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Abstract 

Parkinson’s disease (PD) is the second largest and progressive neurological disorder 

caused by selective loss of dopaminergic neurons in substantia nigra pars compacta. 

Familial PD can be attributed to mutations in different genes. Genetic, environmental 

and unknown factors may interplay and underlie idiopathic forms of PD. Research on 

PD is confronted by the long preclinical phase of disease, clinical and genetic 

heterogeneity and incomplete understanding of disease pathogenesis. It is, therefore, 

critical to understand the molecular basis of disease, and identify biological biomarkers 

to diagnose before the onset of irreversible loss of neurons. The current project focusses 

on identifying mutations in known PD genes to comprehend the underlying molecular 

mechanisms through genetic and functional studies, and identifying a panel of small 

molecules which can be used as “probes” to differentiate PD mutations and/or PDs and 

controls through multidimensional screening. All the experiments described in this 

project were carried out on human olfactory neurosphere derived (ONS) cells which are 

primary, unmodified cells previously used to model PD and to identify biologically 

active small molecules.  

First, ONS cells from control and sporadic PD patients were screened for copy number 

variation in known PD genes by MLPA (multiplex ligation dependent probe 

amplification) which identified heterozygous deletions in the ONS cells of two sporadic 

PD patients i.e. 2704 (PARK2 ex 02), and 2509 (PARK2 ex 5-7). The later 

exhibited heterozygous deletions in the adjacent exons spanning introns 4 and 7. Whole 

exome sequencing for this sample did not identify additional disease causing mutations 

in any putative Parkinsonism-related gene.     

Alternative splice variant analysis of PARK2 identified four novel alternative splice 

variants (SV ex 4-7, SV ex 5-7, SVex 5-8 and SVex 3-9) in 2509 (PARK2 
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ex 5-7) and another PD ONS cell line. Qualitative analysis of PARK2 splice variants 

showed more alternative variants in the disease group than in the controls. Treatment of 

ONS cells with mitochondrial toxins, 50 nM rotenone and 10 uM CCCP also showed 

changes in splicing patterns of PARK2 and SNCA. Overall, this may suggest that 

splicing of PARK2 and SNCA can be exacerbated on exposure to mitochondrial 

stressors which can be quantified further by qPCR. Only the full length transcript was 

observed for DJ1 in the samples tested.  

PD ONS cells, exposed to 10uM of the mitochondrial uncoupler CCCP, showed 

increased susceptibility to cell death, as determined by number of cells surviving 

treatment compared to control ONS. The SNCA full length transcript level was 

significantly higher in the LRRK2 G2019S containing cell lines on exposure to 50nM 

rotenone compared to the controls and idiopathic PDs. LRRK2 containing cell lines 

manifested an overexpression of SYT-11, increased LysoTracker and increased LC3b 

intensities; this may suggest autophagosomal and lysosomal impairments that may be 

linked to the ATP13A2/SYT11 pathway. SYT-11 along with ATP13A2,  a lysosomal 

type 5 P-type ATPase, regulates lysosmal function, the autophagy pathway and alpha-

synuclein clearance. The altered expression of PGC-1α may suggest impaired 

mitochondrial biogenesis in some PD cell lines. Interestingly, cell lines carrying 

mutations in different regions of PARK2 showed different responses to the toxins which 

may be due to different pathways involved.  

Seven ONS cell lines carrying mutations in different PD genes (LRRK2 G2019S, 

LRRK2 R1441, PINK1 G411S, PARK2 ex 5-7, PARK2 x02, KCNJ15) were 

prepared for high content screening of cellular, nuclear, mitochondrial, lysosomal, 

endosomal and autophagosomal analysis. The statistical suitability of cytological 

profiling was determined by subjecting previous collected data-sets to combined 

analyses. We observed a classification accuracy of approximately 90% using the vehicle 
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(DMSO) treated profiles alone from PDs and controls. The lysosomal, mitochondrial 

and LC3b parameters were found to be the most important variables for discrimination 

between disease and control cell lines. Future experiments may involve the profiling of 

early onset cases or by challenging the ONS cells with different toxins to identify 

different aetiological subtypes.  

In the next phase, small molecules which showed some biological activity in one patient 

cell line were studied in an attempt to identify probes which help to differentiate 

between PD and control cell lines. This could also lead to the identification of 

cytological signatures corresponding to the mutations they harbour, or the specific 

cellular pathways effected, in particular. A probe panel of small molecules was 

identified by comparing PD mutant ONS and controls, which showed disease or 

mutation specific cytological profiles. Some small molecules identified in this study 

have been known previously for their neuroprotective effect e.g. curcumin, 

Dihydroergocristine mesylate, Iso-tetrandrine, radicicol, berbamine and oxyacanthine 

sulfate. Little functional evidence is available to ascertain their mechanism of action. 

Moreover, cytological profiling can be expanded to include other cellular organelles e.g. 

endoplasmic reticulum and Golgi complex and the results obtained in this study can be 

validated by using large number of samples.  

In conclusion, this study identified novel PARK2 splice variants in ONS cells, the 

functional evidence of which can help to comprehend how alternative splice variants 

can lead to neurodegeneration in PD.  The functional evidence on genetic forms of PD 

may propose mitochondrial and endo-lysosomal impairments which require further 

investigation. Cytological profiling also suggests that ONS cells from PD patients 

reflect subtle morphological differences in various cellular organelles which can be 

pronounced on treatment with stressors or with small molecules which can be used as 

biomarkers for PD.  
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1.0: Introduction 

Parkinson’s disease (PD) was first described in a monograph by James Parkinson in 

1817 as a “shaking palsy” (Parkinson, 2002). Parkinsonism can be characterized by the 

presence of four cardinal clinical symptoms which are resting tremor, bradykinesia, 

rigidity and inability to maintain postural balance (Sian et al., 1999). The clinical 

symptoms are the only means of diagnosis for PD ((Litvan et al., 2003). Besides these 

motor dysfunctions, patients possess some non-motor symptoms such as olfactory 

dysfunction, seborrheic dermatitis, cramps, constipation, anxiety and depression 

(Poewe, 2008). Some of the non-motor symptoms, such as loss of smell, precede the 

motor symptoms (Brit, 2015). PD is clinically diagnosed based on the presence of at 

least two of the cardinal symptoms of Parkinsonism with no other cause, responsiveness 

to levopoda at doses of at least 1 g/day in combination with carbidopa and, no signs of 

nervous system dysfunction such as dementia or dysautonomia (Bower et al., 1999).  

1.1: Prevalence: 

PD is the second most common neurodegenerative disorder after Alzheimer’s disease 

(Wirdefeldt et al., 2011) affecting about 0.3 % of the population in industrialized 

countries (de Rijk et al., 1997, Peters et al., 2006). The prevalence of the disease is age 

and gender-associated, with the prevalence increasing to 1-2 % above 60 years of age 

(Massano and Bhatia, 2012), and is expected to exceed 9 million, worldwide,  by 2030 

(Dorsey et al., 2007). Men are at greater risk of developing Parkinsonism from birth 

than women, the ratio being 1.5 which may be because of neuro-protective effects of 

oestrogens in women (Saunders-Pullman, 2003). This difference declines with age 

possibly because of increasing life expectancy in women compared to men. These risk 

factors can be modified by protective or other risk factors which change life expectancy. 
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For example, women who have a first degree relative affected by PD have 2.6% more 

chance of lifetime risk of PD (Elbaz et al., 2002). 

1.2: Types of Parkinson’s disease: 

PD can be broadly classified into two main types: familial Parkinson’s with a family 

history of PD; and, idiopathic/sporadic PD with unknown cause. The former constitutes 

only a small portion of PD and majority of the cases are sporadic. Familial PD can be 

further classified into two types, autosomal dominant or autosomal recessive PD, based 

on the mode of inheritance. To date, mutations in various genes have been identified to 

cause familial PD including, alpha-synuclein (PARK1) (Polymeropoulos et al., 1996, 

Polymeropoulos et al., 1997), parkin (PARK2) (Kitada et al., 1998), DJ-1 (PARK7) 

(Bonifati et al., 2003), PINK1 (PARK6) (Valente et al., 2004) and LRRK2 (PARK8) 

(Paisan-Ruiz et al., 2004, Zimprich et al., 2004). PD is a genetically complex disorder; 

phenocopies i.e. individuals from the same family which show symptoms of disease 

without carrying the same genetic mutation, and reduced penetrance i.e. individuals who 

carry the mutation but fail to develop the symptoms even at a later stage, can also be 

found in the familial cases. Furthermore, mutations in genes which cause familial PD 

may also be associated with sporadic PD. The list of loci and genes which have been 

implicated in familial PD is described in the Table 1.  
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Table 1.1: Loci and Genes implicated in Familial PD 

 

Loci Genes Chromosomal  

Location 

Mode of  

Inheritance 

PARK1/PARK4 SNCA 4q21.3 Autosomal dominant 

PARK2 Parkin 6q25.2-27 Autosomal recessive 

PARK3 Unknown 2p13 Autosomal dominant 

PARK5 UCHl1 4p13 Autosomal dominant 

PARK6 PINK1 1p35-p36 Autosomal recessive 

PARK7 DJ-1 1p36 Autosomal recessive 

PARK8 LRRK2 12p11q13.1 Autosomal dominant 

PARK9 ATP13A2 1p36 Autosomal recessive 

PARK11 GIGYF2 2q37.1 Autosomal dominant 

PARK13 HTRA2 2p13.1 Autosomal dominant 

PARK15 FBXO7 22q12 Autosomal recessive 

PARK17 VPS35 16q11.2 Autosomal dominant 

PARK18 EIF4G1 3q27.1 Autosomal dominant 

PARK21 DNAJC13 3q22.1 Autosomal dominant 

PARK22 CHCHD2 7p13.2 Autosomal dominant 

PARK23 VPS13C 15q22.2 Autosomal recessive 
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1.3: Pathophysiology: 

PD pathology is characterized by the selective loss of dopaminergic neurons in a region 

of midbrain called substantia nigra pars compacta, and presence of large cytoplasmic 

inclusions composed mainly of aggregated proteins called Lewy bodies in the remaining 

neurons. Dopamine is a neurotransmitter released by these neurons involved in 

movement and coordination, the loss of which may explain the motor dysfunction 

observed in PD. However, patients develop motor symptoms when approximately 60% 

of dopaminergic neurons have died (Uhl et al., 1985). The other pathological hallmark 

of PD, Lewy bodies, consists mainly of aggregated alpha-synuclein protein (Spillantini 

et al., 1997) encoded by the SNCA gene. In the pathological form, SNCA undergoes 

oxidative and phosphorylation modifications which render it insoluble and resistant to 

proteases, leading to protein accumulation (Neumann et al., 2004). The neuropathology 

of PD presents a great degree of heterogeneity and the presence of Lewy bodies is 

missing in a subset of affected PD patients with mutations in PARK2, PINK1, DJ1 and 

LRRK2 (Houlden and Singleton, 2012).  

Currently, there is no cure for PD. The available drugs only provide symptomatic relief 

and fail to cure the underlying cause. The most effective drug available to relieve the 

symptoms of PD is Levodopa, which is usually administered in combination with a 

DOPA decarboxylase inhibitor (DDCI) (Holloway et al., 2004). Some other drugs 

include dopamine agonists, monoamine oxidase-B (MAO-B) inhibitors and catechol-O-

methyltransferase (COMT) inhibitors.  

1.4: Risk Factors: 

PD is a multifactorial disease attributed to genetic mutations, environmental insults or 

epigenetic factors. Family history is a strong risk factor for PD either because family 
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members share the same genetic makeup, environment or both (Sellbach et al., 2006, 

Wirdefeldt et al., 2011). People having a first degree relative with PD are at higher risk 

of developing the disease; these cases are also more likely to have an earlier onset of 

their symptoms (Marder et al., 1996). Although genetics provides clues to 

understanding the molecular mechanisms of PD, the exact mechanism of different genes 

in neurodegeneration is still elusive. Moreover, pathogenic mutations in PD account for 

less than 2% of Queensland patients with PD (Bentley et al., 2018) which is similar to 

that reported in most populations (Gasser, 2001) and large numbers of patients do not 

have any identified cause. These cases may arise from the interaction of a number of 

weakly or moderately associated genetic variants and, environmental or lifestyle and 

possibly epigenetic factors (Lill, 2016). Some epigenetic factors, such as DNA 

methylation, may also contribute to PD. These aberrant epigenetic patterns near the 

promotor or enhancers of genes may interrupt the binding of proteins to their targets. 

Some environmental factors such as pesticides, smoking, consumption of coffee and 

alcohol have been associated with PD to variable degrees (Lill, 2016).  
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Figure 1.1: Causative and Associative factors for Parkinson’s disease. Parkinson’s 

disease may result from genetic, environmental or epigenetic factors which may interact 

in an unknown fashion to modify the disease risk. Adapted from (Lill, 2016) with 

permission. 

 

1.4.1: Environmental Risk Factors: 

Several epidemiological studies suggest a possible role for environmental factors in the 

development of PD. However, the results display a great heterogeneity possibly due to 

different methodologies used. Many of these studies were retrospective case control 

studies and the differences among them may arise from the inappropriate choice of 

controls, inaccurate diagnosis of PD and recall bias in some. Moreover, the exact 

duration between when the onset of dopaminergic neuron death to the development of 

symptoms is unclear. This means that many people who are in the preclinical stages 

may be misclassified in these studies (de Lau and Breteler, 2006).  
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1.4.1.1: MPTP 

The role of environmental factors in PD began to become apparent in 1983 when it was 

discovered that intravenous injection of MPTP (1-methyl-4-phenyl-1, 2, 3, 6-tetra 

hydro-pyridine) selectively degrades dopaminergic neurons in the substantia nigra 

(Langston et al., 1983). Animal studies demonstrated that certain pesticides and 

herbicides such as paraquat and rotenone, respectively, as well as MPTP, are toxic to 

dopamine producing neurons by selectively inhibiting the mitochondrial electron 

transport chain complex-I (Betarbet et al., 2000). Interestingly, a reduction of complex I 

activity has also been reported in dopaminergic neurons (Greenamyre and Hastings, 

2004) and other cell-types derived from patients with sporadic PD (Murtaza et al., 

2016). Other possible mechanisms of mitochondrial dysfunction may arise by 

modifying enzymes such as cytochrome P450 (CYP), CYP2D6, and glutathione 

transferase (di Ilio et al., 1996, Hodgson and Levi, 1996) or by interacting with other 

pesticides or toxins (Corrigan et al., 2000, Thiruchelvam et al., 2000, Mellick, 2006).   

1.4.1.2: Exposure to Metals 

Certain heavy metals like amalgam, aluminium, copper, iron, manganese and zinc may 

build-up in the substantia nigra and increase the oxidative stress which may increase the 

risk of developing PD (Lai et al., 2002). The role of mercury in PD has been studied by 

many researchers but its pathogenic nature is unclear (Ohlson and Hogstedt, 1981, 

Ngim and Devathasan, 1989, Semchuk et al., 1993, Gorell et al., 1997, Gorell et al., 

1999).  

1.4.1.3: Dietary and lifestyle factors 

A healthy lifestyle plus the consumption of healthy food lowers the risk to PD. Foods 

such as fruits, vegetables, whole grains, legumes, poultry and fish are associated with 
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lower risk of PD. The consumption of fatty fish negatively associates with PD possibly 

because of the presence of n–3 polyunsaturated fatty acids (Gao et al., 2007). However, 

the results of these studies are contradictory and require further investigation. 

A lower incidence of PD has been observed in individuals who consume coffee and 

those who smoke cigarettes (Costa et al., 2010, Kiyohara and Kusuhara, 2011). The 

nicotine present in cigarettes may stimulate dopamine release (Janson et al., 1992) or 

presynaptic nicotine receptors (Le Houezec and Benowitz, 1991), or inhibit the MAO-B 

(monoamine oxidase-B) enzyme that damages the dopaminergic neurons (Baron, 1986). 

There is also a weak protective association between alcohol consumption and PD which 

may be modified by smoking (Bettiol et al., 2015). 

1.4.2: Genetic Factors 

PD is a genetically heterogeneous disorder and the genetic factors range from highly 

penetrant causative variants such as those in SNCA, VPS35, PARK2, PINK1 and DJ1 

with large effect size, to the relatively common variants with modest size such as SNPs 

(single nucleotide polymorphism) which are associated with PD (Lill, 2016). While 

SNPs and small mutations comprise the most commonly studied genetic variations, the 

large chromosomal rearrangements such as copy number variations (CNVs), which are 

responsible for remodelling genomic architecture, may also contribute to complex 

human diseases including PD (Lill, 2016).  

1.4.2.1: Copy Number Variations (CNVs): 

About 12 % of the human genome is present in variable copy numbers, referred to as 

copy number variation (CNV) (Iafrate et al., 2004, Redon et al., 2006, McCarroll et al., 

2008). CNVs refer to the deletion, duplication or multiplication of DNA segments, 

longer than 1 kb (kilo base pair) compared to the reference genome (MacDonald et al., 
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2014). These large structural changes in genome may include a single or multiple genes 

and changes the diploid status of DNA by gain or loss of a genomic region (La Cognata 

et al., 2017). CNVs often account for 10 to 30 % of all disease-causing mutations 

(Redeker et al., 2008) but in some diseases, such as Duchenne Muscular Dystrophy, 

exon deletions and duplications are very frequent and account for 65-70% of all 

mutations (Janssen et al., 2005). Analysis of copy number changes is important for 

developing treatments as indicated by ERBB2-specific antibodies for the treatment of 

breast cancer patients with ERBB2 gene amplification (Leyland-Jones and Smith, 

2001). CNVs have also been implicated in PD and other neurological disorders.  

CNVs can be classified as recurrent or non-recurrent, depending on their presence in 

related or unrelated individuals, respectively. Recurrent CNVs occur frequently in 

unrelated individuals and share a common breakpoint with the same interval and size. 

Non-recurrent CNVs have variable breakpoints (Lee and Lupski, 2006). Non-allelic 

homologous recombination (NAHR) is the most common cause of recurrent CNVs. 

NAHR occurs when DNA sequences with high homology e.g. low copy repeats (LCRs) 

recombine, leading to the loss of genomic region on one chromosome and gain on the 

other (Figure 1.2). 
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Figure 1.2: Mechanisms of Copy Number Variation formation: A). NAHR (Non 

allelic homologous recombination) occurs when low copy repeat sequences recombine 

leading to the gain of a copy on one allele and loss on the other. B). NHEJ (Non-

homologous end joining) is the major mechanism of double stranded breaks. It 

reconnects chromosome ends at the site of breakage and leaves random nucleotides to 

facilitate both strands in aligning and ligating with each other. C). FoSTeS (Fork 

stalling and template switching) occurs during DNA replication when the replication 

machinery switches the replication fork with another region in close physical proximity, 

leading to complex rearrangements (Reproduced from (La Cognata et al., 2017) with 

permission).  

 

The mechanisms responsible for the formation of non-recurrent CNVs are non-

homologous end joining (NHEJ) and fork stalling and template switching (FoSTeS). 

NHEJ is the most common mechanim of repair for double stranded breaks. Upon 

double stranded breaks, NHEJ edits and adds random neucleotides at the site of 

breakage (Lieber, 2008) to facilitate the alignment of both strands usually based on 

some homology (Labhart, 1999). NHEJ usually results in deletions but can also cause 

duplications together with homologous recombination (Woodward et al., 2005). 

FoSTeS (fork stalling and template switching) /MMBIR occurs during DNA replication 
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and explains both complex deletions and duplications. FoSTeS/MMBIR occurs upon 

replication fork stalling and collapse, when DNA replication machinery switches 

template with another region based on microhomology between two templates. This 

process may repeat many times before the replication returns to the original template, 

resulting in complex genomic rearrangements (Lee et al., 2007).    

CNVs can disrupt the coding strucure or alter the gene dosage which may lead to altered 

transcriptional and translational levels of neighbouring or overalpping genes. They can 

alter the phenotype by changing the entire gene by complete deletion or duplication or 

may act in combination with other genes, by epistatic dosasge effect to either cause 

disease or increase the susceptibility of developing disease (Klopocki and Mundlos, 

2011).  

1.4.2.2: Multiplex Ligation Dependent Probe Amplification (MLPA) 

CNVs can be detected genome-wide by Comparative Genomic Hybridization (CGH), 

Next-Generation Sequencing (NGS) or at the locus specific level by FISH and 

quantitative PCR (Cantsilieris et al., 2013). Among other techniques available for copy 

number variation analysis, multiplex ligation dependent probe amplification (MLPA) 

offers many advantages. It is a medium through-put, fast, easy to interpret and simple to 

use, PCR based assay that uses up to 50 nucleic acid sequences or probes in one simple 

reaction to detect even single nucleotide mutation requiring as low as 20 ng of DNA 

(Schouten et al., 2002). There are 40-50 oligo-nucleotide probes which mainly target 

exons of a single or multiple genes depending on the assay. Each probe consists of two 

parts or hemi probes which hybridize to adjacent target sequence of the denatured DNA 

during an overnight incubation. The probes are present in a large quantity compared to 

the target sequence to cover the entire region. The adjacent hybridized hemi-probes are 

then ligated using a ligase enzyme and the ligase cofactor NAD at a somewhat lower 
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temperature than the hybridization reaction (54 °C instead of 60 °C). The ligase 

enzyme, Ligase-65 is inactivated by heat. All ligated probes consist of same end 

sequences, stuffer sequences which are complementary to the universal PCR primers, 

which allow multiplexing PCR amplification of these ligated probes using a single 

primer pair. One of these primers is fluorescently labelled, enabling the detection and 

quantification of the probe products by capillary electrophoresis.  

