCGAG-TTGGTGCTCTTCATCTTGTTG-TTTTTT; 

AAV-shPARIS#2-RFP with targeting sequence: 

TGCTGTTGACAGTGAGCGACTGGACTATGCCATCTCCAAATAGTGAAGCCACAGATG

TATTTGGAGATGGCATAGTCCAGGTGCCTACTGCCTCGGA). No randomization was 

used in the virus injection procedure.  

 

Preparation of tissues for immunoblot 
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Mouse brain tissues harvested 1 month after virus injection were homogenized in lysis 

buffer [10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.5% Nonidet P-40, 10 mM Na-

β-glycerophosphate, Phosphate Inhibitor Cocktail I and II (Sigma), and Complete Protease 

Inhibitor Mixture (Roche)], using a Diax 900 homogenizer. After homogenization, samples were 

rotated at 4°C for 30 min for complete lysis, then the homogenate was centrifuged at 52,000 rpm 

for 20 min, and the resulting fractions were collected. Protein levels were quantified using the 

BCA kit (Pierce) with BSA standards and analyzed by immunoblot. Immunoblotting was 

performed with an antibody of interest with chemiluminescence visualization (Pierce). The 

densitometric analyses of the bands were performed using ImageJ (NIH, 

http://rsb.info.nih.gov/ij/).  

 

Chromatin immunoprecipitation 

Chromatin immunoprecipitation was carried out according to manufacturer’s instructions 

(Cell signaling). Briefly, SH-SY5Y cells were fixed with 1% formaldehyde (wt/vol) for 10 min 

at 37°C. Glycine quenched samples were lysed in 500 µl of SDS buffer containing protease 

inhibitors. Chromatin was digested with micrococcal nuclease and sonicated to 100-250bp 

DNA/Protein complex using a Diagenode UCD-300. The samples were centrifuged at 10,000 x g 

at 4°C for 10 min and the supernatant was taken. Pre-cleared samples were incubated with mouse 

anti-PARIS antibodies (Neuromab) overnight and protein G Sepharose beads followed by a 

number of washes. Elutes were subjected to reverse cross-linking and DNA was recovered by 

phenol-chloroform-ethanol purification. Realtime PCR was performed using template DNA and 

the following primers (cycle number: 25-40) : hPGC-1α promoter (forward primer: 5'-
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ACCTGCATTAGCCCTCATTGTCTC-3'; reverse primer: 5'-

TAGCGTTTCCTCCCTAACTGCC-3'), hGAPDH promoter (forward primer: 5'-

GGAAAGGCAATCCCAGAAAGGC-3'; reverse primer: 5'-

ATGGGAGGGTGCTGAACACTTG-3'). 

 

Luciferase Assay 

A stable SH-SY5Y cell line was established, which expresses the PGC-1α promoter 

firefly luciferase reporter. pGreenFire1 lenti-reporter vector backbone (System Biosciences, Inc., 

Mountain View, CA) was used for expression of human PGC-1α promoter region (AF108193; 

GenBank, -992 to +90 bp) so that the dscGFP reporter gene followed by the self-cleaving T2A 

peptide and the firefly luciferase gene was under the control of the PGC-1α promoter. The 

WPRE element enhances the expression level of the reporter genes. Puromycin (2 μg per ml) 

was used for selection of stably transduced SH-SY5Y cells.  Cells were harvested 48 h after 

transfection with corresponding DNA constructs and lysates were assayed for firefly luciferases, 

using the Luciferase Reporter Assay System (Promega, Madison, WI) with a Monolight 3010 

luminometer (Analytical luminescence Lab, Los Angeles, CA), according to the manufacturer’s 

instructions. 

 

Cell viability analysis 

SH-SY5Y cells were plated in a 6-well plate at a seeding density of 0.5 x106 cells per 

well. Following transient transfection with indicated constructs, the cells were grown in DMEM 

containing low serum (2.5 % FBS) for two more days. After the indicated days of induction, 
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cultures were trypsinized yielding single cell suspensions that were washed twice with PBS 

before resuspension in serum free DMEM. Resuspended cells were mixed with an equal volume 

of 0.4% trypan blue (wt/vol) and incubated for 2 minutes at room temperature. Live and dead 

cells were counted under a light microscope using a hemocytometer. 

 

Laser capture microdissection (LCM) 

Approximately three-month-old pink1-siRNA transgenic mice injected with either AAV-

GFP (n = 4) or AAV-GFP-Cre (n = 3) or AAV-GFP-Cre/shPARIS at two month of age were 

sacrificed. The brains were rapidly removed and frozen on dry ice with OCT tissue freezing 

medium for cryostat sectioning (Tissue-Tek). To preserve fluorescence and RNA integrity, a 

RNase inhibitor and autoclaved PBS were used during all staining procedures. Fifteen micron-

thick coronal sections of the midbrain on superfrost glass slide were incubated with blocking 

solution for 30 min and rinsed with 1 x PBS followed by incubation with mouse anti-TH (1:50) 

and rabbit anti-GFP (1:50) for 3-4 hr. Rinsed sections were incubated with Alexa Fluor 568-

conjugated anti-mouse (1:25) and Alexa Fluor 488-conjugated anti-rabbit (1:25) for 1 hr. 

Sections were rinsed with 1 x PBS three times and were washed once again with DEPC-treated 

water. Double, TH and GFP, positive neurons were obtained by LCM (Leica P.A.L.M. laser 

microdissection). Microdissected cells were directly used for RNA extraction. 

 

Stereological assessment 

For stereotaxic injection of adeno-associated virus serotype 1 (AAV1) overexpressing 

GFP, or GFP-Cre, or PARIS, or hPINK1, or shRNA-PARIS into mice, experimental procedures 
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were followed according to the guidelines of Laboratory Animal Manual of the National Institute 

of Health Guide to the Care and Use of Animals, which were approved by the Johns Hopkins 

Medical Institute Animal Care Committee. Two month old PINK1 siRNA conditional transgenic 

mice (pU6-STOP fl/fl-shPINK1) were anesthetized with pentobarbital (50 mg per kg). An 

injection cannula (26.5 gauge) was applied stereotaxically into the substantia nigra 

(anteroposterior, 3.2 mm from bregma; mediolateral, 1.3 mm; dorsoventral, 4.3 mm). The 

infusion was performed at a rate of 0.2 ml per min and wound healing and recovery were 

monitored after the injection was done. Four weeks, 3 months, and 12 months after injection, 

animals were anesthetized and perfused with PBS followed by 4% paraformaldehyde (wt/vol). 

Brains were post-fixed with 4% paraformaldehyde, cryoprotected in 30% sucrose (wt/vol), and 

processed for immunohistochemistry. Forty µm coronal sections were cut throughout the brain 

including substantia nigra and every 4th section was utilized for analysis. For tyrosine 

hydroxylase (TH), sections were incubated with a 1:1000 dilution of rabbit polyclonal anti-TH 

(Novus) and visualized with biotinylated goat anti-rabbit IgG, followed by application of 

streptavidin-conjugated horseradish peroxidase (HRP) (Vectastain ABC kit, Vector Laboratories, 

Burlingame, CA). Positive immunostaining was visualized with 3,3-diaminobenzidine (DAB, 

cat# D4293, Sigma). Stained sections were mounted onto slides and counterstained with thionin 

for Nissl substance. Total numbers of TH-positive and Nissl-stained neurons in substantia nigra 

pars compacta were counted using the Optical Fractionator probe of Stereo Investigator software 

(MicroBrightfield, Williston, VT). For Nissl counting, a cell was defined as a bright blue-stained 

neuronal perikarya with a nucleolus. Nissl positive counts were calculated by combining 

Nissl+/TH+ neurons along with large Nissl+ neurons with DA-like morphology, that contain little 
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or no TH immunostaining (Experimenters were blinded for treatments of mice during 

stereological counting). 
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Figure 4.1 
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Figure 4.1:  PINK1 Knockdown leads to transcriptional repression of PGC-1α 

 (A) PGC-1α, PARIS and PINK1 protein levels in SH-SY5Y cells transfected with shRNA to 

PINK1 or PARIS monitored by western blot analysis. shDsRed transfection was used as a 

control for shRNA transfection (n=4). (B) Quantification of relative messenger levels of PGC-

1α, PINK1, and PARIS in PINK1 knockdown and PINK1 knockdown with PARIS knockdown 

conditions in SH-SY5Y cells determined by real time quantitative PCR, and normalized to 

GAPDH levels. shDsRed transfection was used as a control (n = 4). (C) Chromatin 

immunoprecipitation (ChIP) with PARIS antibodies in SH-SY5Y cells transfected with shDsRed 

or shPINK1 DNA. PARIS enrichment on PGC-1α promoter was determined by real-time 

quantitative PCR of anti-PARIS ChIP DNA using primers targeting IRS1 sequence of the PGC-