Each probe produces a unique and different length product with the signal being 

proportional to the amount of probe. The signal strengths of probes in unknown samples 

are compared with those in reference samples that have normal (diploid) DNA copy 

number for all target sequences. In the case where a single copy of a particular sequence 

is present in a sample, the signal intensity of respective probe reduces to half. In the 

case of an extra copy of chromosome, the probe intensity increases to 1.5 times in 

unknown sample compared to a reference sample.  

With copy number variation analysis, it is important to determine the phase analysis of 

large deletions and duplications as many apparently contiguous multi-exon variations 

may be compound heterozygous mutations. Reverse transcriptase PCR alone can help to 

determine this (Kim et al., 2012). Mutational phase analysis may help to interpret its 

effect on the severity and phenotype of PD especially in genes where exon 

rearrangement is very common.  

CNVs may also occur in various PD related genes.  
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Figure 1.3:  Principal of MLPA analysis. Amplification of probes is dependent on the 

ligation which only occurs if the probes bind to the target sequence. A). Normal sample 

having two copies of target DNA, B). Heterozygous deletion, C). Homozygous deletion. 

(Made by Iqbal. J, 2015). 
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1.4.2.2.1: PARK1 (SNCA) 

The first gene for PD was identified in a large Italian family and three unrelated Greek 

families. Linkage analysis identified a locus on the long arm of chromosome 4 and 

ultimately a single nucleotide base change in SCNA leading to the (A53T) amino acid 

mutation in the alpha-synuclein protein segregated with disease in an autosomal 

dominant manner. Affected family members exhibited Lewy body pathology and rapid 

disease progression (Polymeropoulos et al., 1997). Other point mutations in SNCA 

leading to A30P (Kruger et al., 1998) and E46K amino acid changes (Zarranz et al., 

2004) have also been identified in other rare families with inherited PD. Alpha 

synuclein is the main component of Lewy bodies which are the pathological hallmark of 

typical PD (La Cognata et al., 2017). Family studies in different populations have 

revealed changes in gene dosage in the form of SNCA duplications which can lead to 

typical symptoms of PD and triplications where symptoms of disease occur earlier and 

are accompanied by dementia and rapid progression (Chartier-Harlin et al., 2004, Ibanez 

et al., 2004, Nishioka et al., 2006, Ahn et al., 2008, Uchiyama et al., 2008, Ibanez et al., 

2009, Nishioka et al., 2009, Keyser et al., 2010, Sekine et al., 2010, Sironi et al., 2010, 

Mutez et al., 2011, Pankratz et al., 2011, Kojovic et al., 2012, Darvish et al., 2013, Elia 

et al., 2013, Wang et al., 2013, Ferese et al., 2015, Olgiati et al., 2015, Konno et al., 

2016). Gene dosage changes can occur de novo and are observed in both familial and 

sporadic cases (Singleton et al., 2003). Individuals with SNCA homozygous duplications 

show severe clinical symptoms of parkinsonism similar to those of triplication of SNCA 

cases (La Cognata et al., 2017). Many sporadic PD patients also carry de novo 

duplications of SNCA (Ahn et al., 2008, Brueggemann et al., 2008, Troiano et al., 2008, 

Nuytemans et al., 2009, Shin et al., 2010, Garraux et al., 2012). 
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1.4.2.1.2: PARK2 (PARKIN) 

Mutations in the parkin gene account for the most frequent cases of juvenile 

Parkinsonism and autosomal recessive familial PD (Kitada et al., 1998). Mutations that 

occur in this gene range from point mutations to large deletions or duplications 

involving all the originally cloned 12 exons and the promoter region. Five additional 

exons have subsequently been identified in PARK2 (La Cognata et al., 2014, Scuderi et 

al., 2014). Exon rearrangements involving one or more exons frequently occur in 

PARK2 and account for more than half of all PARK2 mutations (Periquet et al., 2001, 

Mitsui et al., 2010). Many of the PARK2 mutations are heterozygous in nature and their 

pathogenic nature is still unclear. It may be possible that the second pathogenic 

mutation lies in the regulatory regions (like enhancers or promoters) or may increase the 

risk of developing disease together with other genetic variants (Ambroziak et al., 2015). 

The majority of the CNVs in PARK2 fall between exon 2 and exon 8 (Ambroziak et al., 

2015). PARK2 is located within FRA6E (fragile site, aphidicolin type, common, 

fra(6)(q26)) which is one of the most unstable common fragile sites (CFSs) within 

human genome (Smith et al., 2006). CSFs are highly conserved genomic regions and 

their level of expression varies among individuals (Denison et al., 2003). In cultured 

cells, CSFs are stable but form mutations under replication stress. Replication inhibitors 

such as aphidicolin, bromodeoxyuridine (BrdU) and 5-azacytidine can induce the 

expression of CSFs (Durkin and Glover, 2007).  Sixteen (16) CSFs have been 

characterized to date in the human genome (Lukusa and Fryns, 2008). FRA6E is the 

third most susceptible to mutations among all CSFs (Denison et al., 2003) and spans an 

approximately 9 Mb region on chromosome 6 (Hashash et al., 2011). PARK2 is 

localized in the core of FRA6E although many other genes are also found in this region 

(Denison et al., 2003, Palumbo et al., 2010).  
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Several patients carrying PARK2 CNVs, initially diagnosed with contiguous multi-exon 

deletions, were diagnosed as compound heterozygous (Kim et al., 2012). Moreover, 

breakpoint mapping of such large rearrangements can help to compare exon 

rearrangements in different patients and help to explain their possible mechanism of 

action (Elfferich et al., 2011). Very few papers have worked on the breakpoint mapping 

of PARK2 exonic rearrangements. Where mapped, micro-homologies were found at the 

breakpoint junctions, suggesting NHEJ and FoSTeS as the possible mechanisms 

of PARK2 genomic rearrangements (Ambroziak et al., 2015). 

1.4.2.1.3: PARK5 (UCH-L1) 

Although the precise role of this gene is yet to be defined, gene sequencing has 

identified a missense mutation in the gene for ubiquitin C-terminal hydrolase 1 (UCH-

L1) in two affected members of a small family with PD (Leroy et al., 1998). Association 

studies have also identified a common polymorphism which may be protective for PD 

(Maraganore et al., 2004), although contrary findings have also been published (Healy 

et al., 2006) and this locus remains speculative. 

1.4.2.1.4: PARK6 (PINK1) 

Mutations in the phosphatase and tensin homolog-induced putative kinase1 (PINK1) 

gene cause autosomal-recessive PD (Shimura et al., 2001) with variable frequency 

ranging from 1 to 9% in different populations (Pogson et al., 2011). The protein 

encoded by PINK1 is a serine/threonine kinase consisting of 581 amino acids and is 

involved in oxidative stress and mitochondrial quality control (Valente et al., 2004). 

Research on consanguineous families has shown nonsense and missense mutations in 

this gene. Insertions, deletions and one or more copy number variations are also 

common in PINK1. Both homozygous and compound heterozygous deletions with 
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different combinations of exons 4-8 have been identified in PINK1 in both sporadic and 

familial PD cases (Li et al., 2005, Atsumi et al., 2006, Camargos et al., 2009, 

Cazeneuve et al., 2009, Darvish et al., 2013). Breakpoint mapping performed in only 

one PINK1 mutation carrier suggests FoSTeS as the possible mechanism of 

rearrangement (Cazeneuve et al., 2009). In addition, heterozygous cases which do not 

follow autosomal recessive inheritance have also been described. Heterozygous deletion 

of entire PINK1 gene has been described surrounded by two homologous AluJo repeat 

sequences which may be responsible for an unequal crossing over (Marongiu et al., 

2007).  

1.4.2.1.5: PARK7 (DJ-1) 

DJ-1 gene maps to chromosome 1 (1p36.23) and is responsible for less than 1% cases 

of early-onset PD. DJ-1 protein plays its role in oxidative stress and may localize in 

mitochondria. DJ1 as the disease causing gene for PD was revealed when a 14 kb 

homozygous deletion in the first five exons with autosomal recessive inheritance was 

identified in a Dutch family (Bonifati et al., 2003). A missense mutation (L166P) and 

homozygous deletion were also identified in Dutch and Italian consanguineous families 

(van Duijn et al., 2001, Bonifati et al., 2003). Later, cases with homozygous deletion of 

exon 5 (Darvish et al., 2013) and heterozygous CNVs involving both deletions and 

duplications haven been identified (Djarmati et al., 2004, Hedrich et al., 2004, Macedo 

et al., 2009, Guo et al., 2010).  

1.4.2.1.6: PARK8 (LRRK2) 

The most common mutation in leucine-rich repeat kinase 2 (LRRK2, dardarin) is 

G2019S mutation  (p.Gly2019Ser,c.6055G>A) (Di Fonzo et al., 2005). The frequency 

of G2019S mutation in different populations varies: 41% in sporadic, 37% in familial 
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PD patients and 3 % in healthy controls in the North African Arab population (Lesage et 

al., 2006); 18.3 % in Ashkenazi Jewish PD patients and 1.3% of controls. In other 

populations G2019S mutation is quite rare i.e. 0-2 % of familial PD cases (Correia 

Guedes et al., 2010, Ross et al., 2011). The neuropathology of patients with LRRK2 

mutations is quite variable. The majority of the cases are accompanied by alpha-

synuclein pathology (Wider et al., 2010, Poulopoulos et al., 2012, Puschmann et al., 

2012). LRRK2 encodes a kinase that regulates important functions such as dopamine 

function, synapses, and microtubule stability. The precise mechanism of LRRK2 

associated PD is unclear but some researchers show the possible involvement of 

increased kinase activity and apoptosis, reduced neurite length, branching, and synaptic 

failure (Dachsel and Farrer, 2010). 

1.4.2.1.7: PARK17 (VPS35) 

A rare D620N (p.Asp620Asn, c.1858G>A) mutation in vacuolar protein sorting 

35 (VPS35) was discovered in a Swiss Parkinsonism family in 2011 with tremor and 

mean age at onset of 51 years. Patients had learning disabilities and symptoms of 

psychosis and dementia. The penetrance of the mutation was incomplete with the oldest 

unaffected carrier at 86 years. The pathological mechanism of this mutation is still 

uncertain (Wider et al., 2008, Vilarino-Guell et al., 2011). The same mutation was later 

observed in three Austrian families (Zimprich et al., 2011).  

1.5: Role of Alternative Splicing in Parkinson’s disease (PD) 

Gene expression is regulated at distinct steps and is important to determine the 

pathogenic effects of different mutations. The central dogma of molecular biology, that 

genetic information flows from DNA to RNA to protein, represents the simplistic 

schema. The exceptions to this such as alternative splicing exist which adds another 
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layer of regulation to the gene expression. In eukaryotic cells, splicing is the maturation 

of precursor-messenger RNA (pre-mRNA) in which exons are ligated together and 

introns are removed. This mature RNA becomes poly-adenylated and ready to be 

transported to the cytoplasm for translation. The machinery used in the cells to perform 

this function is the macromolecule complex of five small nuclear ribonucleoprotein 

particles (U1, U2, U4, U5 and U6) which bind with several other proteins to form small 

nucleo-ribonucleoproteins (snRNPs). The spliceosomes recognize four conserved 

sequences, significant for the splicing. These are the 5’ GU and 3’ AG sites, the branch 

point located upstream of the 3’ AG site, and the polypyrimidine tract (PPT) between 

the 3’ and the branch point. In the first step of splicing, spliceosomes form an E 

complex where U1 binds to the 5’ splice site and, U2 to the branch point. A tri-complex 

of U4, U5 and U6 attaches with the E complex to form the B complex with the release 

of U4 (Figure 1.4). Then, U6 replaces U1 at the 5’ splice site to form the Complex C. 

U6 also interacts with U2 at the 5’ splice site and the branch point. This is followed by 

two transesterification steps, one for combining the exons which are brought together by 

U5, and the other for the skipping of introns (Tazi et al., 2009) (Figure 1.4).  
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Figure 1.4: Mechanism of Alternative Splicing. Alternative splicing involves 

conserved sequences: 5’ GU and 3’ AG sites, the branch point located upstream of the 

3’ AG site, and the polypyrimidine tract (PPT) between the 3’ and the branch point, and 

nucleo-ribonucleoproteins (snRNPs) which successively bind to these sequences, 

eventually leading to the removal of introns and retention of exons (Made by Iqbal. J, 

2018).  
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The splicing can switch on or off the gene expression by the process called alternative 

splicing in which different exons can assemble in different combinations to generate 

diverse mRNAs. These mRNAs, when translated, can produce proteins depending on 

different periods, physiological conditions and the subcellular localization (Kelemen et 

al., 2013). Thus, alternative splicing helps to regulate gene expression and increases the 

number of proteins that can be generated from the same gene to meet the specific 

demands of the cells. Approximately, 90% of the human genome undergoes alternative 

splicing which can vary with the cell type and developmental stage (Pan et al., 2008, 

Wang et al., 2008, Fu et al., 2009). It is for this reason that there are 100,000 proteins 

generated from the 24,000 protein encoding genes in the human genome (Modrek and 

Lee, 2002). Five mechanisms of alternative splicing have been described to date: exon 

skipping or retention, use of alternative 3′ acceptor site, use of alternative 5′ donor site, 

mutually exclusive or cassette exons, and intron retention. The intricate details of how 

the spliceosomes decide which exons to include or exclude remains poorly understood.  

Different splice variants may encode the same protein but the efficiency of translation 

may vary (Black, 2003, Matlin et al., 2005, Blencowe, 2006).  

Not all the alternative transcripts survive in the cell. About 1/3 of the products of 

alternative splicing result in premature stop codons and the mRNA undergoes non-sense 

mediated decay (McGlincy and Smith, 2008). Aberrant alternative splicing events occur 

in many disease including neurodegenerative disorders (Grabowski and Black, 2001, 

Anthony and Gallo, 2010). In the central nervous system, alternative splicing is 

involved in important functions including transportation of ions, recognition of 

receptors, neurotransmission and learning and memory (Anthony and Gallo, 2010). 

Aberrations in these may lead to different neurological disorders including PD.  
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Several PD related genes undergo alternative splicing and abnormalities in these 

splicing events have been related to the disease.  

1.5.1: Parkin 

Parkin protein consists of a UBL (Ubiquitin like) domain and two RING (Really 

Interesting New Gene) domains separated by IBR (In Between Ring) domain. Parkin 

functions as an E3 ubiquitin ligase in ubiquitin proteasome-system to turn over proteins. 

Ubiquitin is a protein consisting of 76 amino acids which covalently attaches to the 

target protein that needs to be degraded, by its lysine residue, in a process called 

ubiquitination. Other players in this system are E1 and E2 enzymes; E1 when activated 

transfers ubiquitin to E3 conjugating enzyme. Parkin catalyzes the transfer of ubiquitin 

from the E3 enzyme to the target protein (Hershko and Ciechanover, 1998). Parkin 

plays its role in both mono-ubiquitination (where single ubiquitin attaches to lysine 

residue of target protein) and poly-ubiquitination (where single ubiquitin attaches to 

many lysine residues of target protein) or attachment of ubiquitin to ubiquitin-substrate 

complex to form polyubiquitin chains which signals proteosomal degradation. Parkin 

catalyzes the ligation of ubiquitin with either lysine-48 of target protein which plays its 

role in protein degradation or lysine-63 residue which plays its role in Lewy body 

formation (Lim et al., 2005, Lim et al., 2006). 

PARK2 mutations are loss of function mutations. The PARK2 gene undergoes extensive 

alternative splicing and produces a number of transcripts. There are 21 splice variants of 

Parkin known to date in humans (La Cognata et al., 2014) (Figure 1.5). These are 

differentially expressed in different tissues or in certain disease states (Humbert et al., 

2007, Beyer et al., 2008). A research study reported the splice variant of PARK2 with 

exon 4 deletion (122bp) in leukocytes and substantia nigra of a sporadic PD patient. 

The deletion resulted in a frameshift mutation and the formation of a stop codon 
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downstream of exon 3. The resulting protein was completely devoid of two RING 

domains and enzymatic activity. PD patients had higher expression of this splice variant 

compared to the controls. The expression of this splice variant relative to wild type 

parkin increased with age in sporadic PD patients compared to the control individuals 

(Tan et al., 2005).  Different splice variants encoded by PARK2 may have specific 

structure and function which are not yet fully characterized. 
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Figure 1.5: a) The Chromosomal location, the exonic map (b), and the 

corresponding protein isoforms (c) of PARK2 mRNA splice variants in humans. 

There are 17 exons and 21 splice variants of Parkin known to date in humans (La 

Cognata et al., 2014). Kitada (Kitada et al., 2000) originally described 12 exons in 

PARK2 (Adapted and modified from (Scuderi et al., 2014) with permission).  
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1.5.2: Alpha-synuclein (SNCA) 

The SNCA gene consists of seven exons, five of which correspond to the coding 

sequence. Alternative splice variants of SCNA have differential expression in disease 

(Beyer et al., 2008). Several PD models have shown that alpha synuclein accumulation 

disrupts mitochondrial function, inhibits proteasomes, induces oxidative stress, disrupts 

vesicle trafficking, accumulates lipid droplets, deregulates calcium, and induces cell 

toxicity (Dawson et al., 2010, Hisahara and Shimohama, 2010). The seven exons of 

SNCA span about 114kb region (Deng and Yuan, 2014).  The full-length transcript is 

known as SNCA-140 (140 amino acid) and three splice variants are designated SNCA-

126, SNCA-112 and SNCA-98 corresponding to the deletion of exons 3, 5 or both. Two 

additional splice variants, SNCA-009 and SNCA-007, arise from an internal 

transcription start site. These encode 115 and 97 amino acid proteins, respectively. 

SNCA-98 is specifically expressed in the brain and its expression varies in different 

areas in both foetal and adult brain. On the other hand, SNCA-140, SNCA-126, and 

SNCA-112 are expressed in different human tissues (Beyer et al., 2008).  
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Table 1.2: List of SNCA splice variants and their corresponding isoforms in 

Humans 

Identifier Exon missing Splice Variant  Protein isoform 

SNCA-003 - 423 bp 140 

SNCA-202 Exon 5 339 bp 112 

SNCA-203 Exon 3 381 126 

SNCA-201 Exon 3 381 126 

SNCA-005 Exon 5 339 112 

SNCA-001 - 423 140 

SNCA-002 - 423 140 

SNCA-008 - 423 140 

SNCA-006 - 423 140 

SNCA-004 Exon 3 381 126 

SNCA-010 Exon 3, 5 297 98 

SNCA-009 - 348 115 

SNCA-007 - 204 67 

 

1.5.3: PINK1 

The protein encoded by PINK1 is a putative serine/threonine kinase of 581 amino acids. 

It protects against cellular and oxidative stress (Valente et al., 2004). PINK1 consists of 
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eight exons and produces two splice variants in addition to the full length transcript. The 

two splice variants do not produce proteins. A 23-bp deletion disrupts the splice 

acceptor site of exon 7 and produces abnormal mRNA in sporadic Parkinsonism 

(Marongiu et al., 2007). There are three protein isoforms known to date: a full length 

protein of 63 kDa; a 52 kDa truncated protein lacking N-terminal region (Beilina et al., 

2005, Silvestri et al., 2005, d'Amora et al., 2011, Pogson et al., 2011); and, 45 kDa (Lin 

and Kang, 2008). These isoforms are poorly studied and lack functional evidence to 

support their exact mechanism.    

1.6: Mitochondrial Quality Control and Parkinson’s disease 

Mitochondrial dysfunction has been implicated in the pathogenesis of PD. The 

mitochondrion is the power house of the cell and performs several functions including 

calcium homeostasis, maintaining cellular metabolites, thermogenesis and redox 

signalling (Hill et al., 2012). Mitochondrial dysfunction is mainly characterized by the 

production of reactive oxygen or nitrogen species. Neurons which have high energy 

demand are exposed to reactive oxygen and nitrogen species produced either 

intracellularly, from neighbouring glial cells, or by environmental toxins. Mitochondrial 

dysfunction is also caused by compounds such as rotenone, which inhibits 

mitochondrial complex I activity of the electron transport chain and increase reactive 

oxygen species. In mouse models, rotenone causes Parkinson’s like symptoms (Timothy 

et al., 2001). Moreover, mitochondrial DNA damage and mutations increase with age 

which may compromise mitochondrial function and increase the risk of developing PD 

(Schapira and Gegg, 2011, Reeve et al., 2013). Therefore, mitochondria play a central 

role in the pathogenesis of PD.  
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Aberration to the mitochondrial function may result from the dysfunction of 

mitochondrial proteases, ubiquitin proteasome system, vesicle trafficking, 

mitochondrial dynamics and mitophagy (Figure 1.6). Misfolded or misassembled 

proteins inside the mitochondrial matrix are degraded by mitochondrial proteases 

(Baker and Haynes, 2011, Matsushima and Kaguni, 2012). Damaged outer 

mitochondrial proteins as well as the proteins which fail to be imported outside 

mitochondria are ubiquitinated and degraded by the proteasomal system (Radke et al., 

2008, Karbowski and Youle, 2011, Yoshii et al., 2011). Moreover, oxidized proteins 

and lipids are transported to lysosomes or peroxisomes via mitochondrial-derived 

vesicular carriers for degradation (Neuspiel et al., 2008, Soubannier et al., 2012). In 

order to maintain the mitochondrial network and morphology, mitochondria constantly 

change shape by fission and fusion (van der Bliek et al., 2013). Fission and fusion of 

mitochondria occur side by side. Mitochondria exist as solitary units and sometimes 

fuse to other mitochondria to form networks. The fission of mitochondria occurs 

simultaneously and gives rise to daughter mitochondria, with different membrane 

potential which often recovers and ready to fuse with other mitochondria or gets 

degraded if low membrane potential persists (Twig et al., 2008). Furthermore, removal 

of damaged mitochondria from the cells is mainly carried out by lysosomal mediated 

autophagy or mitophagy which is essential to maintain the health of neurons (van der 

Bliek et al., 2013). During mitophagy, mitochondria are taken into autophagosomes 

which are double membrane vesicles which deliver them to lysosomes for degradation 

(Sandoval et al., 2008, Costello et al., 2013). Both mitochondrial biogenesis and 

mitophagy are coordinated to maintain cellular homeostasis and support cell survival 

under stress conditions. Uncontrolled mitophagy or insufficient mitochondrial 

biogenesis can reduce mitochondrial number and eventually lead to cell death. 