1α promoter. Representative PGC-1α PCR and GAPDH PCR as a negative control for anti-

PARIS ChIP DNA was shown. For quantification, no PGC-1α amplification in shDsRed control 

after 40 cycles was compared to the relative PGC-1α promoter enrichment in shPINK1 

transfection normalized to input DNA as shown in the histogram. The experiments were repeated 

four times. IRS, insulin response sequence (n = 4 per group). 
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Figure 4.2 
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Figure 4.2:  Adult Conditional PINK1 Loss leads to PARIS accumulation 

(A) Schematic diagram showing the timetable of experimental procedures. pink1-siRNA 

conditional transgenic mice were injected with adeno-associated virus serotype 1 (AAV1) 

expressing GFP-Cre or GFP as a control into the substantia nigra for adult knockdown of PINK1. 

Lenti-shPARIS was co-injected for rescue experiments. WB, western blots; qRT-PCR, 

quantitative real-time PCR; IHC, immunohistochemistry. (B) Representative 

immunofluorescence images of ventral midbrain sections of conditional pink1-siRNA transgenic 

mice (pink1-siRNA Tg) nigrally injected with recombinant adeno-associated virus (AAV) 

expressing GFP or GFP-Cre stained with anti-tyrosine hydroxylase (TH, red)), and GFP (green) 

antibodies. (C) Representative western blots of PARIS, pS613-PARIS, and PINK1 in cytosolic 

subcellular fraction from the ventral midbrains of pink1-siRNA transgenic mice injected with 

AAV-GFP or AAV-GFP-Cre viruses. GAPDH was used as a cytosolic loading control.  

Quantification of relative protein levels of PINK1, PARIS, and pS613-PARIS normalized to 

GAPDH (n = 4 per group).  
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Figure 4.3 
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Figure 4.3 (cont..) 
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Figure 4.3:  Repression of PGC-1α in the adult conditional PINK1 knockdown mouse 

(A) Western blot analysis of PARIS, PGC-1α, parkin, and β-actin as a loading control in the 

ventral midbrain of pink1-siRNA Tg mice 4 weeks after nigral injection with the indicated virus. 

Densitometric quantification of band intensities of PARIS, PGC-1α, and parkin in the western 

blot of Fig. 4f. (B) Quantification of relative messenger levels of PARIS, PINK1, and PGC-1α in 

the ventral midbrain of pink1-siRNA transgenic mice injected with either AAV-GFP or AAV-

GFP-Cre determined by realtime quantitative PCR, and normalized to GAPDH levels (n = 4 per 

group). (C) Representative immunofluorescent images taken before and after laser capture 

microdissection of DA neurons from ventral midbrains of pink1-siRNA transgenic mice injected 

with AAV-GFP or AAV-GFP-Cre viruses or AAV-GFPCre with shRNA-PARIS immunostained 

for tyrosine hydroxylase (TH, red), and GFP (green). Quantification of relative mRNA levels of 

PINK1, PARIS, and PGC-1α in laser captured DA neurons transduced with AAV-GFP, AAV-

GFPCre, or AAV-GFPCre/shPARIS determined by realtime PCR (n = 4 mice per group, in each 

group approximate 500-600 DA neurons were collected for RNA extraction). (D) Representative 

immunofluorescent images of ventral midbrains of pink1-siRNA transgenic mice injected with 

AAV-GFP or AAV-GFP-Cre or AAV-GFP-Cre/hPINK1 viruses immunostained for tyrosine 

hydroxylase (TH, purple), PGC-1α (red), DAPI (blue), and GFP (green). Note the characteristic 

DAPI pattern for TH-positive DA neurons. Quantification of PGC-1α intensity in the TH-

positive DA neurons of the substantia nigra pars compacta of AAV-GFP or GFP-Cre injected 

pink1-siRNA transgenic mice (n = 23 for AAV-GFP and 21 for AAV-GFP-Cre positive DA 

neurons with clear morphologies of TH staining from three mice injected with the indicated 

viruses). Quantified data are expressed as mean ± s.e.m., *P < 0.05, **P < 0.01, two-tailed 

student t test or analysis of variance (ANOVA) test followed by Tukey HSD post-hoc analysis.  
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Figure 4.4
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Figure 4.4:  Progressive DA neuron degeneration in the adult conditional PINK1 
knockdown mouse 

(A) Representative TH immunohistochemistry of DA neurons in the substantia nigra which was 

injected (Inj) or non-injected (Non-inj) with AAV-GFP or AAV-GFP-Cre viruses and lenti-

shPARIS as indicated, 3 months after nigral injection. Stereological counting of TH stained DA 

neurons and Nissl stained DA neurons in the AAV-GFP-Cre injected (3 months and 12 months 

after nigral injection) and non-injected side of the substantia nigra of conditional pink1-siRNA 

transgenic mice. DA neuronal viability was also assessed for the substantia nigra coinjected with 

lenti-shRNA-PARIS virus (3 months group only) (n = 4 per group at 3 months; n = 5 GFP-Cre 

injected, n = 3 non-injected at 12 months, note: “n” for 12 months age groups indicates number 

of injection sides included in the counting). (B) Representative tyrosine hydroxylase 

immunohistochemistry images of ventral midbrains of pink1-siRNA transgenic mice SN injected 

with the indicated AAV viruses. Scale bar = 500 μm. Quantification of TH-positive cells and 

Nissl stained DA neurons in the substantia nigra of the groups of mice in (n = 6 injections for 

AAV-GFP, 5 injections for AAV-GFP-Cre, 8 injections for AAV-GFP-Cre+hPINK1 and 

AAVGFP-Cre+shPARIS#2). Quantified data are expressed as mean ± s.e.m., *P <0.05, **P < 

0.01, ***P < 0.001 analysis of variance (ANOVA) test followed by Tukey HSD post-hoc 

analysis. 
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Figure 4.5 
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Figure 4.5 (cont..)
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Figure 4.5:  PINK1 overexpression can ameliorate PARIS toxicity 

(A) Relative PGC-1α promoter activity in a stable luciferase SH-SY5Y cell line transfected with 

PARIS and wild-type or kinase dead (K219M) PINK1 monitored by a luciferase assay (n = 3). A 

schematic view of the PGC-1α luciferase construct used to generate the stable cell line is shown 

in the upper panel (IRS, insulin response sequence; CRE, cAMP response element; MEF, muscle 

enhancer factor; Luc, luciferase expression). (B) Relative PGC-1α promoter activity in the stable 

luciferase SH-SY5Y cell line transfected with PARIS wild-type or phosphorylation mutants and 

PINK1 monitored by a luciferase assay (n = 3). (C) Relative cell toxicity in SH-SY5Y cells 

transfected with wild-type, single phosphorylation mutant (S322A, and S613A) or double 

phosphomutant (S322,613A) PARIS with or without PINK1 co-transfection determined by 

trypan blue exclusion assay (n = 12 for control, PARIS, and PARIS with PINK1 or K219M; n=3 

for single phosphorylation mutant PARIS and n=5 for double phosphorylation mutant PARIS). 

(E) Western blots of PARIS, and PINK1 in the ventral midbrain (VM) of mouse brains 

stereotaxically injected with AAV-GFP, or AAV-PARIS WT or SA-DM phosphomutant, with or 

without cotransduction with AAV-hPINK1. β-actin was used as a loading control. Quantification 

of relative protein levels of PARIS, and PINK1 normalized to β-actin analyzed by imageJ 

densitometry (n = 3 per group). (F), Representative immunohistochemistry of tyrosine 

hydroxylase and Nissl staining for substantia nigra regions of mouse brains stereotaxically 

injected with AAV-GFP, or AAV-PARIS WT or SA-DM with or without AAV-hPINK1 co-

transduction. Stereological assessment of tyrosine hydroxylase positive neurons or Nissl positive 

DA neurons in the substantia nigra pars compacta of indicated injection (n = 5 GFP, n = 6 

PARIS, n = 5 PARIS/PINK1, n = 4 PARIS-SA-DM, and n = 4 PARIS-SA-DM/PINK1 injected 

hemispheres). Quantified data are expressed as mean ± s.e.m., *P < 0.05, **P < 0.01, ***P < 
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0.001, a Mann-Whitney U test (Figure 4D), and analysis of variance (ANOVA) test followed by 

Tukey HSD post-hoc analysis.  
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Chapter 5:  Significance and Future Directions 
 

PARIS impairs mitochondrial biogenesis leading to PD 

This body of work builds on prior evidence implicating PARIS accumulation and PGC-

1α transcriptional repression as key pathologic events in the death of dopamine neurons in 

parkin deficient mice by providing the first direct evidence that PARIS accumulation, in fact, 

represents a key nodal point in a common degenerative mechanistic pathway leading to AR-PD 

phenotypes in mice.  Adult conditional knockout of parkin and knockdown of PINK1 lead to 

progressive PARIS dependent degeneration of DA neurons, and PARIS overexpression is 

sufficient to elicit the degenerative phenotype.  The implications and importance of these finding 

extend beyond AR-PD modeling however, as PARIS accumulation and reduced PGC-1α levels 

are associated with both AR-PD and sporadic PD.   