Likewise, impaired mitophagy or elevated mitochondrial biogenesis can lead to cell 



INTRODUCTION 
 

CHAPTER 1 Page 30 

death due to the accumulation of damaged mitochondria and failure to provide energy to 

the cell. Various autophagy-related pathways including the mTOR, P13K/AKT 

pathways are reportedly altered in post-mortem substantia nigra tissue as well as the 

peripheral blood mononuclear cells (PBMCs) taken from PD patients (Elstner et al., 

2011, Dijkstra et al., 2015).  

 

 

Figure 1.6: Mitochondrial Quality Control. Adapted from  (Palikaras and 

Tavernarakis, 2014) with permission. (See text for details). 

 

1.6.1: PD genes and Mitochondrial Function: 

Pathogenic mutations in many PD genes (SNCA, LRRK2, Parkin, PINK1 and DJ1) are 

linked to different aspects of mitochondrial dysfunction (Lill, 2016) (Figure 1.7).  
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Figure 1.7: Pathways of Mitochondrial dysfunction implicated in Parkinson’s 

disease and the associated PD genes. Mitochondrial dysfunction can result from 

impaired mitochondrial biogenesis via PGC-1 alpha pathway, calcium imbalance, 

alteration in the fission and fusion of mitochondria, dysfunctional ETC, impaired 

trafficking, or defects in the mitophagy or oxidative stress (Adapted and modified from 

(Park et al., 2018) with permission). 

 

1.6.1.1: SNCA and Mitochondrial Dysfunction:  

Both in vivo and in vitro models show that increased levels of wild-type SNCA or 

mutations such as A53T, E46K and H50Q induce mitochondrial fragmentation and 

production of reactive oxygen species (Ryan et al., 2015). Alpha-synuclein localizes to 

mitochondria-associated membranes (MAM) which form an interface between 

endoplasmic reticulum (ER) and mitochondria. MAM play significant roles in 

regulating Ca2+ signalling and apoptosis which is impaired by pathogenic mutations in 
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SNCA which reduce the attachment of alpha-synuclein to MAM and exacerbate 

fragmentation of mitochondria (Guardia-Laguarta et al., 2014). Another study shows 

that alpha-synuclein can also affect mitochondrial biogenesis by regulating the 

expression of peroxisome proliferator-activated receptor gamma coactivator 1-α 

(PGC1α). Exposure of human dopaminergic neurons harbouring the A53T mutation to 

mitochondrial toxins, causes S-nitrosylation of the transcription factor myocyte-specific 

enhancer factor 2C (MEF2C) which downregulated PGC1α and thus mitochondrial 

biogenesis (Ryan et al., 2013).  

1.6.1.2: LRRK2 and Mitochondrial Dysfunction:  

Cells overexpressing wild-type LRRK2 and those from carriers of LRRK2 mutations 

show increased susceptibility to mitochondrial toxins, increased production of reactive 

oxygen species and defects in mitochondrial dynamics (Ryan et al., 2015). Patient 

derived dopaminergic neurons as well as mice containing LRRK2 G2019S mutations 

show progressive dopaminergic and mitochondrial abnormalities (Reinhardt et al., 

2013, Yue et al., 2015). LRRK2 is involved in phosphorylating dynamin-related protein 

1 (DRP1) which can translocate to mitochondria upon phosphorylation. Increased 

phosphorylation of DRP1 can result in mitochondrial fission (Santos et al., 2015).  

Moreover, mutations in LRRK2 such as G2019S can interfere with mitochondrial 

trafficking and result in defective mitophagy. LRRK2 facilitates the removal of Miro, 

an outer mitochondrial membrane protein, and mutations such as G2019S can impair 

this function and consequently slows mitophagy (Hsieh et al., 2016). 

1.6.1.3: Parkin, PINK1 and Mitochondrial Dysfunction:  

Mutations in Parkin cause autosomal recessive PD (Kitada et al., 1998). Parkin is an E3 

ubiquitin ligase which ubiquitinates target proteins for proteasomal degradation or 
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signalling. Parkin deficient mice show strong dysfunction in mitochondrial morphology 

and function (Scarffe et al., 2014). The majority of parkin substrates are localized to the 

mitochondria (Sarraf et al., 2013). Parkin plays its role in both regulating mitochondrial 

biogenesis and mitophagy (Pickrell and Youle, 2015). On mitochondrial dysfunction, 

parkin is activated by PTEN-induced putative kinase 1 (PINK1) and is recruited to the 

mitochondria where it ubiquitinates outer mitochondrial membrane proteins for 

proteasomal degradation. Mitophagy removes dysfunctional mitochondria via 

autophagy-lysosomal pathway. In rodents, parkin mediates mitophagy in the distal 

axons and requires PINK1 for this activity (Ashrafi et al., 2014). Parkin also plays a 

significant role in mitochondrial biogenesis (Scarffe et al., 2014) through the PGC1α 

(peroxisome proliferator-activated receptor gamma-coactivator 1-alpha) pathway. 

PGC1α translocates to the nucleus under physiological conditions and activates the 

transcription of mitochondrial genes. Parkin controls the degradation of parkin 

interacting substrate (PARIS), which is the suppressor of PGC1α (Shin et al., 2011). 

Mutations in parkin can impair the ability of parkin to degrade PARIS; accumulation of 

PARIS leads to a suppression of mitochondrial biogenesis resulting in mitochondrial 

defects (Stevens et al., 2015).  

After Parkin, mutations in PINK1 are the most common cause of autosomal recessive 

early-onset PD (Lill, 2016). PINK1 is a mitochondrial serine/threonine kinase and plays 

significant roles in mitochondrial degradation, morphology and trafficking (Pickrell and 

Youle, 2015). PINK1 is a master regulator of mitophagy via activation of DRP1 and 

Parkin (Pryde et al., 2016). PINK1 activates Parkin by either direct phosphorylation of 

Parkin at serine 65 (Kondapalli et al., 2012) or by phosphorylation of ubiquitin at serine 

65 and binding to Parkin (Kane et al., 2014, Kazlauskaite et al., 2014, Koyano et al., 

2014). In dopaminergic neurons of adult mouse brain, PINK1 has been found to 

regulate mitochondrial biogenesis by Parkin-mediated uniquitination of PARIS (Lee et 
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al., 2017). PINK1 promotes mitophagy by phosophorylating Miro in a Parkin-dependent 

manner and facilitates its degradation by the ubiquitin-proteasomal system (Wang et al., 

2011). Additionally, PINK1 can directly mediate mitophagy in Parkin-independent 

manner by recruiting nuclear dot protein 52 kDa (NDP52) and optineurin (OPTN) to 

mitochondria (Lazarou et al., 2015). Deficiency of PINK1 results in an increase in the 

mitochondrial Ca2+ levels which can cause neuronal damage (Kostic et al., 2015). 

PINK1 deficiency can also lead to reduction in mitochondrial complex I and III (Amo et 

al., 2014).  

Another PD gene, DJ1 which is a transcriptional regulator also affects mitochondrial 

homeostasis and mitophagy. DJ1 protects neurons from death due to cystein-sulfinic 

acidification (Canet-Aviles et al., 2004). However, the exact role of DJ1 in mitochndrial 

funciton is incompletely comprehended.  

1.7: Role of Endosomal and Autophagosomal Pathway in Parkinson’s 

disease: 

Cellular homeostasis involves two main pathways namely endocytosis and autophagy. 

Endocytosis involves engulfment of extracellular materials at the plasma membrane and 

their transport via early and late endosomes (Jovic et al., 2010). These endocytosed 

materials are destined to various locations. They can be recycled at the post-synaptic 

regions of neurons (Sudhof, 2004) or can be matured by subsequent fusion with 

intracellular vesicles. This process is tightly regulated and coordinated by a number of 

proteins including the Rab family of membrane-associated small GTPases (Stenmark, 

2009). The endosomal pathway consists of membrane organelles which are dependent 

on Rabs and other signalling molecules for efficient regulation (Roosen and Cookson, 

2016).  
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Figure 1.8: Role of endosomal and autophagosomal pathways in PD. Endosomal 

and autophagy pathways are indicated by grey and pink shading, respectively. During 

macroautophagy, intracellular substrates fuse with autophagosomes which later fuse 

with late endosomes to form amphisomes, or with lysosomes to form autolysosomes 

Adapted from (Roosen and Cookson, 2016).  

 

The other pathway of cellular homeostasis, autophagy, involves degradation of cellular 

components by lysosomes. Autophagy is of three types: microautophagy, 

macroautophagy and chaperon-mediated autophagy (CMA). Microautophagy is the 

direct and non-selective lysosomal degradative process in which cytoplasmic cargo is 

directly engulfed by invagination and vesicle scission into the lumen of lysosomes (Li et 

al., 2012). In macroautphoagy, substrates are recruited into autophagosomes (Feng et 

al., 2014). Macroautophagy consists of three steps: phagophore formation, elongation of 

phagophore to engulf the substrates, and fusion of autophagosomes with lysosomes to 

form autolysosomes. An essential step in the elongation of phagophore is the conversion 

of LC3-I to LC3-II and is used as a marker to detect active autophagy (Behrends et al., 
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2010). In CMA, substrates are selectively transported to lysosomes via Hsc-70 and 

LAMP2A (Cuervo and Wong, 2014).  

Different PD genes participate in the autophagy and endo-lysosomal pathways. Elevated 

expression of microtubule-associated protein 1 light chain 3 (LC3) has been observed in 

the substantia nigra of PD patients (Dehay et al., 2010). Several studies in cell models 

suggest a role for LRRK2 in mediating autophagy. LRRK2 may play significant roles in 

autophagosome formation, lysosomal maturation and trafficking (Tong et al., 2010, 

Tong et al., 2012). Mutations in LRRK2 lead to endo-lysosomal impairments. For 

example, LRRK2 knockout mice show increased expression of lysosomal markers and 

cathepsin D (Tong et al., 2012). Similarly, human iPSC derived dopaminergic neurons 

carrying the LRRK2 G2019S mutation show an overexpression of autophagic vacuoles 

and accumulation of aggregated alpha-synuclein SNCA (Sanchez-Danes et al., 2012, 

Reinhardt et al., 2013). In addition, decreased levels of the ATP13A2 gene (PARK9), 

which encodes lysosomal P5-type ATPase, can impair lysosomal degradation of 

substrates, reduced clearance of autophagosomes and induce misfolding and 

accumulation of α-synuclein (Gitler et al., 2009, Dehay et al., 2012, Usenovic et al., 

2012). Another protein, SYT-11 (synaptostagmin 11) which is a transmembrane protein, 

plays its role in vesicular fusion, trafficking and calcium Ca2+ regulated exocytosis 

(Sudhof, 2012). 

1.8: Human ONS as Model of Parkinson’s disease: 

Human ONS (olfactory neurosphere derived cells) are a cellular model, derived from 

human patients, that can provide insight into the biology of a variety of neurological 

conditions (including PD) to complement other animal and cellular models (Mackay-

Sim et al., 2011). Animal models for Parkinson’s disease are limited because they fail to 

mimic the pathological and behavioural symptoms of human disease (Botella et al., 
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2009, Maetzler et al., 2009). Previous reports suggest that accessible non-neural cells 

such as skin fibroblasts and modified lymphoblasts can show Schizophrenia and 

Parkinson’s disease specific changes in cell biology (Mahadik and Mukherjee, 1996, 

Miyamae et al., 1998, Winkler-Stuck et al., 2004, Hoepken et al., 2008), but they are 

limited in potential to understand the cellular bases of neurological disorders (Matigian 

et al., 2008). Therefore, improved and easily accessible models need to be developed to 

comprehend this disease.  

Olfactory dysfunction is as common in PD as the movement symptoms (Haehner et al., 

2009). The organ of smell, called the olfactory mucosa, consists of adult neural stem 

cells. The neuroepithelium can regenerate throughout life (Graziadei and Graziadei, 

1979) and produce neurons and glia under the same growth factors that control 

neurogenesis in the central nervous system (Mackay-Sim and Chuah, 2000). Another 

advantage of these cells is that they are easily accessible and can be grown in culture 

(Feron et al., 1998, Leung et al., 2007). ONS cells have been shown to be a good model 

for sporadic PD. PD patient-derived ONS display disease specific changes when 

compared to control-derived cells (Cook et al., 2011). For example, ONS cells taken 

from PD patients exhibit disease specific changes in metabolism compared to control 

cells, that are consistent with post mortem analysis of PD patients (Riederer et al., 1989, 

Sofic et al., 1992, Sian et al., 1994). The NAD(P)H- dependent dehydrogenase enzyme 

and glutathione reduces indicating reduced MTS metabolism and ability to deal with 

oxidative stress, respectively (Matigian et al., 2010).  

1.9: High Content Screening 

High content screening (HCS) is an automated imaging approach to understanding 

compound activities in cellular assays by measuring spatial distribution of targets in 
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cells, individual cell and organelle morphology, and complex phenotypes (Giuliano et 

al., 1997). The advantages of this technique over others are high sensitivity, increased 

throughput, increased safety, and reduced cost. It provides detailed information at the 

cellular level which makes it more accurate and reliable compared to the other 

techniques such as ELISA (Enzyme - Linked Immuno Sorbent Assay) (Vogt et al., 

2003, Gasparri et al., 2004). HCS enables unbiased, high-throughput analysis of disease 

phenotype which can be particularly significant for complex diseases like PD. 

Multidimensional profiling of different cellular features may help to identify unexpected 

cellular alterations caused by small molecules and disease (Schreiber et al., 2015).  

HCS is being applied in the field of neurobiology to the study the mechanisms of 

disease, to test new models for disease and to screen molecules as potentially new 

therapeutics. HCS may also help to identify and validate the cellular targets affected by 

disease. The traditional method of high throughput chemical screening tests a large 

number of chemical compounds against a single target. However, using HCS in a 

cellular system it is possible to investigate a much larger number of potential biological 

targets simultaneously to identify novel and specific compounds with a range of 

biological activities (Tanaka et al., 2005).  

1.9.1: Cytological Profiling 

Cytological profiling is a type of HCS whereby cells are treated with the test 

compounds at different concentrations and changes in the phenotypic response is 

observed by staining with markers that detect different cellular organelles and 

parameters. A number of measurements are taken for cytological parameters tested. The 

data is then analysed using statistical methods (Lorang and King, 2005). Using these 

experiments it is possible to create cytological fingerprints, which are characteristic of a 

compound and/or the cell line. Cytological profiling is an unbiased approach to discover 
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the biological activity of compounds. It can discover novel biological activities of 

compounds that can be helpful to develop new therapeutic strategies (Burke and 

Schreiber, 2004).  Cytological profiling can be multiplexed to determine the regulators 

of large number of different phenotypes in a single experiment. It can also identify new 

phenotypic responses and group small molecules based on their mechanism of action. 

Multiplex cytological profiling assays can help to study the response of cells to large 

number of disruptions including genetic, environmental or physiological states of cells. 

It may also be useful to differentiate cells based on their disease status (Gustafsdottir et 

al., 2013).  

1.9.2: Use of Small molecules as Probes 

Chemical biology along with molecular biology and genetics plays significant role in 

understanding the functional aspects of human genome (Austin et al., 2004). It can also 

help to identify the druggable genome i.e. molecular targets that may be useful for 

therapeutic interventions (Hopkins and Groom, 2002, Overington et al., 2006). This 

involves identifying the small molecule partner for every gene product in human 

genome (Schreiber, 1998).  

A chemical probe is a small molecule which serves to interrogate the physiology and 

pathology of genes and proteins (Workman and Collins, 2010). These probes offer 

many advantages. Small molecule probes can validate new molecular targets that may 

be useful for therapeutic purposes by finding the suitablility of a molecular target for 

use in drugs development (Workman and Collins, 2010). The use of small molecules 

parallelled with mutated alleles or target proteins (Bishop et al., 2000) may avoid off 

target effects as careful consideration of the response observed in this case may be 

related to the mutation. It can provide greater assurance in functional characterization 

and validation of molecular targets (Workman and Collins, 2010).  
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A good chemical probe must follow some basic criteria to be an effective probe. This 

includes having good permeability in order to penetrate the cell and approach its target, 

selectivity to avoid unrestrained effect and suitable potency to be effective in 

appropriate concentrations (Workman and Collins, 2010). Nonetheless, an effective 

probe follows “fit for purpose” approach which depends on the perspective in which it 

is used. Various fitness factors fall into four categories which define the effectiveness of 

a probe in exploratory biology include chemical properties, its potency, selectivity and 

context in which a probe is utilized. The desirable characteristics for a good probe are as 

follows: aqueous solubility >0.05 μg/ml in low % DMSO aqueous solutions, absence of 

chemical reactive groups, molecular weight < 450 Da, Lipophilicity (LogP) < 5, H-bond 

donors <3, H-bond acceptors <11, rotatable bonds < 10, target potency in the range of 

10−7–10−9 M, and, selectivity >10–100-fold against closely related targets. This criteria 

is more stringent for probes than for drugs or lead compounds. In addition, chemical 

probe should have well defined mechanism of action and good pharmacokinetics. These 

factors are only guidelines in choosing the best probes and may not necessarilty be 

adhered to in search of a probe (Workman and Collins, 2010). The aqueous solubility 

and the good membrane permeability are desirable in chemical probes. Probes also 

require to possess these chemical properties which can be useful if they are to be tested 

in vivo animal model studies. The polar and less lipophilic compounds are likely to 

have toxic effects in the cells (Hughes et al., 2008) which should be avoided for the 

selection of good probes. Lipinski’s rule of five provides guidelines for the 

physiochemical properties of small molecules which make them more likely to be used 

as a drug (Lipinski et al., 2001). However, there are exceptions to this based on the 

perspective in which it is used. The same may apply for chosing a chemical probe. A 

probe should have good biological potency. For a purified recombinant target, the 
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potency should be less than 100nM and for cell based system, it should be 1-10 uM 

(Oprea et al., 2007, Edwards et al., 2009, Frye, 2010).  

In this thesis, we attempt to identify chemical probes which can identify the specific 

biological signatures of ONS cells to different mutations, disease status or toxins. ONS 

cells have been previously used to identify biologically active small molecules in 

cytological profiling assays (Vial et al., 2016).  

1.10: Aims of Thesis 

This thesis focusses on the following aims.  

Aim 1. To identify known or novel mutations in ONS cell lines derived from PD 

patients. This was accomplished by screening patient and control derived cells for PD 

related genes through different molecular biology techniques which is described in 

Chapter 3.  

Aim 2. To identify alternative splice variants of PARK2 and SNCA in Parkinson’s 

disease. This aim was addressed by 1) screening patient and control derived cells for 

PARK2 and SNCA splice variants 2) qualitative analysis of splice variants on exposure 

to Parkinsonism mimetic rotenone and mitochondrial uncoupler CCCP. These aims are 

addressed in Chapter 4.   

Aim 3. To identify functional defects in the cells pertaining to mutations in PD related 

genes. This aim was addressed by 1) determining the endogenous expression of several 

mitochondrial genes at RNA and protein level on exposure to rotenone and CCCP, and 

2) high content screening and comprehensive analysis of cytological parameters 

implicated in Parkinson’s disease before and after rotenone and CCCP treatment. 

Chapter 5 describes this aim.  
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Aim 4. To determine the suitability of the cytological profiling technique through 

statistical analyses. For this aim, the statistical analysis of cytological profiling data 

from patient and control derived cells was performed. The reproducibility and 

robustness of the technique was determined and the accuracy of the technique to 

classify samples into the respective groups was evaluated. This aim is addressed in 

Chapter 6.  

Aim 5.  To identify potential biomarkers for Parkinson’s disease which can provide 

disease specific cytological response in general or specific cytological signatures of PD 

mutations in particular.  A potential probe panel of compounds was used to determine 

the cytological profiles of PD cells harbouring mutations in specific PD genes. Some 

probes which produced either disease specific or mutation specific cytological profiles 

were identified as described in Chapter 7. 
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2.0 Materials and Methods 

2.1 ONS Cell Culture: 

Olfactory biopsies were taken from 69 patients suffering from Parkinson’s disease. All 

patients were diagnosed by movement disorders neurologists according to UK Brain 

Bank criteria (Hughes et al., 1992). The control subjects were 59 age- and gender-

matched healthy individuals free of all PD symptoms and medications. Ethical 

approvals were obtained from Griffith University Human Experimentation Ethics 

Committee. Olfactory biopsies were obtained by a specialist otorhinolaryngologist 

according to published protocols (Feron et al., 1998) and human ONS cells were 

generated following published methods (Matigian et al., 2010). First, olfactory mucosa 

biopsies were received in cold Dulbecco’s Modified Eagle Medium/Ham F-12 

(DMEM/F12; JRH Biosciences) containing 10% FBS (GibcoBRL) and 1% 

streptomycin-penicillin (GibcoBRL). The samples were then digested with dispase II 

(Boehringer; 2.4 units/ml, 45 minutes, 37 °C) and collagenase H (Sigma; 0.25 mg/ml, 

10 minutes, 37 °C) accompanied by mechanical trituration to make Olfactory cell 

suspensions. The primary cultures were grown in DMEM/F12 supplemented with 10% 

FBS for 3 days. After 3 days, these cultured were split into flasks (Nunclon) in 

DMEM/F12 containing EGF (50 ng/ml, Sigma) and FGF2 (25 ng/ml, Sigma). The 

flasks used in this step were pre-treated with 1 µg/cm2 poly-l-lysine (Sigma, P6282). 

The cell clusters which attached to the culture dish formed neurospheres which detached 

from culture dish on reaching approximately 100 µm in diameter. The free-floating 

neurospheres were harvested on alternate days from the medium change. The 

neurospheres were dissociated using trypsin, plated at the density of 4000 cells/cm2 into 

75 cm2 flasks (Nunclon) and cultured in DMEM/F12 with 10% FBS. ONS were 



MATERIALS AND METHODS 
 

CHAPTER 2 Page 45 

expanded and frozen in liquid nitrogen in freezing medium (90% FBS and 10% 

dimethyl sulfoxide (Sigma)) as required. 

The cells were initially grown in T-25 flasks until they became 80-90 % confluent. The 

cells were then split into two T-75 flasks using 1X TrypLE Express (Thermofisher, 

Catalog-12604013) to grow enough cells for nucleic acid extraction and storage.   

Cell Storage: Cells to be stored were dissociated into a single-cell suspension using 

TrypLE and counted on a hemocytometer using Trypan blue that specifically stains 

dead cells; living cells remain without stain. Cells were stored in freezing medium 

which consisted of 90 % FBS and 10 % DMSO and kept in a Mr. Frosty (Thermofisher 

Scientific, Catalog-5100-0001) at -800C, for at least 24 hours before being transferred to 

liquid nitrogen.  

Cell Revival: The cryovials containing cells were transferred to a 37°C water bath on 

dry ice. The vials were placed in a water bath for 2 min until the cells had thawed. 1 mL 

of media was added into the cryovial immediately and the cell suspension was 

transferred into 5mL of media in a 10mL tube. The tubes were centrifuged at 0.4g for 5 

min. The supernatant was removed and the cell pellet was resuspended in 1mL of media 

and transferred to a T25 flask containing 4mL of culture media. The cells were checked 

for growth, harvested and split as required. 

2.2 DNA Extraction by Salting out Method: 

Whole cell genomic DNA was extracted from individual cultures of the cell lines that 

were grown to 80-90 % confluence. A salting out method of DNA extraction was used 

as described below.  
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Detaching cells from flask: After reaching 80-90 % confluency, cells were treated with 

TyplE for 5 minutes to dissociate them from walls of the flask. 5ml of the medium 

DMEM-F12 (10%FBS containing 2% Penicillin Streptomycin) was added to the cells 

and centrifuged for 5 minutes at 0.3 rcf (relative centrifugal force). The media was 

removed and cells were washed with 5ml of PBS buffer to remove all media. Cells were 

disrupted in 2ml of 1X TE and centrifuged to obtain a cell pellet. 

Nuclear Lysis: After removing 1XTE buffer, 600µl of Nuclear Lysis buffer (Tris 

10mM, KCl 10mM, EDTA 2mM, MgCl2 4mM, SDS 0.75%, pH 7.5) was added to the 

cell pellet and mixed by pipetting up and down.  

Protein precipitation: Once the pellet was dissolved, 350µl of 10M ammonium acetate 

was added to precipitate proteins. Samples were briefly vortexed to homogenize them 

and subsequently centrifuged at 3500 rpm (revolutions per minute) for 10 minutes. The 

above step was repeated until a clear supernatant was obtained and proteins were well 

separated.  

DNA Precipitation: Two volumes of 100% chilled ethanol were added to the 

supernatant obtained from previous step in a separate Eppendorf tube. Tubes were 

inverted many times to help precipitate DNA and centrifuged for 20 minutes at 

maximum speed (14,600 rpm).  

Wash with Ethanol: After centrifugation, supernatant was discarded and cells were 

washed and centrifuged with 70 % ethanol for 10 minutes at maximum speed. Ethanol 

was carefully decanted. 

Drying DNA Pellet: DNA pellets were left to dry at room temperature.  
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DNA Re-suspension: 40µl of 1X TE was added to the DNA pellet. Quality and quantity 

of DNA was assessed by Nanodrop (ND-1000 spectrophotometer, Biolabs) and 1% 

Agarose gel electrophoresis. For MLPA experiments, whole exome sequencing and 

SNP array, DNA was accurately quantified using the Quant-iT™ PicoGreen™ dsDNA 

Assay Kit (Thermofisher Scientific, catalog-P11496).  

2.3 Multiplex Ligation Dependent Probe Amplification (MLPA): 

Copy number variation (CNV) analysis was performed using a commercially available 

kit method (SALSA MLPA probemix P051-D1 / P052-D1, MRC-Holland, Amsterdam, 

The Netherlands). MLPA is a semi-quantitative, multiplex PCR based assay that uses 

up to 50 probes to determine the relative copy number of each target DNA sequence 

(Schouten et al., 2002)The probes are usually designed against exons of a specific gene 

target and consist of two parts (5’ and 3’ half) which hybridized to the target sequence 

and are subsequently ligated by ligase-65. Either or both half probes have a stuffer 

sequence that differentiates different amplified probes during capillary electrophoresis. 

The probes are amplified using universal primers. Each MLPA experiment was 

performed in six steps.  

DNA Denaturation: 5µl of 75 ng to 100 ng of genomic DNA in 0.2ml of tube was 

denatured at 980C for 5 minutes in a thermal cycler (Veriti).  

Probe Hybridization with DNA: MLPA buffer and probe mix were briefly vortexed 

before use. A hybridization master-mix was prepared using 1.5µl of buffer and 1.5 µl of 

probe mix for each sample. The mixture was thoroughly mixed with a pipette. 3µl of 

hybridization mix was added to each tube of sample and mixed well. Hybridization 

reactions were performed at 980C for 1 minute after which the reactions were paused at 

600C for 16 to 20 hours.  

https://www.thermofisher.com/order/catalog/product/P11496
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Ligation Reaction: After 16-20 hours of probe hybridization, the ligation master-mix 

was prepared by adding 3µl of Ligase Buffer A, 3µl of Ligase Buffer B, 25 µl of ddH2O 

and 1 µl of Ligase-65 enzyme, for each sample. The thermocyler program was paused 

and 32 µl of ligation master-mix was added to each sample once when they reached at 

540C; this was done to avoid nonspecific binding between DNA fragments. The 

solutions were mixed well by pipetting up and down. The samples were incubated at 

540C for 15 minutes and ligase-65 was inactivated at 980C for 5 minutes. Reaction was 

paused at 200C.  

PCR amplification: The ligated probes were amplified by PCR. The master-mix was 

prepared on ice and protected from light, by adding, for each sample, 7.5 µl dH2O, 2 μl 

SALSA PCR primer mix and 0.5 μl SALSA Polymerase. 10 µl of mixture was added to 

each sample at room temperature. PCR conditions were: initial denaturation for 30 

seconds at 95°C, annealing for 30 seconds at 60°C, extension for 60 seconds at 72°C 

and final extension for 20 minutes at 72°C. PCR was performed for 30 cycles and the 

reaction was paused at 150C at the end. The PCR products were diluted 1:4 with water 

for capillary electrophoresis or were wrapped in aluminium foil for storage at -200C. 

Fragment Separation by Capillary Electrophoresis: The diluted PCR products were 

separated by capillary electrophoresis under denaturing conditions on an ABI PRISM 

3130xl Genetic Analyzer (AppliedBiosystems) using size marker LIZ-600.  

Data Analysis: The data were analysed using Coffalyser.Net software (Coffa and van 

den Berg, 2011). Data analysis was performed in two steps. First step involved the 

fragment analysis and second step involved comparative analysis of unknown samples 

with reference samples. Each step was accompanied by quality scores about the 

experiment. The quality of the fragment analysis was assessed using the FRSS 

(fragment run separation score) which defines the quality of the fragment separation and 
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peak size calling; and, FMRS (fragment MLPA reaction score) which displays quality 

of the MLPA reaction by providing information on DNA quantity, denaturation, ligation 

and signal quality. After normalization, the relative amount of fluorescence related to 

each probe can be expressed in dosage quotients (DQ) which is the measure of the 

relative ploidy of a sequence compared to that of a reference sample. A dosage quotient 

(DQ) of 1 corresponds to normal copy of sequence, 0.5 to loss of one copy and 1.5 to 

the gain of an extra copy of that sequence.  

The list of genes analysed by MLPA is presented in Table 1.3. 
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Table 1.3: List of genes and loci screened by MLPA (Multiplex Ligation dependent 

Probe Amplification) experiments 

Genes Position on chromosome Exons included 

PARK1 (SNCA) 4q22.1 1,2, 2(A30P mut)*,3,4,5,6,7 

LPA 6q25.3 39,31 

PARK2 (Parkin) 6q26 1,2,3,4,5,6,7,8,9,10,11,12 

PACRG 06q26 1 

UCHL1 4p13 1,2,3,4,5,6,7,8,9 

PINK1 1p36.12 1,2,3,4,5,6,7,8 

TNFRSF9 1p36.23 3 

PARK7 1p36.23 1,3,4,5,6,7 

CAV1 7q31.2 3 

CAV2 7q31.2 3 

LRRK2 12q12 1,2,10,15,27,41,41 (G2019S mut)*, 49 

GCH1 14q22.2 1,2,3,4,5,6 

ATP13A2 1p36.13 2,9,14, 28 

 

2.4 Quantitative Real time PCR: 

The deletions identified by the MLPA experiments were validated by qPCR using 

SensiFAST HRM kit (BIO32005) using the Standard Curve Method. The SensiFAST 

HRM mixture consists of antibody-mediated hot-start DNA polymerase, PCR buffer 

and Evagreen dye, and other PCR reagents. 
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Primer Optimization: Primers used for qPCR were designed using the NCBI primer 

blast tool and primer sequences analysed by DINAMelt online tools. Primers were 

ordered from Sigma Aldrich and were optimized for primer concentration and 

temperature. 

Standard Dilutions: Serial dilutions of a standard sample were prepared as 100ng/µL, 

10ng/µL, 5 ng/µL, 1ng/µL, 0.1 ng/µL and 0.01ng/µL. 5ng/µL dilutions of reference and 

test samples were prepared.  

PCR Reaction: 20ul of PCR reaction was performed in strip tubes placed on 72-well 

block by using 5 µL of each sample, 0.8 µL each of forward (10µM) and reverse primer 

(10µM), 10 µL of PCR master-mix and 3.4 µL of water, for each sample. The reaction 

was performed for both reference gene and gene of interest and all samples were run in 

triplicate on a Corbett Gene rotor 6000. PCR cycling conditions were: initial 

denaturation at 940C for 4 minutes, 45 cycles of denaturation at 940C for 5 seconds, 

annealing at 600C for 10 seconds, extension for 15 seconds at 720C. Samples were 

acquired on Green and HRM at the end of extension. Melt analysis was performed at 

the end of amplification.  

Data Analysis: The efficiency of PCR primers for both reference gene and gene of 

interest was determined for the reaction. The amplification factor for each sample was 

individually determined and samples with low amplification factor and high standard 

deviation were removed from analysis. The cycle threshold (Ct) value of all unknown 

samples was determined by using a standard curve which was made for both reference 

gene and gene of interest. All samples were normalized against the reference gene. The 

copy number of the test sample was determined by comparing that to the reference 

sample.  
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2.5 Sanger Sequencing: 

For the samples requiring sequencing, the following steps were performed.  

PCR: Genomic DNA was amplified using gene-specific primers which were designed 

using the NCBI Primer blast tool. The specificity of primers was determined by Blast. 

The primers were analysed for primer dimer formation and self-complementarity using 

the DINAmelt online tools. Primers were ordered from Sigma Aldrich in lyophilized 

form and resuspended in 1X TE to make 100µM stock solution. Primers were optimized 

for different temperatures by running gradient PCR. PCR was run under standard 

cycling conditions.  

Agarose Gel electrophoresis: To confirm the amplification of template, 5µL of PCR 

products were mixed with 6X loading dye (Gel Loading Dye, New England Biolabs). 

All the samples and a DNA ladder were run on 2% Agarose gel mixed with ethidium 

bromide (EtBr) at 80 volts. The gel was imaged using the 'Gel Logic 200 Imaging 

system' ultraviolet (UV) Trans illuminator. 

PCR product Purification: To purify PCR products from primers, nucleotides, 

polymerases and salts, an ISOLATE II Genomic DNA Kit (Bioline, catalog-BIO-

52067) was used. The purified PCR product was used as a template for sequencing 

PCR.  

Sequencing PCR: Sequencing PCR was performed using BigDye Terminator (v3.1) 

reaction (Applied Biosystems) which contains Taq DNA polymerase, dNTPs and 

fluorescently labelled ddNTPs. The cycling conditions used for the PCR were an 

initiation at 96°C for 1min followed by 30 cycles of denaturation at 96°C for 10s, 

annealing at 50 for 5s and an extension at 60°C for 4min. The samples were then held at 

4°C until ready to purify. 
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Ethanol Precipitation: The samples were cleaned by ethanol precipitation. They were 

mixed with 5µL of 125mM EDTA and vortexed briefly. 60µL of chilled 100 % Ethanol 

was added and samples were vortexed briefly. The samples were centrifuged at 

maximum speed for 20min following incubation at room temperature for 15min. The 

ethanol was decanted; samples were washed with 250ul of 70% ethanol and centrifuged 

for 5min at maximum speed (14600 rpm). The ethanol was aspirated and samples were 

dried in a Speedvac for 5 minutes. The dried products were sent for sequencing. The 

chromatograms were visualized on Sequence Scanner v1.0 (Applied Biosystems). 

2.6 SNP (single nucleotide polymorphism) Array: 

SNPs are single nucleotide changes at different positions of the genome. These account 

for 1% of the variation in the genome between any two individuals. To carry out 

breakpoint mapping of the Parkin gene in a sample, a genome-wide SNP analysis was 

performed using the Infinium II assay. The chip used for this analysis was the 

HumanCytoSNP-12 DNA BeadChip which has approximately 300,000 50-mers 

attached to the 3µm beads etched on the surface of a glass slide. 

DNA Quantitation: The quantity of DNA was assessed by Picogreen assay and quality 

determined by Nanodrop and Agarose Gel electrophoresis. A total of 200ng of DNA at 

the concentration of 50ng/µl was used for array.  

DNA Denaturation and Neutralization: The DNA sample was denatured and neutralized 

to prepare them for amplification.  

DNA Incubation: The DNA sample was incubated at 370C overnight and whole genome 

was amplified isothermally without any major amplification bias.  
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DNA Fragmentation: The amplified products were fragmented by a controlled 

enzymatic step to generate the fragments of between 300 to 400 bps. 

DNA Precipitation: The DNA fragments were precipitated by isopropanol and 

centrifuged at 40C. 

DNA Resuspension: The purified DNA fragments were resuspended in hybridization 

buffer provided with the kit.  

Hybridization to BeadChip: The resuspended DNA samples (in hybridization buffer) 

were applied to the BeadChip which is prepared in a capillary flow-through chamber. 

The chip was then incubated overnight at 480C in the illumine Hybridization Oven. The 

DNA fragments specifically anneal to the locus-specific 50-mers which are covalently 

attached to the bead. Each bead has locus specific 50-mers attached to it.  

Washing BeadChip: Un-hybridized and non-specific fragments were removed by 

washing the chip.  

Extension and Staining: Fluorescently labelled ddNTPs were added to extend the 50-

mer oligos to detect the labels. The hybridized target DNA acts as a template for single 

base extension. 

Scanning BeadChip: The chip was washed and scanned by the iScan System using a 

laser that excites the fluorophore attached to the single base extended product. The light 

emitted from fluorophore is captured by the scanner.  

Data Analysis: Data generated by the system was analysed by GenomeStudio software 

version 2011.1 using Genotyping module version 1.9.4. 

The flowchart of the whole process is described in Figure 26.  
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Figure 2.1: Flowchart of the Infinium Assay II by Illumina for SNP array. 

(Adapted from Infinium Assay. (n.d.). Retrieved June 17, 2018, from 

http://dnatech.genomecenter.ucdavis.edu/infinium-assay) 

 

2.7 Whole Exome Sequencing (WES) Analysis: 

Whole exome sequencing was performed on genomic DNA from the individual 

assessed as possessing a heterozygous deletion in exon 5 to 7 of the PARK2 gene. This 

analysis was performed to exclude the presence of any other genetic alterations 

elsewhere in the genome. The DNA of the patient was extracted from ONS cells by the 

salting out method described in section 2.2.  

DNA Quantity and Quality: The quantity of DNA was assessed using Nanodrop and 

Picogreen assays while the quality was determined by running the sample on 1% 

http://dnatech.genomecenter.ucdavis.edu/infinium-assay
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Agarose gel. DNA was quantified using Picogreen fluorescent dye that specifically 

binds to double stranded DNA. A final concentration of 5ng/µl (10µl) was used for 

preparing the library.  

Library Preparation: The DNA libraries were prepared at the Griffith Institute for Drug 

Discovery using the Nextera Rapid Capture Enrichment Kit according to manufacturer’s 

protocol. The kit covers 214,405 exons all of which are coding exons. Genomic DNA 

was fragmented with transposomes and tagged with adopter sequences simultaneously 

in a process called “Tagmentation”. These adaptor sequences are used for subsequent 

amplification. The tagmented DNA fragments are purified using sample purification 

beads and amplified via 10 PCR cycles which adds index 1 (i7) and index 2 (i5) 

sequences needed for sequencing, as well as common adapters (P5 and P7) required for 

cluster generation and sequencing. The DNA library was purified to remove unwanted 

products and hybridized with probes that bind to the targeted regions. Streptavidin 

beads were used to capture probes hybridized to the targeted regions of interest. A 

second hybridization with capture probes was performed to ensure high specificity. 

Samples were washed and purified to remove any non-specific binding of probes. The 

libraries were amplified by PCR for sequencing and purified.  

Quantity & Quality of Prepared Library: The quality of the prepared library was 

assessed on an Agilent Bioanalyzer by using High Sensitivity DNA chip.  
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Figure 2.2: The Workflow of the Whole Exome Sequencing 

 

2.8 RNA Extraction: 

Total RNA of all cell lines was extracted using RNEasy Mini Kit (Qiagen, catalog-

74104). At 80-90 % confluency, the media bathing the cells was removed and the cells 

were treated for 5min with an appropriate volume of TryplE to dissociate the cells from 

the walls of the flask. 5ml of media was added to neutralize the TryplE and the cells 

were spun in a microcentrifuge at 0.3 rcf for 5min. After centrifugation, the supernatant 

was removed from the cell pellet which was washed with PBS buffer; this was done to 

remove any remnants of media which can inhibit the lysis of cells. RNA extraction was 

performed according to the manufacturer’s protocol. The quality of RNA was 

determined on Nanodrop 1000. The stock of RNA and a dilution (at the concentration of 

100ng/µl) were stored at -800C.  

2.9 C (complementary) DNA Synthesis: 

100 ng of total RNA was reverse transcribed into first strand cDNA with the assistance 

of the Superscript III kit from Invitrogen using random hexamers. The method followed 

the manufacturer’s protocol. The cDNA was made for all the PD and control cell lines 
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and stored at -200C. The success of cDNA synthesis was confirmed by standard PCR 

using beta-actin gene as a target. The primers used were 5'-

GCTCGTCGTCGACAACGGCTC-3' and 5'-CAAACATGATCTGGGTCATCTTCTC-

3'.  

2.10 Reverse Transcriptase (RT) PCR: 

Reverse transcriptase PCR was performed using primers specific for cDNA of particular 

genes in order to carry out mutational phase analysis. The reaction was optimized for 

different conditions such as temperature and template concentration. Primers were 

designed using the NCBI blast tool and primer sequences were analysed using the 

DINAmelt online tool. Primers were purchased from Sigma Aldrich. Cycling conditions 

used for the PCR reaction were as follows: PCR initiation at 95°C for 5min followed by 

40 cycles of denaturation at 95°C for 15sec, annealing at 58°C for 30sec and extension 

at 72°C for 60sec. The cycle was terminated with a final extension at 72°C for 7 

minutes. The samples were held at 4°C. The PCR products were run on 2% agarose gel. 

The specific bands were excised from gel where needed, purified using ISOLATE II 

PCR and Gel Kit from BIOLINE according to the prescribed protocol and sent for 

Sanger sequencing.  

2.11 Ethanol Precipitation of Nuclei Acids: 

The nucleic acid samples were mixed with 0.1 volumes of 3M sodium acetate (pH 5.2) 

in an Eppendorf tube and mixed by brief vortexing. 2.2 volumes of ice cold 100% 

ethanol were added and the tubes were inverted gently to precipitate the DNA or RNA. 

The samples were spun at 14,000 x g in a microcentrifuge for 20 minutes. The 

supernatant was carefully drawn and the pellet was washed with 70% ethanol. The 
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pellet was left to dry in air and finally resuspended in appropriate volumes of water or 

TE.  