The transcriptional repression of PGC-1a by PARIS has been previously described (Shin 

et al., 2011).  Here we demonstrate that the consequence of PARIS overexpression or 

accumulation after parkin loss is reduced mitochondrial mass, impaired oxidative 

phosphorylation and cell death.  PGC-1α has been extensively characterized as a master 

regulator of mitochondrial biogenesis and thus these findings suggest that impaired 

mitochondrial biogenesis is the primary mediator of cell death in PD.  While the mitochondrial 

phenotype of PINK1 conditional knockdown mice was not directly observed in these 

experiments, the role of PINK1 in controlling cellular mitochondrial content by regulation of 

mitochondrial biogenesis is consistent with observations of impaired ETC activity and ATP 
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production in germ line PINK1 knockout mice and PINK1 deficient flies (Gautier, Kitada, & 

Shen, 2008; Morais et al., 2009).  Moreover, despite deficiencies in oxidative phosphorylation, 

mitochondrial protein turnover, especially of ETC proteins, is slower in PINK1 deficient flies, 

suggesting an impaired ability to generate new mitochondria despite evidence of unmet energy 

demands (Vincow et al., 2013).  Correspondingly, simple exogenous supplementation of 

oxidative phosphorylation machinery, with NADH dehydrogenase from yeast, ubiquinone or 

vitamin K2, rescues the mitochondrial phenotype and degeneration in these flies (Vilain et al., 

2012; Vos et al., 2012).  PINK1 deficient phenotypes can also be rescued by enhancing 

mitochondrial biogenesis through PPARγ (Peroxisome proliferator-activated receptor gamma) 

activation (Corona, de Souza, & Duchen, 2014) or by enhancing nucleotide metabolism (Tufi et 

al., 2014).  Recently, the first genetic rat models of PINK1 knockout were characterized, 

showing depletion of a number of PGC-1α regulated proteins leading to impaired glycolysis and 

mitochondrial function. (Villeneuve, Purnell, Boska, & Fox, 2014).   

PGC-1α repression leading to defective biogenesis seems to be the primary insult in DA 

neurons, however, mitochondrial quality control processes are highly intercalated and there is 

likely to be cross-talk among other axes of mitochondrial quality control either as a direct result 

of parkin inactivation or in compensation for biogenesis defects and cell stress.  To this end one 

recent study reports PGC-1α regulation of Drp1 and MFN2 in rotenone exposed PC-12 cells 

promoted fission and that correction of the excess fission phenotype also stimulated 

mitochondrial biogenesis .  

 

Extending the model to human disease 
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The recapitulation of progressive dopamine neuron loss with adult knockout of PINK1 

and parkin lends further credence to the theory that mouse DA neurons develop mechanisms to 

partially compensate for inherited loss of PINK1 or parkin function.  Comparison of adult and 

germ-line knockout mice could elucidate the nature of these compensatory changes and uncover 

new therapeutic options that stimulate dormant protective mechanisms in human DA neurons.  

Such studies would be challenging with the current models.  Inducible knockout models more 

amenable to prenatal and postnatal induction, either organism wide or selectively in 

dopaminergic neurons would allow for better control of genetic background. 

The utility of adult conditional knockout models shouldn’t be understated as they finally 

provide a mammalian model organism in which to evaluate the disease relevance of molecular 

and physiologic changes that have so far only been observed in cell lines and primary culture.  

However, the current iteration of these models are limited by: 1) the technically challenging 

nature of stereotaxic injection into the ventral midbrain; 2) the long incubation period necessary 

for robust effect sizes; 3) minimal behavioral or peripherally measurable phenotypes; and 4) the 

technical challenges associated with stereotaxic quantification of dopamine neurons.  Whereas 

ablation of the molecular phenotype by knocking down PARIS can show complete rescue of 

degeneration, more subtle interventions that might provide partial protection and valuable 

information about therapeutic efficacy may not show up without larger scale experiments.   