2.12 Quantitative Reverse Transcriptase PCR: 

The qRT PCR reactions were carried out in 384 well plates (MicroAmp™ Optical 384-

Well Reaction Plate with Barcode) using the standard curve method. The standard curve 

was made using dilutions 100, 10, 5 and 1ng of standard. A total of 10µl reaction 

volume was used and all samples were run in triplicate in QuantStudio 6 Flex Real-

Time PCR System (Applied Biosystem). The recipe for the reaction mixture is provided 

in Table 2.0.  The cycling conditions were as follows: PCR initiation at 95°C for 10 

minutes followed by 45 cycles of denaturation at 95°C for 15sec, annealing and 

extension at 60°C for 15 sec. 
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Table 2.1: Reaction Mixture for q RT PCR 

 

 Final 

Concentration 

Volume 

(µL) 

Supplier 

Go Taq Buffer 

Colourless 5X 

1X 2.0 Promega 

MgCl2 25mM 0.6 Promega 

dNTPs mixture 5mM 0.4 Applied Biosystems 

Primer (forward) 10µM 0.35 Sigma Aldrich 

Primer (reverse) 10µM 0.35 Sigma Aldrich 

Syto9 dye 50µM 0.25 Applied Biosystems 

Go Taq DNA 

polymerase 

5unit/µL 0.05 Promega 

cDNA template 

(10ng/µL) 

20ng 2  

 

2.13 Western Blotting: 

Protein Extraction: The cells were harvested from a T-25 flask or one well of a 6-well 

plate and washed twice to remove media. The cell pellet was resuspended in 100µl or 

50µl of the RIPA lysis buffer (Sigma) containing 1X protease inhibitor (Sigma).  It was 

vortexed to lyse the cells and passed through a 27G needle to shear the DNA. Then it 

was centrifuged at maximum speed (14600 rpm) for 20mins at 4oC. The supernatant 

was transferred to a new Eppendorf tube and the cell debris was discarded.   
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Protein Estimation by BCA: The proteins were quantified by BCA protein assay kit 

(Pierce) in triplicate according to the manufacturer’s protocol. The absorbance was 

measured by Synergy2 Plate reader (Biotek).  

Sample Preparation: The required amount of protein samples was mixed with 5X SDS 

loading buffer [4% SDS, 20% glycerol, 100mM Tris (pH 6.8), 1/250 bromophenol blue] 

mixed with 1/10 volume of 1M DTT (Dithiothreitol).  The samples were denatured at 

95oC for 5mins.  

SDS-PAGE: The SDS-PAGE gels consisted of 12% resolving gel and 5% stacking gel. 

The resolving gel (9.4ml dH20, 5ml 40% Bis-acrylamide mix 19:1, 5ml 1.5M Tris pH 

8.8, 0.2ml 10% SDS, 0.2ml 10% ammonium persulfate and 0.08ml TEMED) and 

stacking gel (7.3ml dH20, 1.25ml 40% Bis-acrylamide mix 19:1, 1.25ml 1.0M Tris pH 

6.8, 0.1ml 10% SDS, 0.1ml 10% ammonium persulfate and 0.01ml TEMED) were 

prepared in BioRad western blot equipment. The protein samples were loaded on to the 

gel along with 3 µl of protein ladder (ThermoFisher Scientific). The electrophoresis was 

carried out at 100V for 1h 30mins (BioRad).    

Transfer to membrane: After electrophoresis, the proteins on the gel were transferred to 

a membrane (Immobilon (R)-FL PVDF membranes). Transfer was carried out in 1X 

transfer buffer (14.4g glycine, 3.05g Tris, 200ml methanol, made up to 1L with water) 

at 100V for 2 hours in the cold room.  

Blocking: The membranes were blocked in blocking solution (Odyssey® Blocking 

Buffer (PBS) or 5% BSA in 1X TBS with 0.05%. Tween 20 was used for NC 

membranes (10X TBS: 24.23g Tris, 80.06g NaCl in 1L water, pH 7.4–7.6). 

Antibody Incubation: The membrane was incubated with an appropriate dilution of 

primary antibody in blocking solution at 4oC overnight. After incubation, the membrane 

was washed three times for five minutes each with 1X TBST (10X TBS: 24.23g Tris, 
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80.06g NaCl in 1L water, pH 7.4–7.6, 0.05% Tween 20). The membrane was incubated 

with secondary antibody for 1 hour at room temperature. The membrane was again 

washed three times for 5 minutes each with the 1X TBST. It was imaged using Odyssey 

® Fc Imaging System - LI-COR Biosciences or ECL Chemiluminescent substrate 

(Pierce, ECL western blotting Substrate).  

Loading Control: The loading control was used to normalize the proteins of interest. 

The membrane was blocked for 45min in blocking solutions followed by primary 

antibody incubation for 2h, washing for 5min each and secondary antibody incubation 

for 1h. All incubations for loading controls were performed at room temperature. 

2.14 CyQuant Assay 

The sensitivity of the cells to different toxins was determined by CyQuant assay using 

CyQUANT® NF Cell Proliferation Assay Kit according to manufacturer’s protocol. 

The cells were seeded in a 96-well plate at the density 2500 cells per well in 100µl of 

media. The plates were incubated for different time points at 37 oC in 5% CO2. For the 

assay, the media was aspirated from wells and 50 l of reagent was added. The plates 

were incubated at 37 °C for 90 minutes. The fluorescence intensity of the samples was 

measured with excitation at ~485 nm and emission at ~530 nm using Synergy2 Plate 

reader (Biotek). The data were analysed and visualized by GraphPadPrism V 5.01.  

2.15 Rotenone and CCCP Treatment 

To examine the gene expression analysis and high content screening, cells were seeded 

in T-25 flasks for 24 hours. The following day, medium was aspirated and cells were 

treated with different concentrations (50nM, 250nM, 500nM and 1000nM) of Rotenone 

or CCCP (10µM) for 24 hours for high content screening, and 48 hours for RNA and 
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protein work. The cells were kept at 37oC at 5% CO2. The cells were processed for high 

content screening or harvested for western blot and RNA extraction.  

2.16 Cloning and Plasmid Purification 

The full length and the splice variant of parkin were cloned via gateway cloning into the 

entry vector (pDONR 201) (Life Technologies) and then finally into the expression 

vectors (pEF-DEST51 and pcDNA3.1DEST47). The plasmids were expanded in DH5-

alpha cells and purified by Qiagen Midiprep kit.   

2.17 Cytological Profiling  

Cell Seeding and Treatment: For the high content screening using Rotenone or CCCP, 

cells were seeded in two 384-well plates in triplicate wells and left to incubate for 24 

hours. Next day, media was aspirated and cells were treated with different 

concentrations of Rotenone (50nM, 250nM, 500nM, 1000nM) or 10µM CCCP for 24 

hours.  

 Live cell Staining: After 24 hours, media was aspirated from both plates. The first plate 

was treated with LysoTracker® Red DND-99 with the final concentration of 100nM for 

1 hour at 37°C. The second plate was treated with MitoTracker® Orange with the final 

concentration of 400nM for 30min at 37°C. After incubation, the stains were aspirated 

and the cells were washed twice with PBS.  

Fixation and Blocking: The cells were fixed with 4% paraformaldehyde for 15min. 

Following fixation, cells were again washed twice with phosphate-buffered saline (PBS) 

and blocked with 3% goat serum (Sigma-Aldrich) and 0.2% Triton X-100 (Sigma-

Aldrich) in phosphate-buffered saline (PBS) for 45min at room temperature. 

Antibody Incubation: The plate stained with Mitotracker was treated with mouse anti-α-

tubulin (1:4000) (SigmaAldrich) and rabbit anti-LC3b (1:335) (Sigma-Aldrich) for one 
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hour at room temperature, followed by washing with PBS twice.  It was then stained 

with the secondary antibodies; goat anti-mouse Alexa-647 1/500 (Invitrogen) and goat 

anti-rabbit Alexa-488 1/500 (Invitrogen), for 30min at room temperature.  The plate 

stained with Lysotracker was incubated with mouse anti-EEA1 (SigmaAldrich) for one 

hour at room temperature, washed twice with PBS and stained with goat anti-mouse 

Alexa-488 1/500 (Invitrogen). Cells were washed again with PBS and stained with 4′, 

6′-diamidino-2-phenylindole 1/5000 (Dapi, Invitrogen) and with CellMask Deep Red 

1/5000 (Invitrogen) for 10min. The cells were washed twice with PBS and kept at 4oC 

until images were acquired.  
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Table 2.2: Multiplex Cytological Profiling Assay Components 

 

 

 

Stain Dilutions/Concentration Detection 

(Ex/Em) nm 

Mitochondria  Mitotracker (Orange 

CMTMRos) 

400nM 554⁄576 

Lysosome LysoTracker Red 

DND 

100nM 577⁄590 

Microtubule Beta tubulin 1:4000 - 

 Anti-mouse Alexa-

647 

1:500 645/660 

 Anti-rabbit Alexa-

488 

1:500 495/518 

 Anti-mouse Alexa-

488 

1:500 495/518 

Autophagosomes  LC3b 1:335 - 

Endosomes EEA1 1:335 - 

Nucleus DAPI 1:5000 365/440 

Cytoplasm Cell Mask Deep Red 1:5000 649/666 

 

Image Acquisition: The two plates were imaged separately using Operetta™ 

(PerkinElmer). Images were captured for different fields of view within each well. The 

plate stained with Mito Tracker was used for texture, intensity, nuclear and cellular 

analysis while the plate stained with LysoTrakcer was used for the lysosomal and 

endosomal analysis. All images were captured at 20X objective.  
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Figure 2.3. Workflow for the Cytological Profiling. (Made by Iqbal. J, 2018) 

 

2.18 Image Analysis  

The image analysis was performed using Harmony 3.5.2® software. The following 

steps were performed to analyse the images.  
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Flatfield Correction: All images were imported into the Harmony software. The 

flatfield correction using “Basic” method was used to correct for the background and 

illumination in Harmony.  

Finding Nuclei: Using Dapi, nuclei were segmented with Method B. The second level 

parameters used for analysis were: 

-Common threshold which is the lowest pixel intensity assigned to nucleus, 0.65. 

-Area with threshold, 30µm2 

-Split factor which is the measure to decide whether to split large nuclei into smaller 

objects. 

-Individual threshold which is the lowest pixel intensity for individual nuclei. 

Finding Cytoplasm: Using Cell Mask Deep Red, the cytoplasm was segmented for the 

nuclei filtered above, with Method D. 

Tuning Parameter: Individual threshold of 0.15 was used to determine the intensity 

threshold for each cell. 

Selecting Population: The cells at the border were excluded by this step. The excluded 

cells are shown as red in Figure 2.4. 

Defining Inner Region of Cell: The cytoplasmic region was divided into an inner and an 

outer region. The inner region included 25% to 50% of the cell area from the outer 

border.  

Defining Outer Region of Cell: The outer region of cells comprised 5%-25% of the cell 

from outer border.  

Spot Analysis: To detect the endosomes, spot analysis was performed using Method C. 

The criteria used for detection of spots was radius < 2px, contrast 0.10, uncorrected 

region to spot intensity > 1.0 and distance between spots greater than 3.0 pixels.  
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The detailed protocol for image analysis is described in Figure 2.4.  

Data Analysis: The data for cytological profiling was exported from Harmony software 

in the form of csv files. All data analyses were performed in Pipeline Pilot Professional 

9.1.0.13 and R Version 1.0.153.  
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Flatfield Correction

Method: Basic

Find Nuclei
Channel: Dapi

Method: B

Second level parameters 

-Common threshold, 0.65 

-Area > 30um2

-Split Factor, 7.0

-Individual Threshold, 0.40

-Contrast >0.10

Find Cytoplasm
Channel: Alpha tubulin, Cell Mask 

Deep Red

Method: D

Individual Threshold, 0.15 

Select Population
Common Threshold: Remove 

border objects

Define Outer Cell Region
Method: Resize Image (%)

Region Type: Cytoplasmic

Outer Border: 5%

Inner Border:25%
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Find Spots
Method: SER Spot 1 px

Channel: 488

Region: Cytoplasm

Method: C

Radius< 2px

Contrast >0.10

Uncorrected Region to Spot 

Intensity > 1.0

Distance > 3.0 px

Calculate Intensity 

Properties
Channels: Mitotracker

Region: Cytoplasm

Method: Standard, Mean

Calculate Texture 

Properties
Channel: AlexaFlour 647, 

Mitotracker

Region: Cytoplasm

Method: SER Features

Scale: 1 px

Normalized by: Kernel

Calculate Morphology 

Properties
Region: Nucleus, Cellular

-Area um2

-Roundness

-Width

-Length-

-Ratio width to length

Define Inner Cell Region
Method: Resize Image (%)

Region Type: Cytoplasmic

Outer Border: 25%

Inner Border:50%

 

Figure 2.4. Image Analysis using Harmony Software. (Made by Iqbal. J, 2018) 



 

  

 

 

 

 

 

  

CHAPTER 3 

GENETIC ANALYSIS OF HUMAN OLFACTORY NEUROSPHERE 

DERIVED CELL (ONS)
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3.1: Introduction:  

Genetic mutations in known PD related genes are responsible for a relatively small 

percentage of PD cases (Bentley et al., 2018). In addition, a number of genetic loci have 

been discovered (Lewis and Cookson, 2012, Bonifati, 2014). These include the genes 

responsible for the Mendelian forms of disease, such as autosomal recessive  

(PARK2, PINK1, PARK7), autosomal dominant (SNCA, LRRK2, VPS35, GBA), and the 

atypical recessive genes (ATP13A2, PLA2G6, FBXO7) (Klein and Westenberger, 2012). 

In several PD related genes, particularly PARK2 and SNCA, copy number variations 

(CNVs) are relatively common, which suggests that CNVs are a significant disease 

mechanism contributing to PD pathogenesis.  

Copy number variants (CNVs) are large structural changes in the genome which can be 

from several kilo base pair (Kbp) to mega base pairs (Mbp) (MacDonald et al., 2014). 

An individual carries approximately 1000 CNVs of greater than 450bp in their diploid 

genome, compared to the reference genome (Conrad et al., 2010). The CNVs are 

usually small, intergenic, and therefore may not have any detrimental effect. Some 

genes can also endure the CNVs without any apparent effect, while others are more 

sensitive to these large genomic rearrangements. CNVs can disrupt gene function in a 

number of ways. They can alter the gene dosage, they can affect chromatin architecture, 

and the deletions and duplications can disrupt important regulatory regions in the 

chromatin such as Topologically Associating Domains (TADs). This, in turn can 

prevent silencers or enhancers from interacting with their targets (Franke et al., 2016) 

CNVs, like other genetic variations, can affect the transcription of the neighbouring 

non-coding regions by interrupting the binding of the transcription factors (Gamazon 

and Stranger, 2015). 
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Therefore, comprehensive analyses of CNVs in complex diseases like PD can enhance 

the understanding of the pathogenesis of disease. 

Several methods are available for the screening of these large genomic rearrangements. 

These include real time quantitative PCR (Periquet et al., 2003, Djarmati et al., 2004), 

microarray (Bayrakli et al., 2007), polymerase chain reaction (PCR)-based methods to 

identify homozygous deletions (Clarimon et al., 2005, Nakaso et al., 2006), fluorescent 

dosage PCR (Nichols et al., 2002), and Multiple Ligation Probe Amplification (MLPA) 

(Scarciolla et al., 2007, Macedo et al., 2009).  

In this chapter, we carried out Multiplex Ligation-dependent Probe Amplification 

(MLPA) analysis for screening of CNVs in many PD genes. MLPA offers many 

advantages over other techniques for CNVs analysis. MLPA is multiplex and many 

genes can be analysed in a short time. At the same time, it can also tell whether the 

mutation is heterozygous or homozygous. In addition to the CNVs, MLPA can also 

detect point mutations by using probes specific to that mutation. However, since the 

method utilizes probes which bind to target DNA sequences, the presence of 

polymorphisms in the target region can predispose the method to false positive results. 

Therefore, results identified by MLPA should be validated by a second technique such 

as quantitative PCR (Scarciolla et al., 2007, Keyser et al., 2010). The breakpoint 

mapping of CNVs can help to understand the mechanisms underlying genomic 

rearrangements. CNV analysis can be particularly useful to identify causative changes 

in autosomal recessive disease genes (such as PARK2) as it can reveal a heterozygous 

exonic deletion which may exist in conjunction with a compound heterozygous 

independent mutation identified with gene sequencing.  
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3.2: Results: 

A total of 128 cell lines were screened for CNVs in the known PD genes. The summary 

of the sample data and the mutations identified is represented in Table 3.1.  The mean 

age of the PD samples at the time of biopsy was 59y (range 26-80y), and those of 

controls was 49y years (range 17-72y). The list of the genes analysed by MLPA is 

presented in Table 1.3 in Materials and Methods. CNVs in PARK2 were identified in 

two separate patients as shown in Table 3.1. Point mutations in known PD genes were 

identified in four other samples and a new mutation in KCNJ15 gene was present in one 

PD patient (Cell line ID, 2141) (not listed in Table 3.1). These mutations were identified 

by researchers in the laboratory of Professor Mellick as part of other studies (Bentley et 

al 2018) and confirmed by the candidate in the ONS cell lines prior to further 

experimentation.  
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Table 3.1: Summary of Cell lines used for CNVs and Mutation analysis 

 

No of 

Cell 

lines 

screened 

Disease 

Status 

Gender Mean 

Age 

(SD) 

Mutations  

identified 

Cell 

line 

ID 

Age 

(Gender) of 

patients 

with 

Mutation 

Method of 

Detection/Validatio

n 

59 Control 26 

Males 

(44%) 

33 

Females 

(56%) 

49 

(15) 

 

- - - MLPA 

69 PD 38 

Males 

(55%) 

 

31 

Females 

(45%) 

 

59(12) 

 

-PARK2 

Ex5-7del 

 

-PARK2 

Ex2del 

 

-LRRK2 

(G2019S) 

 

-LRRK2 

(G2019S) 

 

-LRRK2 

(R1441G) 

 

-PINK1 

(G411S) 

 

2509 

 

 

2704 

 

 

2261 

 

 

22551 

 

 

21551 

 

 

2361 

-NA(Male) 

 

 

-58(Female) 

 

 

-69(Male) 

 

 

-78 (Female) 

 

 

-66 (Male) 

 

 

-65 (Female) 

MLPA, qPCR 

 

 

MLPA, qPCR 

 

 

MLPA, qPCR, 

Sanger Sequencing 

 

MLPA, Sanger 

Sequencing 

 

Sanger Sequencing 

 

 

Sanger Sequencing 

 

 

 

3.2.1: Identification of Mutations by MLPA 

DNA extracted from PD and control ONS cell lines was screened for copy number 

variation (CNV) in known Parkinson’s genes by MLPA experiments. This identified 

heterozygous deletions in exon5-7 and exon 2 of PARK2 in two different PD samples, 

2509 and 2704, respectively. The sample 2509 was a male and the information about 

the age was not available. The other sample 2704 was a female who was biopsied at age 

58y. The fragment analysis diagrams of the samples and a reference are shown in figure 

3.1 and 3.5. Comparative analysis of the sample with the reference resulted in the ratio 
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of 0.5 for the deleted exons, which is shown in ratio charts (Figures 3.2 and 3.4). MLPA 

was also performed for samples harbouring the LRRK2 G2019S mutation; samples 2261 

(Figure 3.6) and 21551. The mutations in these samples were previously identified by 

researchers in the laboratory of Professor Mellick at the Griffith Institute for Drug 

Discovery.  
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  Figure 3.1: Electropherograms of sample 2509 (top) and Reference sample 

(below). The x-axis shows the length of probes and y-axis shows the RFU (relative 

fluorescence units) of all probes. Arrows in red indicate the probes corresponding to 

exon 5, 6 and 7, which are deleted in one of the two copies of the patient’s parkin gene. 

The intensity of the signal for the probes of Ex5-7 in sample 2509 is reduced to half 

compared to those in the reference sample.  
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Figure 3.2:  Ratio Chart for Sample, 2509. The x-axis shows the probe ID and the y-

axis shows the ratio of the corresponding exons to those of the reference samples. The 

normal range for the ratio (0.8-1.3) is indicated by the blue and the red lines and is 

empirically determined from normal samples. The error bars indicate the standard 

deviation of the ratio with respect to the reference samples. The deleted exons lie below 

the normal range (0.8-1.3) and are highlighted in red. The ratios of exon 5-7 are close to 

0.5, suggesting a heterozygous deletion that includes exons 5, 6 and 7.  
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Figure 3.3: Electropherograms of sample 2704 (top) and Reference sample (below). 

X-axis shows the length of probes and y-axis shows the RFU (relative fluorescence 

unit) of all probes. Arrow in red indicates the probe corresponding to exon 2. The 

intensity of the signal for the PARK2 exon 2 probe in sample 2704 is reduced to half 

compared to that in the reference sample, suggestive of heterozygous deletion.  
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Figure 3.4: Ratio Chart for Sample, 2704. The x-axis shows the probe ID and the y-

axis shows the ratio of the corresponding exons to those of the reference samples. The 

normal range for the ratio (0.8-1.3) is indicated by the blue and the red lines and is 

empirically determined from normal samples. The error bars indicate the ratio with 

respect to the reference samples.  The deleted exon lies below the normal range (0.8-

1.3) and is highlighted in red. The ratio of exon 2 is close to 0.5, suggesting a 

heterozygous deletion.  
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Figure 3.5: Ratio Chart for Sample, 2261. The x-axis shows the probe ID and the y-

axis shows the ratio of the corresponding exons to those of the reference samples. The 

ratio between the blue and the red lines indicates the empirically determined range for 

normal samples. The error bars indicate the ratio with respect to the reference samples.  

 

3.2.2: Mutational Phase Analysis:  

In order to differentiate the nature of mutation as compound heterozygous or contiguous 

heterozygous, mutational phase analysis was done in sample 2509 by reverse 

transcriptase (RT) PCR using exon 5 (forward) and exon 7 (reverse) primers. In the case 

of a compound heterozygous deletion, the amplicons of dissimilar sizes compared to the 

control can be expected. The similar length of amplicons (337bp) on the gel observed 
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for both the patient and the control, confirmed the mutation as contiguous heterozygous 

multi-exon deletion in exon 5-7 of PARK2 gene (Figure 3.6). 

 

 

Figure 3.6: Mutational Phase Analysis for PARK2 deletion, using RT PCR. RT 

PCR with PARK2 Exon5 (forward) and Exon 7 (reverse) primers. The expected 

amplicon size is 337bp. The presence of a faint band on gel for sample 2509 suggests 

that there is a heterozygous contiguous multi-exon deletion in PARK2 as opposed to a 

compound heterozygous deletion. 

 

3.2.3: Real time Quantitative PCR for validation of Mutations:  

Real time quantitative PCR was performed to confirm the presence of the PARK2 

deletions in samples 2509 and 2704, initially identified by MLPA. The raw gene 

expression values of PARK2 gene exons were normalized to those of the beta actin, 

which acted as a reference. Fold change was calculated by dividing the normalized 

values of PARK2 exons in the test samples to those in the controls. The fold change of 
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0.5 confirmed that the deletions were heterozygous and were consistent with the results 

obtained by MLPA. The data were generated from three independent experiments 

(Figure 3.7).  
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Figure 3.7: qPCR results for the validation of PARK2 exon deletions. qPCR results 

for samples, 2509 and 2704. The normalized values of PARK2/Beta-actin were 

compared to the control, yielding the fold change of 0.5 for the PARK2 exons, 

suggesting heterozygous deletions. Data were represented as the mean ± standard error 

of the mean of three independent experiments.  

 

3.2.4: Breakpoint mapping of PARK2 deletion: 

 In order to map the breakpoint of the PARK2 deletion in sample 2509, a SNP array was 

performed. This confirmed the heterozygous deletion and identified the boundaries of 

breakpoint in intron 4 and intron 7 (Figure 3.8). The BAF (b-allele frequency) of 0.5 

indicates a heterozygous (AB) genotype while values of 0 and 1 indicate homozygous 

genotypes (AA and BB, respectively). Homozygous SNPs also have BAF 0 (AA) and 1 

(AB). A Log R ratio (LRR) above or below indicates gain or loss of heterozygosity, 

respectively. Copy number is calculated based on both LRR and BAF i.e. regions where 

LRR was below 1 and BAF was either 0 or 1 were selected as regions of loss of 
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heterozygosity (LOH). Using both Genome Studio software and the CNV Webstore 

online tool, a 238.22 kb region of chromosome 6, which lies within the PARK2 gene, 

was identified as being deleted. This is highlighted in purple in Figure 3.9. The total 

number of probes affected was 35. Due to a lack of SNPs in the neighbouring regions, 

the exact location of the breakpoint could not be identified.  
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Figure 3.8: Breakpoint mapping analysis using Genome Studio software. 

Chromosome 6 is displayed from short arm (left) to long arm (right) (Top plot). The 

arrow indicates the region of loss of heterozygosity where the Log R ratio and the BAF 

(B allele frequency) deviate from normal. The red line indicates smoothened data. 
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Figure 3.9: Breakpoint mapping using CNV Webstore. The deleted region is 

highlighted in purple. The zoomed in view of the deleted region is shown with Log R 

Ratio and B-allele Frequency. 

 

3.2.5: Whole Exome Sequencing:  

Whole exome sequencing was performed to rule out the presence of any other mutations 

in the coding regions of the PARK2 gene or elsewhere in the genome (in other PARK 

genes) of patient 2509, which might explain the presence of Parkinsonism. The exome 

analysis revealed no additional mutations in PARK2. However, several rare variants in 

other Parkinsonism related genes were uncovered; these are listed in Table 3.3. 
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Table 3.3: List of variants identified in sample 2509 by whole exome sequencing 

(WES) 

Gene Variant Frequency 

overall 

Frequency 

Finish 

Hom/Het SIFT PolyPhen 

TMEM175 exon11:c.G1004A 0.0018 0.0002 het 0.14 NA 

MAPT exon6:c.C664A 0.0002 0 het 0.75 0.992 

SPG11 exon27:c.A4667G NA NA het 0 NA 

DNAJC13 exon40:c.C4543T 0.021 0.0094 hom 0.16 0.999 

 

The non-synonymous variants were prioritized by their frequency and their potential for 

producing a damaging phenotypic, as determined by the SIFT (Ng and Henikoff,  2002) 

and PolyPhen algorithms (Ramensky et al., 2002). SIFT examines the effect of an 

amino acid substitution on protein function based on the properties of amino acids acid 

and sequence similarity among related genes (Ng and Henikoff,  2002). PolyPhen 

determines the effect of amino acid substitution on structure and function of a protein 

(Ramensky et al., 2002). A SIFT score close to 0 and PolyPhen score approaching 1 

indicates potential to produce a deleterious change to protein structure. The variants 

which are found at low frequency, with potential deleterious effects, as predicted by 

SIFT and PolyPhen, are more likely to be associated with the disease.  

3.2.6: Sanger Sequencing for LRRK2 and PINK1 mutations:  

Two ONS cell lines harbouring heterozygous LRRK2 mutations (G2019S and R1441G, 

respectively) and an additional cell line with PINK1 (G411S) mutation were already 

available in the laboratory of Professor Mellick at Griffith Institute for Drug Discovery. 

Sanger sequencing was performed to confirm those mutations in freshly cultured human 

ONS cell lines from these patients (Figures 3.10, 3.11and 3.12).  
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Figure 3.10: Sequencing chromatogram confirming the presence of the LRRK2 

(G2019S) mutation in the patient derived ONS cells: The presence of a heterozygous 

mutation is indicated by the letter R which is a combination of G and A nucleotides in 

the patient derived ONS cell line. 

 

 

Figure 3.11: Sequencing chromatogram confirming the presence of the LRRK2 

(R1441G) mutation in the patient derived ONS cells: A) The presence of a 

heterozygous mutation is indicated by the letter S which is a combination of G and C 

nucleotides in the Patient derived ONS cell line. B) The absence of mutation in a 

control derived ONS cell line. 

 

B 
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Figure 3.12: Sequencing chromatogram confirming the presence of the PINK1 

(G411S) mutation in the patient derived ONS cells: A) Presence of a heterozygous 

mutation is indicated by the letter R which is a combination of G and A nucleotides in 

the Patient derived ONS cells. B) The absence of a mutation in a control derived ONS 

cell line. 

 

3.3: Discussion 

We detected deletions in PARK2 in two patients (2.9%) out of the total 128 samples (69 

PDs and 59 controls) screened by MLPA. We used the MLPA technique for screening 

because it is multiplex and can detect homozygous and heterozygous deletions and 

duplications in many genes simultaneously. Also, since approximately half of the 

mutations in PARK2 are large genomic rearrangements, MLPA seemed a suitable 

technique for screening. All mutations detected by MLPA were verified by a second 

method to avoid the possibility of reporting false-positives (Scarciolla et al., 2007, 

Keyser et al., 2010). The mutations we identified are located in exons 5-7 in patient 

2509, and exon 2 in patient 2704 and this was also confirmed by the independently 
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conducted quantitative PCR experiments. Since exon 5-7 was a multi-exon deletion, we 

used reverse transcriptase PCR to determine the phase of this deletion to rule out the 

possibility of compound heterozygous deletion. RT PCR showed that the deletion was 

contiguous multi-exon. PARK2 is usually considered to be associated with autosomal 

recessive PD (Lucking et al., 2000). Thus causative mutations are expected to be carried 

in a homozygous genotype. However, a number of heterozygous PARK2 mutations have 

been reported in PD patients; in these cases the pathogenic nature of the variants are 

unclear. The homozygous deletion of exons 5-7 (the same variant as identified here in 

patient 2509) has previously been reported to cause Parkinsonism in a Greek family. 

The affected members of the family carrying this deletion exhibited severe symptoms of 

disease which started in the teenage years and progressed gradually. However, no 

mutations were identified in affected members in a different branch of the same 

pedigree. These patients showed the symptoms of the disease later than the other 

patients carrying homozygous deletions. This may suggest the presence of an additional 

locus responsible for early onset disease (Leroy et al., 1998). The mutation in exon 2 (as 

observed in patient 2704) has also been previously reported in 34 families according to 

the PD mutation database (http://www.molgen.vib-ua.be/PDmutDB). Among all genes 

which cause PD, PARK2 contributes to approximately half of the autosomal recessive 

cases and around 20% of very early-onset Parkinsonism with an apparently sporadic 

presentation. Although, the mutation spectrum of PARK2 is diverse, about half of these 

mutations are large deletions or duplications (Oliveira et al., 2003, Hedrich et al., 2004). 

The possible reason for this high rate of genomic rearrangements can be explained by 

the fact that PARK2 lies in the common fragile site (CFS) called FRA6E, which makes 

it more susceptible to genomic instability (Smith et al., 2006)The genes located in this 

region are evolutionarily highly conserved; this suggests that they code for proteins that 

have important cellular functions. While their exact function is obscure, many of them 

http://www.molgen.vib-ua.be/PDMutDB
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are involved in normal neurological development and stress response. The majority of 

PARK2 deletions and duplications lie between exon 2 and 9 of PARK2 (Hedrich et al., 

2004). This is also corroborated by the fact that most unstable region in the CFS FRA6E 

is located between exon 2 and 8 of PARK2. Because of the presence of a large number 

of repetitive elements and instability of the region, recurring deletions occur frequently 

especially in the intronic regions of PARK2 (Hedrich et al., 2004) and these are the 

mutational hotspots of large breakages (Denison et al., 2003). 

We attempted to determine the breakpoint of exon 5-7 deletion using a SNP array. This 

identified a 238 kb of missing region. Due to a paucity of SNPs on the array in the 

neighbouring genomic regions, the exact breakpoint could not be identified. Similarly, 

the breakpoint of exon 2 deletion is probably located in the intron 1 and intron 2. These 

are large intronic regions consisting of about 147 and 181 kb, respectively. The exact 

breakpoints could have been determined if a subsequent customized SNP array was 

employed or if long range PCR experiments were performed. Few researchers have 

endeavoured to detect the breakpoints of large genomic rearrangements in PARK2 

(Hedrich et al., 2004, Clarimon et al., 2005, Nakaso et al., 2006) (Bayrakli et al., 2007). 

This is mainly because PARK2 is one of the largest genes in the human genome, 

containing up to 284 kb of intronic regions (Smith et al., 2006) and detecting the 

breakpoints is difficult and time consuming in such cases. The breakpoint mapping can 

be important because the sequences which flank the breakpoint can facilitate the 

understanding of mechanisms underlying them.  

CNVs are formed during unequal inter or intra-chromosomal recombination when the 

two homologous sequences cross over, or when the removal of e.g. inter-chromatid loop 

occurs. This may explain the high frequency of deletions relative to the number of 

duplications in PARK2 (Periquet et al., 2001). CNVs can also be formed by 
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transposable elements (TEs) such as Alu, which are found approximately every 6kb in 

the genome. TEs led recombination causes about 0.5% of the genetic diseases 

(Deininger and Batzer, 1999). Intron 2 of PARK2 is quite rich in Alu elements where 

they are found every 2.5 kb which explains high frequency of exon 2 rearrangements 

(Periquet et al., 2001). In most of the cases mapped for the breakpoint, the flanking 

regions had homologous sequences which suggest NHEJ and FoSTeS as the probable 

mechanisms of rearrangement (Ambroziak et al., 2015).  The CNVs can be independent 

recurrent CNVs or the result of an ancient common founder effect (Periquet et al., 

2001). The involvement of a common founder effect for mutations in parkin has been 

previously reported (Hedrich et al., 2004). The breakpoints which occur at the same 

place are less frequent than the nonrecurrent genomic rearrangements (Mitsui et al., 

2010). 

Since PARK2 causes PD in autosomal recessive manner, it is important to determine the 

mutational phase to interpret the effect of mutations; a compound heterozygous 

mutation may result in both non-functional copies of the protein encoded by that gene 

which can explain the pathogenesis. However, a contiguous heterozygous deletion may 

still produce one functional copy of a protein which may not be enough to cause 

disease. Many of the identified mutations in PARK2 may be compound heterozygous. 

About 5-10 % of the early onset sporadic cases of PD have heterozygous mutations in 

PARK2 (Periquet et al., 2003, Clark et al., 2006). The pathogenic nature of 

heterozygous mutations is controversial. Some studies support the idea that 

heterozygous mutations in PARK2 are not sufficient to cause disease (Lincoln et al., 

2003, Guo et al., 2010, Kay et al., 2010). Others suggest that the heterozygous 

mutations can cause disease by haploinsufficiency, dominant negative effects or by 

forming a toxic, mutant protein (West et al., 2002, Periquet et al., 2003, Hedrich et al., 

2004, Wu et al., 2005).  
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It is also possible that the patients who carry heterozygous PARK2 variants may have a 

novel but undetected pathogenic mutation in another independent PD related gene, or 

that the heterozygous deletion is sufficient to cause PD or be a risk factor for developing 

the disease (Bonifati, 2007). We, therefore, carried out whole exome sequencing for the 

sample 2509. This identified some missense mutations in TMEM175, MAPT, SPG11 

and DNAJC13 which are particularly interesting as all of these genes are related to the 

pathway that might be disrupted in Parkinson’s disease. TMEM 175 (transmembrane 

protein 175) variants may reduce the age of onset of Parkinson’s disease (Lill et al., 

2015). MAPT (microtubule associated protein tau) is associated with neurodegenerative 

diseases including Parkinson’s disease. It encodes a protein tau which is abundant in 

axons and regulates the assembly of microtubules (Shahani and Brandt, 2002). The 

SPG11 gene causes autosomal recessive spastic paraplegia and may present with early 

onset Parkinsonism (Guidubaldi et al., 2011, Cao et al., 2013). DNAJC13 (DnaJ 

(Hsp40) homolog, subfamily C, member 13) p.Asn855Ser) is a recently identified 

autosomal dominant variant for Parkinson’s disease (Vilarino-Guell et al., 2014).  

In conclusion, we identified two heterozygous deletions in PARK2 patient derived ONS 

cells. Although these mutations have been identified before, the functional evidence to 

support their pathogenic nature is lacking which will be evaluated in the following 

chapters.  
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4.1: Introduction: 

Alternative spicing allows a single gene to generate multiple messenger RNA (mRNA) 

transcripts via the different combination of exons. These transcript variants may 

produce protein isoforms with diverse cellular functions (Black, 2003) depending on 

different developmental or physiological states and alterations to subcellular 

localizations (Kelemen et al., 2013). In humans, an estimated 94% of the protein coding 

genes undergo alternative splicing (Calarco et al., 2011, Yap and Makeyev, 2013), and 

this rate is highest in the central nervous system (Pan et al., 2008). However, the splice 

variants may not always translate into protein. Approximately, one third of the 

alternative transcripts result in a premature stop codon and undergo non-sense mediated 

RNA decay (McGlincy and Smith, 2008). 

Alternative splicing is precisely regulated by the interaction among a number of 

elements. These include conserved splicing motifs (i.e. the 5’ donor and the 3’ acceptor 

splice sites, the lariat branch point and the polypyrimidine tract), the splicing enhancers 

and silencers, the components of the spliceosome machinery (i.e. the small nuclear 

ribonucleoproteins U1, U2, U4, U5, and U6) and additional supplementary RNA-

binding proteins (La Cognata et al., 2015).  Mutations in both the DNA sequences 

which are essential for splicing (cis acting mutations) and the regulatory elements (trans 

acting mutations) can lead to aberrations in alternative splicing (La Cognata et al., 

2015). In addition to the mutations, environmental factors can also disrupt this process. 

For example, treating SHSY5Y cells with paraquat can imbalance the alternative 

splicing of genes involved in apoptosis and mRNA metabolism by increasing the 

expression of short length transcripts (Maracchioni et al., 2007). Aging is also known to 

affect the frequency of alternative splicing (Mazin et al., 2013). 
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Deviation from the normal alternative splicing mechanisms may lead to different 

neurological disorders including Alzheimer’s disease, spinal muscular atrophy and 

ataxia (Grabowski and Black, 2001, Anthony and Gallo, 2010). About 50% of 

pathogenic mutations in general are known to interrupt alternative splicing of 

genes (Ward and Cooper, 2010). Even though alternative splicing can be an important 

mechanism contributing to disease, studies regarding its role in the pathogenesis of 

Parkinson’s disease are scant. Some PD related genes such 

as SNCA, LRRK2, PARK2 and SNCAIP undergo alternative splicing; however, the 

knowledge on how different splice variants disrupt the important disease mechanisms in 

PD is limited. PARK2, which accounts for approximately half of the cases of autosomal 

recessive PD and 15-20% of early onset sporadic Parkinsonism cases, undergoes 

extensive alternative splicing and produces a number of transcripts (La Cognata et al., 

2014). PARK2 is one of the largest genes in human genome, spanning 1.38 MB on 

chromosome 6 (6q25.2-q27). Initially 12 exons were described in Parkin (Kitada et al., 

1998). However, later evidence suggests the presence of 17 exonic sequences which can 

be alternatively spliced to produce different transcripts (Scuderi et al., 2014). In 

humans, more than two dozen PARK2 splice variants have been reported which may 

encode for varied protein isoforms (La Cognata et al., 2014). The exact role and 

distribution of splice variants in PD cases has been poorly characterized. SNCA, which 

is another PD related gene, has three alternative transcripts which delete exon 

3(Campion et al., 1995) , 5 (Ueda et al., 1994) or both (Beyer et al., 2008) from the full 

length transcript. The protein isoforms of these transcripts are reported to have specific 

functional effects (Beyer et al., 2004, Beyer et al., 2006, Beyer et al., 2008). The 

expression of SNCA (ex5) splice variant causes proteosomal dysfunction and 

produces aggregates in vitro (Beyer et al., 2006). The SNCA (ex5) isoform expression 

is also correlated with the overexpression of wildtype LRRK2 which results in increased 
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alpha synuclein aggregation in SHSY5Y cells (Elliott et al., 2012). Clearly, additional 

information on the expression of different splice variants and their role in 

neurodegeneration is warranted. 

In this chapter, we identified four novel splice variants of PARK2 in PD patient derived 

cells. The screening of other PD- and control- derived cell line was performed to 

investigate splice variants for PARK2 and SNCA. The effect of the mitochondrial 

stressors, rotenone and CCCP, on PARK2, SNCA and DJ1 splicing was also evaluated.   

4.2: Results: 

4.2.1: Identification for PARK2 Splice Variants:  

The Parkin transcript was amplified from 2509 sample using primers targeting exon 4 

and exon 10 (Supplementary Figure S1.1). The bands migrating at approximately 350 

bp and 300 bp were excised from the agarose gel, extracted and Sanger sequenced to 

identify SV ex5-7 and SV ex5-8, respectively (data not shown).  In order to 

identify any other Parkin splice variants expressed in the same cell line, and to check 

the reproducibility of the result, the full length Parkin gene was amplified from the 

cDNA made from RNA extracted from three biological replicates of the 2509 cell line, 

grown at different times. The full length and alternative splice variants were observed in 

all samples (Figure 4.1). The full length transcript and the potential splice variants 

migrating near the 1kb region were purified from the gel and cloned into the entry clone 

pDONR201 (Life technologies) by gateway cloning to determine the exon composition. 

The sequencing results confirmed the splice variants with exon 5-7, exon 5-8 and exon 

4-7 deleted. These corresponded to SV1, SV2 and SV3 on the gel, respectively (Figure 

4.2). Some additional bands, appearing below the full length transcript bands, were 

observed. These may correspond to the other splice variants of Parkin. Previous studies 
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suggest some splice variants of Parkin with similar sizes. These may be novel splice 

variants of PARK2 which can be determined by Sanger sequencing. 

 

 

Figure 4.1: Detection of potential alternative splice variants of PARK2 in 2509 cell 

line. Lane 1 has 50bp DNA marker, Lane 2 1kb ladder, Lane3 NTC (no template 

control), and Lane 4 empty, Lane 5, 2509 rotenone treated, Lane 6 empty, Lane 7, 9 and 

10 biological replicates of 2509, Lane 11, 50bp ladder. The expected PCR product size 

for the full length transcript is 1398 bp (top band). The bands migrating around 1 kb 

may represent splice variants of PARK2. 
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Figure 4.2: Sanger sequencing identifies alternate PARK2 exon usage in PD ONS 

cell line 2509. A. Sequencing chromatogram of RT-PCR fragments 1061bp identified 

SV del exon 5-7 of Parkin. B. Sequencing chromatogram of RT-PCR fragments 999bp 

identified SV del exon 5-8 of Parkin. C. Sequencing chromatogram of RT-PCR 

fragments 939bp identified SV del exon 4-7 of Parkin. D. Exon deletion according to 

canonical (H1) form of Parkin as described by Kitada (Kitada, Asakawa et al. 1998) and 

the longest transcript (H21) of Parkin as described by La Cognata (La Cognata, 

Iemmolo et al. 2014).  