Moreover, it is important to remember that no pharmacologic agent will bring back lost 

DA neurons.  Slowing or stopping disease progression may be the best we can hope for once 

movement symptoms are recognized. Identifying early peripheral biomarkers or prodromes is 

therefore one of the most powerful indications for accurate PD modeling.  Limiting pathology to 

the injection area as in these mice, or even to dopamine neuron populations, precludes 
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experimental validation of peripheral biomarkers and prodromal phenotypes.  Whole organism 

adult knockout models could potentially overcome these limitations by 1) improving replicability 

across experiments and scientists; 2) providing an observable intermediate phenotype possibly 

via impact on other monoaminergic cell populations; and 3) permitting validation of peripheral 

biomarkers of disease and therapeutic efficacy. 

 

Targeting mitochondrial biogenesis to abrogate PD pathology 

Deficient mitochondrial biogenesis seems to be a major contributor to DA neuron 

degeneration in PD.  Thus, pharmacologic or other strategies aimed at stimulating mitochondrial 

biogenesis hold potential for neuroprotection.  A number of strategies with the potential to 

increase mitochondrial biogenesis and antioxidant defense have been investigated.  Resveratol 

has been proposed to be neuroprotective through stimulation of Sirtuin-1 mediated deacetylation 

of PGC-1a leading to enhanced mitochondrial biogenesis (Lagouge et al., 2006).  

Supplementation of CoQ10 showed promise in protecting neurons in preclinical models 

however, trials in humans have yielded conflicting results with the most recent and largest 

randomized control trial (RCT) in early PD finding no benefit in slowing progression of the 

Uniform Parkinson Disease Rating Scale (UPDRS) movement scale scores (Parkinson Study 

Group et al., 2014).  Exercise may promote mitochondrial biogenesis and beta-oxidation in 

skeletal muscle however, the mechanisms underlying the beneficial effects of exercise on 

neurons are not well characterized.  In some brain areas exercise promotes BDNF expression 

leading to increased levels of PGC-1α.  One recent study reports enhanced ETC chain activity in 

brain tissue from aged mice treated with aerobic exercise, however closer analysis could not 
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identify increases in markers of biogenesis or mitophagy related to this enhancement (Goncalves 

et al., 2016; Marques-Aleixo et al., 2015). 

Stimulation of Peroxisome proliferator activating receptors (PPAR) transcription using 

PPAR agonists may supplement the loss of co-transcriptional enhancement in PGC-1α 

repression and preclinical data suggests that this could be a promising strategy for improving 

mitochondrial biogenesis and providing neuroprotection (Agarwal, Yadav, & Chaturvedi, 2017).  

Several NSAIDS act on PPARγ and have shown some neuroprotective properties in preclinical 

models (Agarwal et al., 2017).  MPTP, rotenone and PINK1 knockdown models all exhibit loss 

of mitochondrial mass, reduced mitochondrial membrane potential and decreased mitochondrial 

oxygen consumption.  Treatment with thiazolidinedione PPARγ agonists (Pioglitazone, 

Rosiglitazone) has shown the potential for complete reversal of these phenotypes and this is 

associated with increased anti-oxidant proteins and markers of mitochondrial biogenesis 

including increased CREB signaling and PGC-1α levels (Corona et al., 2014; Ulusoy et al., 

2011).  The actual targets and therapeutic mechanism of these compounds are still debated as 

they also have strong anti-inflammatory and anti-oxidant properties.  Unfortunately, a recent 

Phase II non-futility trial of pioglitazone determined that Pioglitazone would be unlikely to have 

therapeutic benefit in larger trials ( Ninds Exploratory Trials in Parkinson Disease FS-ZONE 

Investigators, 2015). 

One major, but perhaps unavoidable, shortcoming of these non-futility studies based on 

early disease movement scale ratings is the enrollment of PD patients, all of whom exhibited 

motor deficits sufficient to receive a clinical diagnosis of PD prior to enrollment.  Onset of 

movement symptoms is thought to be associated with greater than 50% loss of SNc dopamine 

neurons and it’s reasonable to think that some of the remaining neurons would be unsalvageable 
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with any therapy.  Parkinson’s disease is complex and heterogenous and stratification based on 

features pertinent to the therapeutic target of the intervention may increase the power of these 

studies to detect benefits in select populations.  Finally, characterization using UPDRS 

movement scores, while validated and reliable, are relatively low powered means for detecting 

therapeutic benefit, especially considering the small and variable benefits that might be seen over 

the short duration of the study periods used here.   
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