  

4.2.2: RT PCR for Identification of Parkin Splice variants in Control and PD 

derived cells: 

We next sought to determine which splice variants of Parkin were expressed in ONS 

cells in general. For this purpose, RNA was extracted from other control (n=46) and 

patient derived cells (n=62), and converted to cDNA. The full length Parkin was 

amplified by RT PCR using primers targeting the coding sequence of Parkin. The 

analysis showed the presence of multiple splice variants in both control and PD derived 

cells in addition to the full length Parkin. Some shortened transcripts were observed in 

some cell lines which are described in Table 4.1. Out of over 100 cell lines screened, 

four cell lines showed distinct bands which could be potential splice variants of Parkin 

(Figure 4.3). The original PARK2 transcript was identified by Kitada who described the 

presence of 12 exons in the full length transcript (Kitada, Asakawa et al. 1998). Later 

evidence by La Cognata and colleagues established the existence of 17 exonic 
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sequences (La Cognata, Iemmolo et al. 2014). Since the majority of research papers 

refer to the canonical transcript of Parkin, the same convention was used in this thesis 

for convenience. The corresponding exons as described by La Cognata are also 

mentioned in Table 4.1.  

Sanger sequencing of the band migrating at 500 bp in 2605 cell line was performed to 

determine the exon structure (Figure 4.4); this confirmed the deletion of exons 3 to 9 

resulting in the short length product of 486bp. The other bands could not be verified by 

sequencing due to time constraints. While they are similar in size to the previously 

reported splice variants of PARK2, the possibility of novel splice variants cannot be 

excluded. The splice variants shown in bold were sequenced and verified as PARK2 

splice variants. 
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Table 4.1: List of PARK2 Splice Variants observed in ONS 

Cell line ID (Exon 

deletion according 

to Kitada ) 

Estimated size 

on agarose gel 

Previously known 

PARK2 Splice variants 

and size 

Exon deletion according to 

La Cognata (La Cognata, 

Iemmolo et al. 2014) 

2509, 2555 Less than 1.4 

kb 

H5(1314 bp) Exon 2,3,7,9,11,14 

1314 

2601 

Between 1 to 

1.4 kb 

H5 (1314 bp) 

H10 (1248 bp) 

Exon 2, 3, 7, 9, 11, 14 

Exon 2, 3, 9, 11, 13, 14, 

2509 (Exon 5-7) Above 1kb NA Exon 7,8,10 

2805, 2702, 

2509 (Exon 5-8) 

~1 kb NA Exon 7, 8, 10, 12 

2509 (Exon 4-7) ~Less than 1 

kb 

NA Exon 6, 7, 8, 10 

2605 (Ex3-9), 

  

 ~ 500 bp NA Exon 5, 6, 7, 8, 10, 12, 13 

2506 Above 250 bp H7 (285 bp) Exon 2-8,11,14 
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Figure 4.3: Identification of potential alternative splice variants of PARK2 in ONS 

cells. cDNA for different control and patient derived cells was amplified 

using PARK2 exon 2 (forward) and exon 12 (reverse) primers targeting the coding 

sequence. The expected PCR product size is 1.4 kb. However additional bands were 

identified which may correspond to splice variants of PARK2. Arrows indicate the 

potential splice variants of PARK2. 

 

 

 

Figure 4.4: Sanger sequencing identifies alternate exon usage in PD ONS cell, 2605. 

The band migrating at approximately 500 bp on RT PCR of full length transcript of 

PARK2 was excised from the gel and sequenced. This identified a 486 bp SV (ex 3-

9) of PARK2 which has not been previously reported. 
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4.2.3: Analysis of PARK2 Splice Variants on Exposure to Rotenone: 

Parkinsonism mimetics, such as rotenone, can alter the normal alternative splicing of 

PD associated genes (Kalivendi et al., 2010). Rotenone is a mitochondrial complex I 

inhibitor which has been previously shown to display disease specific effects on ONS 

cells. PD patient ONS cells treated with 50 nM rotenone are more sensitive to rotenone 

which was reflected in increased cell death compared to the controls (Murtaza et al., 

2016). We therefore, decided to use the same concentration of rotenone to determine if 

it induces or inhibits the expression of Parkin splice variants. The cells were treated 

with 50nM rotenone, dissolved in 0.1% DMSO, for 48 hours. RT PCR was performed 

for full length Parkin for the qualitative analysis of Parkin splice variants. In the 2509 

sample, the SV del exon 5-8 appeared to be downregulated in response to rotenone 

treatment (Figure 4.5). However, the conclusion cannot be drawn without quantitative 

analysis by qPCR. There were also bands near the full length transcript in the DMSO 

treated samples of 1904 and 1147 cell lines which were absent from the rotenone treated 

samples. However, rotenone treatment did not induce a general effect on PARK2 

transcripts. 
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Figure 4.5: Qualitative analysis of Parkin SVs on exposure to 50nM rotenone. 3 PD 

and 3 control cell lines were treated with 50nM rotenone for 48 hours. Amplification of 

full length PARK2 was performed by using primers targeting the coding sequence. The 

predicted amplification product is 1.4kb. The treatment appears to show a change in the 

expression of PARK2 splice variants in 2509 cell line. 

 

4.2.4: Analysis of SNCA Splice Variants in PDs and Controls: 

The full length SNCA was amplified from both patient and control derived cells, using 

exon 1 (forward) and exon 6 (reverse) primers which spanned the 5’ and 3’ untranslated 

regions of SNCA, respectively.  The expected product of amplification for full length 

SNCA was 584bp which was sequenced by Sanger sequencing prior to splice variant 

analysis. The screening of over 103 PD and control cell lines identified short length 

bands on 2 % agarose gel in two cell lines, 2152 and 2153 (Figure 4.6). The estimated 

size of band on the agarose gel was compared to the previously known splice variants 

of SNCA. The band migrating at 500 bp in 2153 cell line may correspond to the splice 
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variant of SNCA containing an exon 5 deletion. The band migrating between 200 to 300 

bp did not match with the previously known splice variants of SNCA. However, Sanger 

sequencing can confirm if these are known or novel variants. 

 

 

Figure 4.6: Identification of potential SNCA splice variants in ONS 

cells. Amplification of full length SNCA was performed by using exon 1 (forward) and 

exon 6 (reverse). The predicted amplification product for full length SNCA transcript is 

584 bp. Arrows indicate the short length bands identified in two PD cell lines which 

may correspond to splice variants of SNCA.   

 

4.2.5: Analysis of SNCA splice variants on exposure to rotenone: 

Rotenone has been previously shown to induce the expression of SNCA splice variant 

lacking exon 5 (Kalivendi et al., 2010). We hypothesized that the exposure to rotenone 

and CCCP may induce the expression of some SNCA splice variants in ONS cells. For 

this, 3 PD and 3 control cell lines were exposed to low concentrations of rotenone 

(50nM) for 48 hours. Full length SNCA was amplified using exon 1 (forward) and exon 

6 (reverse) primers which bind to the 5’ and 3’ UTR regions of the gene, respectively 

(Figure 4.7). Unlike the previous report, the analyses of SNCA splice variants before 

and after rotenone treatment revealed no new splice variants of SNCA. 
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Figure 4.7: Qualitative analysis of SNCA SVs on exposure to 50nM rotenone. 3 PD 

and 3 control cell lines were treated with 50nM rotenone for 48 hours. Amplification of 

full length SNCA was performed by using primers targeting the exon 1 (forward) and 

exon 6 (reverse). The predicted amplification product for full length SNCA is 584 bp. 

The treatment did not induce the expression of SCNA splice variants in the 2509 cell 

line. D (DMSO), R (rotenone) and U (untreated). 

 

4.2.6: Analysis of SNCA splice variants on exposure to CCCP treatment: 

CCCP (carbonyl cyanide m-chlorophenyl hydrazone), a mitochondrial un-coupler, 

dissipates the mitochondrial membrane potential and induces mitophagy. We 

hypothesized that CCCP could induce the expression of SNCA splice variants as it has 

been shown to alter the splice variant expression of other PD genes (Maugeri et al., 

2015). For this, patient and control derived cells were exposed to 10M CCCP 

(carbonyl cyanide m-chlorophenyl hydrazone) for 24 hours and the expression pattern 

of SNCA splice variants was evaluated before and after treatment (Figure 4.8). The 

treated 1904 sample showed a short length band at 500 bp which may represent the 

exon5 (85 bp deletion) splice variant of SNCA. However, this cannot be concluded 

without Sanger sequencing. Bands at similar sizes also appeared in two other PD 
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samples (indicated by *). Previous reports suggest that rotenone can induce the 

expression of exon5 splice variant of SNCA. However, whether CCCP can induce the 

expression of same transcript has not been described before.  

 

Figure 4.8: Qualitative analysis of SNCA splice variants on exposure to 10µM 

CCCP treatment. Full length SNCA was amplified using exon 1 (forward) and exon 6 

(reverse) primers. The expected amplification product is 584 bp. A short length band 

migrating at 500bp (indicated by arrow) was observed in the CCCP treated 1904 

sample, which may be a splice variant of SNCA. Similar sized bands (indicated by *) 

were also observed in CCCP treated samples of 2813 and 2509; however those bands 

were less clear. D (DMSO) and C (CCCP).  

 

In addition to PARK2 and SNCA splice variant analysis, the amplification of full length 

DJ1 was carried out upon treatment with CCCP which did not induce any splice variant 

expression (Supplementary Figure S1.2).  

4.3: Discussion: 

Alternative splicing is the complex regulation of gene expression which allows a single 

gene to produce multiple transcripts. Few papers have described the role of alternative 

splicing in Parkinson’s disease. Although aberrant alternative splicing events have been 
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reported for several PD associated genes such as PARK2, SNCA, SNCAIP and LRRK2, 

little is known about how these variants might contribute to the development of 

disease.   

We identified four novel splice variants of Parkin with deletions of exon 4-7, exon 5-7 

and exon 5-8 and exon 3-9 with reference to the canonical Parkin transcript. With the 

discovery of new exons in Parkin, La Cognata (Cognata et al. 2014) described these as 

exon 6, 7, 8, 10, 11, 12 and 13 as shown in figures 4.1 (D) and 4.4 (B).  The comparison 

of Parkin splice variants in patients and control cells showed that the patient derived 

cells had higher frequency (7 PDs versus 2 controls) of alternative splice variants 

compared to the controls which may reflect a role in Parkinson’s disease. PARK2 lies in 

the long arm of chromosome 6 and spans 1.38 MB region (Matsumine et al. 1997, 

Kitada et al. 1998). It consists of 17 exons which can combine in different combinations 

to produce different transcripts (Scuderi, La Cognata et al. 2014). PARK2 splice variants 

show differential expression in many neurological disorders including Parkinson’s 

disease, Lewy body disease, Alzheimer’s disease and pure dementia with Lewy 

bodies (Humbert et al. 2007, Beyer et al. 2008). In addition, differential expression of 

some Parkin splice variants has been reported in cancer (Ikeuchi et al., 2009). To date, 

21 splice variants of Parkin are reported which are designated from H1 to H21 (Scuderi, 

et al. 2014). These splice variants have different expression patterns and their 

corresponding protein isoforms perform different functions (Sunada, Saito et al. 1998, 

Kitada, Asakawa et al. 2000, Dagata and Cavallaro 2004, Tan, Shen et al. 2005, 

Humbert, Beyer et al. 2007, Beyer, Domingo-Sabat et al. 2008, Ikeuchi, Marusawa et al. 

2009). Some exons such as exon 9, 11 and 14 are solely expressed in a specific splice 

variant while other exons are not associated with any specific transcript. These splice 

variants also have varied coding sequence which can produce distinct protein isoforms 

with different amino acid composition and functional domains (Cognata, Iemmolo et al. 
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2014). Kitada (Kitada, Asakawa et al. 1998) first described the presence of canonical 

form of PARK2 which consisted of an N terminal ubiquitin like (UBQ) domain which 

helps in the covalent attachment of ubiquitin to the target proteins, and two ring in-

between-ring (IBR) domains at the C-terminus. Different Parkin isoforms diverge from 

the canonical form by the presence of UBQ domain and/or the presence of IBR 

domains (Cognata, Iemmolo et al. 2014). 

We exposed patient and control ONS to rotenone which appeared to cause a change in 

the expression of short length splice variants of PARK2. However quantitative analysis 

by qPCR is required to verify if the change is real. The change in the expression pattern 

of PARK2 splice variants in Parkinson’s disease has been described previously. Two 

splice variants of PARK2, lacking exons 3-5 and exon 2-7, were shown to be 

upregulated in Parkinson’s disease patients compared to the healthy 

individuals (Humbert, Beyer et al. 2007, Beyer, Domingo-Sàbat et al. 2008). Another 

splice variant of PARK2 lacking exon 4 (122 bp) was studied by Tan et al. which 

resulted in the introduction of stop codon downstream of exon 3 and changed the 

reading frame (Tan et al., 2005). The resulting protein isoform lacked the two RING 

finger domains resulting in the loss of enzymatic activity. Higher expression of this 

splice variant relative to the full length transcript was observed in the patients compared 

to the controls (Tan, Shen et al. 2005). It is possible that in PD patients there is a shift in 

the balance of normal Parkin alternative splicing, which may be amplified upon 

exposure to mitochondrial toxins such as rotenone and CCCP.  

The splice variants SV (ex4-7) and SV (ex5-8) result from the in-frame deletion of 

459 and 399 bp and may give rise to a short length protein. SV (ex5-7) causes a 

frameshift deletion of 337 bp and may produce a truncated protein or may undergo 

nonsense mediated RNA decay. All of these splice variants lack a significant proportion 

of PARK2 which may impair the enzymatic activity of the corresponding isoforms or 
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disrupt the structure of the protein.  Mutations in PARK2 may also make it inaccessible 

to its substrates which start to accumulate in the brain causing neuronal death (Shulman, 

De Jager et al. 2011). The region lost in these splice variants is the binding site of 

SYT11, a substrate of Parkin. PARK2 regulates SYT11 expression in neurons through 

ubiquitin-dependent proteasomal degradation. Pathogenic Parkin mutants fail to 

ubiquitinate and degrade SYT11 which results in its accumulation (Wang, Kang et al. 

2018).  

We also sought to identify SNCA splice variants in patient and controls derived cells 

under basal conditions and upon exposure to the Parkinsonism-mimicking insults, 

rotenone and CCCP. Two short length bands were observed in patient derived cells 

under basal condition which may be potential splice variants of SNCA. No alternative 

splice variants of SNCA were observed in control samples under basal condition. Due to 

time constraints, these were not sequenced further. The patient and control cells were 

also exposed to rotenone and CCCP due to the reasons that oxidative stresses under 

Parkinsonism mimetics can affect the alternative splicing of PD related genes. Previous 

reports suggest that exposure to rotenone and MPP+ enhances expression of full length 

SNCA which inhibits Erk-MAP kinase pathway and mediates the expression of short 

length transcript lacking exon 5. This leads to the formation of a 112 amino acid protein 

(SNCA-112) lacking the acidic C-terminus region which plays a significant role in 

maintaining the solubility of the protein. SNCA-112 has an altered localization and is 

found in the membrane fractions compared to the full length which is cytosolic. It 

causes increased cell death and proteasomal dysfunction in dopaminergic neurons 

compared to the full length SNCA (Kalivendi, Yedlapudi et al. 2010). Unlike previous 

reports, we did not observe the expression of SNCA5 splice variant in rotenone 

treated samples. This may be due to the low dose of rotenone used, which was 

potentially not sufficient to induce the expression of this splice variant. A short length 
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band at 500 bp was identified in the 1904 cell line on treatment with 10µM CCCP 

which is the stronger stimulant (Figure 4.8). This band may correspond to the deletion 

of exon 5 (84 bp) of SNCA. Less clear bands at the similar size were also observed in 

two patient cell lines. The characterization of these splice variants requires further 

investigation by Sanger sequencing and real time PCR. 

In conclusion, four novel splice variants for Parkin were identified in human olfactory 

neurosphere derived cells, the expression pattern of which seemed to be affected on 

treatment with rotenone. There were also other splice variants of Parkin in the human 

olfactory neurosphere-derived cells. Although, we did not confirm the sequence of 

every splice variant, it is apparent from the RT PCR that both Parkin and SNCA have 

multiple spice variants which are more common in patient ONS cells. Moreover, 

identifying the alternative splice variants of PD related genes in ONS cells is promising 

as these cells are unmodified, non-immortalized and represent a more relevant system 

for studying PD. Therefore, these splice variants need to be further elucidated by Sanger 

sequencing and functional analysis to determine their role in PD. 
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5.1: Introduction:  

Mitochondrial dysfunction has been reported for familial and sporadic PD suggesting a 

shared pathogenic mechanism underlying both forms (Park et al., 2018). Many familial 

PD genes such as Parkin (E3 ubiquitin ligase), PINK1 (serine/threonine kinase), DJ1 

(redox-regulated chaperon), SNCA (alpha synuclein) and LRRK2 (leucine rich repeat 

kinase 2) are involved in mitochondrial function and oxidative stress. Mutations in the 

LRRK2 gene (Lill, 2016) are the most frequent cause of familial PD. LRRK2 is a 

multifunctional protein kinase and mutations can result in increased kinase activity. 

Induced pluripotent cells (iPCs) carrying the LRRK2 G2019S mutation are more 

susceptible to MPP+ and caspase mediated cell death. Indeed, patient derived 

dopaminergic neurons harbouring this mutation manifest mitochondrial abnormalities 

(Reinhardt et al., 2013). Similarly, alpha synuclein (SNCA) which regulates the release 

of neurotransmitter at presynaptic terminals, also contains a mitochondrial targeting 

sequence and interacts with membranes of many organelles including mitochondria 

(Mullin and Schapira, 2013). Mutant forms of SNCA can downregulate mitochondrial 

biogenesis in human dopaminergic neurons, on exposure to mitochondrial toxins, by 

decreasing the peroxisome proliferator-activated receptor gamma coactivator 1-α 

(PGC1α) (Ryan et al., 2013). Likewise, the majority of parkin substrates, which are 

ubiquitylated and targeted for proteasomal degradation, localize to mitochondria (Sarraf 

et al., 2013). Mitochondrial morphology and function are also significantly altered in 

patient fibroblasts containing parkin mutations (Heather et al., 2008). Parkin increases 

the transcription and replication of mitochondrial DNA during mitosis suggesting a role 

in mitochondrial biogenesis. Parkin is also recruited to damaged mitochondria to induce 

their turnover in a process termed mitophagy (McBride, 2008, Narendra et al., 2008). In 

the mitochondria of SHSY5Y cells transfected with wildtype parkin, parkin reduces the 

accumulation of reactive oxygen species (ROS), and improves the expression of 
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mitochondrial complex I subunits (Kuroda et al., 2006). Thus, different PD related 

genes are linked to mitochondrial function and maintenance.  

Genetic mutations are not the only cause of mitochondrial dysfunction. Research on 

human and animal models have established that environmental insults may also disrupt 

mitochondrial function and lead to neurodegeneration (Segura-Aguilar and Kostrzewa, 

2004). Herbicides and pesticides, such as paraquat and rotenone, have been shown to 

contribute to oxidative stress and mitochondrial damage (Sherer et al., 2002). The exact 

molecular mechanisms which underlie these environmental toxin-induced damages are 

still obscure. Rotenone can readily cross the blood brain barrier and biological 

membranes to inhibit complex I (NADH-ubiquinone oxidoreductase) of the 

mitochondrial electron transport chain (Esteve-Rudd et al., 2011). The same effect can 

be observed in the substantia nigra (Schapira et al., 1990), blood platelets (Krige et al., 

1992, Haas et al., 1995) and skeletal muscle (Blin et al., 1994) of the PD patients. In 

rats, chronic exposure to rotenone imitates the symptoms observed in PD including 

alpha synuclein aggregation and the loss of nigrostriatal neurons (Betarbet et al., 2000, 

Sherer et al., 2003). The catalytic subunits of complex I in the brains of PD patients 

have an increased level of protein carbonyls which are the products of the oxidative 

modification of proteins. Their increased level is associated with decreased rates of 

electron transfer in complex I which suggests that the excessive oxidative damage to the 

complex I subunits may disrupt its function and assembly in PD (Keeney et al., 2006). 

Mitochondrial complex I in the substantia nigra is more susceptible to impairment than 

in other brain regions due to the already elevated levels of  reactive oxygen species 

(ROS), generated by dopamine metabolism, and increased iron content (Chinta and 

Andersen, 2008). Moreover, the mitochondrial mass of the dopaminergic substantia 

nigra is reduced compared to adjacent areas and non-dopaminergic neurons in mice 

(Liang et al., 2007) which may reflect a predisposition in these dopaminergic neurons to 
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complex I dysfunction. Several other commercially available pesticides also cause 

oxidative stress and complex I inhibition in SHSY5Y cells which is consistent with 

complex I inhibition as the route of pesticide induced neurotoxicity (Sherer et al., 2007). 

Therefore, investigating the effects of mitochondrial toxins, such as rotenone and the 

CCCP, in PD may provide important insights into the mechanisms underlying the 

mitochondrial damage associated with PD.  

In this chapter, we treated cells derived from PD patients and controls with rotenone and 

CCCP in order to evaluate mitochondrial function under stress conditions. The cell lines 

which harbor genetic mutations in PARK2 (Ex 02 & Ex 5-7), LRRK2 (two G2019S & 

R1441G), PINK1 (G411S) and KCNJ15 (R28C) were included in the analysis to 

investigate the hypothesis that certain mutations may render these cell lines more 

susceptible to mitochondrial stresses and compromise their ability to cope with these 

conditions. The viability of these cells following exposure to CCCP was determined. 

High content screening was employed to analyse, in detail, the different cellular 

compartments which have been previously implicated in Parkinson’s disease with the 

hypothesis that the stress effect may be reflected in altered morphological or intensity 

features of the cellular components analysed.  

5.2: Results: 

5.2.1: CyQuant Cell Viability Assay upon Exposure to CCCP: 

In order to determine if the overall state of cellular health differs in patient and control 

derived cells upon exposure to CCCP, we performed a CyQuant cell viability assay. 

Patient-derived ONS with PD-associated mutations and controls were seeded in a 96-

well plate and left to incubate for 24 hours in a humidified chamber at 370C. After 24 

hours, cells were exposed to a single dose of 10uM CCCP and then analysed at 3, 26, 48 

and 72 hours. Twenty-four (24) hours after treatment, the number of cells in each well 
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was determined by the CyQuant reagent which directly binds to DNA and is 

proportional to the number of cells. There was a gradual decrease in the number of cells 

(p value, 5.47e-06) in both controls and PD ONS over time. However, there were 

significantly fewer PD derived cells following exposure to CCCP compared to the 

controls at earlier time points (Figure 5.1) (p value, 0.0486).  

 

 

 

Figure 5.1: Effect of CCCP on control and patient-derived cells. Cells were exposed 

to 10 μM CCCP at Time 0 (controls n = 8, patients n = 7). DNA content was determined 

at different time points by CyQuant assay. Data are represented as Mean ± SEM. P 

values are annotated from one way ANOVA of the normalized DNA content (p value, 

0.0486).  

 

The susceptibility of patient and controls ONS cells with 50nM rotenone has been 

described previously. Both sporadic and monogenic ONS cells are equally susceptible 

to rotenone induced toxicity and cell death (Murtaza et al., 2016).  
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5.2.2: Analysis of mitochondrial gene expressions following exposure to 

rotenone and CCCP 

We next sought to determine the expression level of SNCA, DJ1 and other 

mitochondrial genes (PGC-1α, VDAC1) which can be involved in mitochondrial 

maintenance and function.    

5.2.1.1: Expression of SNCA:  

SNCA expression was determined by RT qPCR in the control and patient ONS cells as 

large increases in the expression of SNCA can cause neurodegeneration. Moreover, its 

expression positively correlates with disease severity. The level of SNCA expression in 

the brain also associates positively with the risk of neurodegeneration (Lewis and 

Cookson, 2012). The expression of full length SNCA transcripts is found to be elevated 

in the substantia nigra of PD post mortem cases (McLean et al., 2012). There is also a 

two-way relationship between SNCA aggregation and mitochondrial dysfunction. 

Increased SNCA expression can accelerate the production of reactive oxygen species 

(Hsu et al., 2000) and, inhibition of mitochondrial complex I promotes SNCA 

oligomerization and aggregation (Betarbet et al., 2000, Betarbet et al., 2006, Cannon et 

al., 2009). We determined the expression of SNCA by RT qPCR in controls, idiopathic 

and familial PD ONS with mutations using standard curve method. The expression of 

SNCA in the DMSO treated ONS cell lines 2261 (LRRK2 G2019S) and 22551 (LRRK2 

G2019S) was significantly higher compared to the controls and other idiopathic PD 

ONS. Cell line 22551 (LRRK2 G2019S) demonstrated significant increases after 

rotenone treatment while cell line 2261 (LRRK2 G2019S) did not show any significant 

increase in the expression of SNCA upon rotenone treatment, probably due to an already 

excessively high level (Figure 5.2). Other cell lines did not show such aberrant 

expression compared to both controls and iPDs.  
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Figure 5.2: SNCA expression on exposure to 48 hours of rotenone treatment in 

control and patient derived cells. (controls n = 8, iPD=7, patients n = 7). No 

significant changes in expression were observed between iPDs and Controls. However, 

2261 (LRRK2 G2019S) and 22551 (LRRK2 G2019S) showed significant difference 

from either controls or iPDs as determined by Two way ANOVA (p value < 0.0001). 

 

5.2.1.2: Expression of PGC-1α:  

PGC-1α (Peroxisome proliferator-activated receptors gamma coactivator 1 alpha) has 

been implicated in PD as a regulator of mitochondrial biogenesis and respiration. PGC-

1α reduces oxidative stress and induces the expression of detoxifying enzymes such as 

glutathione peroxidase-1 (St-Pierre et al., 2006). Its significant neuroprotective role has 

been suggested by analysis of PGC-1α knockout mice which exhibit increased 

susceptibility to MPTP induced neurodegeneration (St-Pierre et al., 2006).  Likewise, 
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the loss of dopaminergic neurons, induced by mutant α-synuclein or rotenone, can be 

prevented by overexpression of PGC-1α which transcriptionally upregulates the 

expression of proteins involved in the mitochondrial respiratory chain (Zheng et al., 

2010).  For this reason, we determined the expression of PGC-1α in CCCP treated 

samples with the hypothesis that the samples harbouring PD mutations may express 

varied levels of PGC-1α on induction of mitophagy by CCCP. The RNA expression 

analysis was performed by RTqPCR using following the method of Pfaffl  (Pfaffl, 

2001) after 24 hours of CCCP treatment.  A comparison of PGC-1α expression before 

and after CCCP treatment was performed using two-way ANOVA. Before treatment, 

the levels of expression of PGC-1α was similar for controls, idiopathic PDs and 

monogenic forms of PDs except cell lines 2704 (PARK2 exon 2) and 2141 (KCNJ15 

R28C) where reduced expression was observed. After induction of mitophagy with 

CCCP, cell lines 21551 (LRRK2 R1441) and 2141 (KCNJ15 R28C) showed marked 

increases in the expression of PGC-1α to levels that were significantly higher compared 

to both controls and other idiopathic PDs. On the other hand, a significant decrease was 

observed in the expression of PGC-1α in idiopathic PD cell lines and in cell lines 2509 

(PARK2 ex 5-7) and 2361 (PINK1 G411S) (Figure 5.3). In 2509 (PARK2 ex 5-7) 

and 2361 (PINK1 G411S), the reduction was significant compared to both controls and 

iPDs. Although, overexpression of PGC-1α is neuroprotective, very high expression in 

these samples may lead to mitochondrial hyperactivity and increased production of 

reactive oxygen species as reported previously (Lindholm et al., 2012).  
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Figure 5.3: PGC-1 α expression on exposure to 24 hours of CCCP in control and 

patient-derived cells (controls n = 7, iPD=7, patients n = 7). CCCP induced significant 

reduction in the between idiopathic PDs compared to Controls. 2704 (PARK2 exon 

2), (LRRK2 G2019S) and 2141 (KCNJ15 R28C) showed significant difference from 

controls (p value < 0.0001, 0.01 and 0.0001, respectively) and from PDs (p value ****< 

0.0001, 0.001, 0.0001, respectively).  

 

5.2.1.3: Expression of VDAC1:  

Voltage-dependent anion selective channel protein 1 (VDAC1) is an outer 

mitochondrial membrane protein that regulates the transport of metabolites between 

cytosol and mitochondria (Hodge and Colombini, 1997). VDAC1 plays a significant 

role in Parkin/PINK1 dependent mitophagy (Narendra et al., 2010). The expression of 

VDAC1 after 24 hours of CCCP treatment was determined by RTqPCR. The samples 

2509 (PARK2 ex 5-7) and 22551 (LRRK2 G2019S) showed significantly higher 

expression compared to both controls and idiopathic PDs (Figure 5.4), though the 

expression of these cell lines was not different at the DMSO level. 



FUNCTIONAL ANALYSIS OF ONS WITH MUTATIONS IN PD GENES 

 

CHAPTER 5 Page 123 

 

Figure 5.4: VDAC1 expression on exposure to 24 hours of CCCP in control and 

patient-derived cells. The expression was insignificant between PDs and Controls. 

However, 2509 (PARK2 ex 5-7) and 22551 (LRRK2 G2019S) showed significant 

difference from both controls and PDs as determined by Two-way ANOVA (**** p 

value <0.0001).   

 

5.2.3: Expression of Mitochondrial Proteins on Exposure to Rotenone and 

CCCP 

Defects in mitochondrial function can be reflected in the varied expression of proteins 

involved in mediating mitochondrial dynamics. We determined the expression of 

mitochondrial outer membrane proteins; VDAC1 (voltage dependent anion channel 1), 

SYT-1I (synaptostagmin-11), TOM20 (translocase of the outer membrane 20) as well as 

DJ1 on exposure to 10µM CCCP for 24 hours and 50nM rotenone for 48 hours. SYT-11 

belongs to the family of transmembrane proteins and is involved in vesicular fusion, 

trafficking and exocytosis (Sudhof, 2012). SYT-11 is the inhibitor of endocytosis and 

its knockdown can accelerate endocytosis in neurons (Wang et al., 2016). Parkin 
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regulates the ubiquitination and proteosomal degradation of SYT-11. Parkin mutations 

may disrupt these functions leading to the accumulation of SYT-11 in dopaminergic 

neurons, inhibition of endocytosis and inhibition of dopamine release from neurons 

(Wang et al., 2018). Importantly, this pathway may also be shared by other PD genes 

such as SNCA and LRRK2 (Mosharov et al., 2009, Tong et al., 2009, Li et al., 2010).   

Cells were exposed separately to 10µM CCCP for 24 hours and 50nM rotenone for 48 

hours and expression of proteins was determined by immunoblotting (Figure 5.5 & 5.7) 

and subsequent densitometry analysis (Figure 5.6 & 5.8). Following exposure to 50nM 

rotenone for 48 hours, SYT-11 expression decreased in idiopathic PDs compared to 

control ONS cells (Figure 5.8) while G2019S containing cell lines showed an increased 

with the vehicle only. The expression of VDAC1 was significantly higher in 2141 

(KCNJ15 R28C (gene unpublished)) cell line on treatment with rotenone compared to 

both controls and iPDs (Figure 5.4).   
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Figure 5.5: Expression of mitochondrial proteins on exposure to CCCP in patient 

and control ONS (A to C). ONS cells were exposed to 10µM CCCP for 24 hours to 

dissipate the mitochondrial membrane potential (Control n=8, PD n=8, PD mutants =7). 

Total cell lysates were analysed by immunoblotting for the indicated outer 

mitochondrial membrane proteins. GAPDH was used as the loading control.  
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Figure 5.6: Densitometry analyses of western blot on exposure to CCCP in patient 

and control ONS (A1 to B2). ONS cells were exposed to 10uM CCCP for 24 hours to 

dissipate the mitochondrial potential (Control n=8, PD n=8, PD mutants =5. Total cell 

lysates were analysed by immunoblotting for the indicated outer mitochondrial 

membrane proteins. GAPDH was used as the loading control. P values were annotated 

from one way ANOVA (p-value*< 0.01, ** p<0.001, *** <0.0001, **** <0.00001).  
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Figure 5.7: Expression of mitochondrial proteins on exposure to 50nM rotenone in 

patient and control ONS cells (A to C). Representative images of ONS cells exposed 

to 50 nM CCCP for 48 hours (Control n=8, PD n=8, PD mutants =7). Total cell lysates 

were analysed by immunoblotting for the indicated outer mitochondrial membrane 

proteins. GAPDH was used as the loading control. 
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Figure 5.8: Quantitative analyses of western blot on exposure to rotenone in 

patient and control ONS (A, B). ONS cells were exposed to 50nM rotenone for 48 

hours (Control n=8, PD n=8, PD mutants =7). Total cell lysates were analysed by 

immunoblotting for the indicated outer mitochondrial membrane proteins. GAPDH was 

used as the loading control. Error bars indicate SEM (standard error of the mean). P 

values were annotated from Two way ANOVA (*p-value< 0.01, **p-value<0.001).   

 

5.2.4: Phenotypic screening of ONS on Exposure to Rotenone and CCCP: 

Based on the rotenone susceptibility of ONS cells to mitochondrial toxins, we asked if 

1) Cell lines carrying different PD mutations show baseline differences in the cellular 
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components which have been implicated in PD, and 2) Do the cell lines show 

differential response in the cytological profiles, to the mitochondrial stressors.  For this, 

patient derived and control ONS cells were exposed to different concentrations (50nM, 

250nM, 500nM and 1000nM) of rotenone and 10µM CCCP for 24 hours. The 

cytological profiling experiment was performed as described in Materials and Methods 

sections 2.17 and 2.18. 10µM chloroquine was used as the positive control for the 

Lysotracker staining.  

The data was investigated by plotting the median per well into plate layout format to 

explore any positional effect within the plate (Figure 5.9).  

 

Figure 5.9: Plate layout of Cell Area. Median per well was plotted in the plate layout 

format to explore any positional effects within plate. No positional effects were 

observed in the plate.  

 

5.2.4.1: LRRK2 G2019S carrying ONS show distinct cytological profile 

To investigate if differences in the cytological profiles exist for mutant ONS relative to 

controls, treated with vehicle (DMSO) only, multivariate analysis using principal 

component analysis (PCA) was performed (Figure 5.10). This showed distinct 
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clustering for 22551 (LRRK2 G2019S) and 2261(LRRK2 G2019S).  ANOVA followed 

by the comparison of each PD mutant cell line with the controls was performed to 

identify the mutation specific cytological parameters (Figure 11). LRRK2 G2019S 

carrying cell lines had lower LysoTracker intensity in the cytoplasm (Figure 11B), 

LC3b intensity (Figure 11C), and increased number of spots corresponding to EEA1 

(Figure 11E). 2261 (LRRK2 G2019S) also showed an increase in the LC3b texture 

(Figure 11D) which was not observed in the other LRRK2 G2019S cell line.  

 

 

Figure 5.10: Principal Component Analysis (PCA) with DMSO alone shows 

distinct cytological profiles in G2019S ONS. Log2 transformed values were subjected 

to PCA analysis. Non-overlapping clusters were identified for G2019S carrying ONS 

cells (2261 and 22551).  
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Figure 5.11: Difference in cytological profiles with DMSO alone. Log2 transformed 

values for DMSO (vehicle) only were plotted for different cytological parameters for 

controls and all the PD mutant cell lines. Global p-values were annotated from 

ANOVA. Comparison of each PD mutant cell line to the controls was performed. 

Arrow indicates where significant difference was observed ((*p-value< 0.01, **p-

value<0.001, ***p-value<0.0001).  
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5.2.4.2: PD ONS cells have lower mitochondrial texture than the controls at 500nM 

rotenone 

Next, PD mutant cell lines were grouped together irrespective of the mutation they carry 

and this PD group was compared to the control by t-test to identify the overall disease 

specific differences in the cytological parameters. It was found that PD group had lower 

mitochondrial marker texture than the controls at 500nM rotenone (Figure 5.12). This 

may be common to all the PD cell lines. Mitochondrial texture represents the pattern of 

Mitotracker intensity distribution and changes in texture may suggest changes in 

mitochondrial morphology. 

 

 

Figure 5.12: Difference in Mitochondrial marker texture between PDs and 

Controls. Log2 ratio of rotenone/DMSO for 500nM were plotted on y-axis for controls 

and PDs which are shown on x-axis. T-test generated p-value (1.67*10-5).  
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5.2.4.3: ONS cells with different PD mutations show different cytological response 

to rotenone 

In order to identify mutation specific response of ONS cells to different concentrations 

of rotenone and CCCP, PCA was performed with the Log2 ratio of Compound/DMSO. 

Different clustering of 22551 (LRRK2 G2019S) and 2261 (LRRK2 G2019S) compared 

to the controls was observed (Figure 5.14 A to D) mainly due to the endo-lysosomal 

parameters. 2704 (PARK2 ex 02) cell line was similar to other controls at the DMSO 

level but clustered separately following treatment with 50nM rotenone, however, the 

variability between technical replicates was high for this cell line at other concentrations 

of rotenone. ANOVA was performed with the Log2 ratio of rotenone/DMSO and 

CCCP/DMSO to determine the effect of compounds on different cytological parameters 

for patient derived ONS with PD mutations. Comparison of each mutant cell line was 

performed with the control group followed by p-value adjustment by the Holm method.  

22551 (LRRK2 G2019S) showed differential response in the endo-lysosomal and LC3b 

parameters at all concentrations of rotenone. 22551 (LRRK2 G2019S) showed 

significant reduction in the number of spots corresponding to the early endosomes 

detected by the EEA1 antibody. On the other hand, the intensity of the spots was 

significantly higher compared to the controls. There were fewer but enlarged endosomes 

(Figure 5.16). The lysosomal marker intensity and texture was significantly elevated in 

22551 (LRRK2 G2019S) in both inner and outer regions of the cells (Figure 5.16). 

There was also reduced LC3b intensity at 1000nM rotenone in this cell line. 

The cytological response of both PARK2 mutants following rotenone exposure differed 

despite each having the same phenotypic profiles on treatment with DMSO alone. This 

may be due to different functional consequences of the mutations they harbour. 

Rotenone at lower concentrations affected nuclear and cellular parameters in 2704 
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(PARK2 ex 02), resulting in reduced nuclear and cellular morphology and increased 

nuclear intensity and texture (Figure 5.16). 2704 (PARK2 ex 02) cell line had 

relatively reduced numbers of spots mainly in the inner region at 1000nM rotenone; 

reduced mitochondrial texture and increased mitochondrial intensity at 500nM 

rotenone. The mitochondrial and LC3b intensities were variable for this cell line.  

 

 

Figure 5.13: ONS stained with different cellular markers on exposure to 50nM of 

rotenone. Representative images of Control, 2251 (LRRK2 G2019S) and 2704 (PARK2 

ex02) stained with lysotracker (lysosomes), EEA1 (early endosomes), cell mask 

(cytoplasm) and dapi (nucleus).  
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Figure 5.14: Principal component analysis with Log2 ratio. (A to D, Log2 

(rotenone/DMSO)). The data for (rotenone/DMSO) for all cell lines was used to 

compute principal component analysis. 1.Controls, 2. 2509 (PARK2 ex 5-7), 3. 2704 

(PARK2 ex02), 4. 21551 (LRRK2 R1441), 5. 22551 (LRRK2 G2019S), 6. 2361 

(PINK1 G411S), 7. 2261 (LRRK2 G2019S), 8. 2141 (KCNJ15 R28C).  Both LRRK2 

G2019S containing cell lines, and 2361 (PINK1 G411S) were found to be clearly 

differently clustered from controls and the rest of the patient cell lines.    
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Figure 5.15: Cytological profiling with different concentrations of rotenone. Mean 

of Log2 (rotenone/DMSO) for all cytological parameters was plotted for different cell 

lines. ANOVA followed by the comparison of each PD cell line to the controls was 

performed 1.Controls, 2. 2509 (PARK2 ex 5-7), 3. 2704 (PARK2 ex02), 4. 21551 

(LRRK2 R1441), 5. 22551 (LRRK2 G2019S), 6. 2361 (PINK1 G411S), 7. 2261 (LRRK2 

G2019S), 8. 2141 (KCNJ15 R28C) (*p-value< 0.01, **p-value<0.001, ***p-

value<0.0001).  
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Figure 5.16: Dotplot showing differential cytological response of 2704 (PARK2 

ex02) and 22551 (LRRK2 G2019S) with 50nM rotenone. Mean of Log2 

(rotenone/DMSO) for all cytological parameters was plotted for different cell lines. 

ANOVA followed by the comparison of each PD cell line to the controls was performed 

(p value adjusted by Holm method) 1.Controls, 2. 2509 (PARK2 ex 5-7), 3. 2704 

(PARK2 ex02), 4. 21551 (LRRK2 R1441), 5. 22551 (LRRK2 G2019S), 6. 2361 

(PINK1 G411S), 7. 2261 (LRRK2 G2019S), 8. 2141 (KCNJ15 R28C) (*p-value< 0.01, 

**p-value<0.001, ***p-value<0.0001).  

 

 

 

5.5: Discussion: 

Research on genetic mutations and toxin-induced models of PD has suggested that 

mitochondrial dysfunction is a common feature of both sporadic and familial PD. We 

evaluated the expression of mitochondrial genes on exposure to rotenone and CCCP in 

primary ONS cells with mutations in PD associated genes to gain a better understanding 

of mitochondrial dysfunction in the aetiology of PD.  The ONS cell model provides 

valuable information to investigate the underlying pathogenesis because these 

unmodified cells may represent a more physiologically relevant representation of 

disease and could help explore different cellular features in vitro.  We also employed 
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phenotypic screening to evaluate the response of cellular constituents under stress 

conditions.  

We determined the cell viability of patient and control derived cells in response to the 

CCCP in order to determine its effect on overall cellular health. For this, we 

investigated the patient derived cells by means of the CyQuant assay which quantitates 

DNA and can act as a proxy for viable cell numbers. At 48 hours following CCCP 

treatment there were less patient-derived ONS cells in culture relative to control-derived 

cells. This may reflect an increase in PD cells’ susceptibility to mitochondrial stress. 

Similar disease specific differences have previously been reported in response to 

rotenone treatment (Murtaza et al., 2016). 

We also investigated the expression of SNCA RNA in all of the cell lines. Control ONS 

cells do not express detectable levels of SNCA protein under normal baseline 

conditions. SNCA aggregation in the form of Lewy bodies and Lewy neurites is the 

pathological hallmark of PD and protein aggregation and their impaired degradation is 

one of the underlying mechanisms of PD (Beilina and Cookson, 2016). SNCA is mainly 

degraded by the lysosomes via chaperone mediated autophagy (Cuervo et al., 2004) the  

impairment which  may augment the expression of SNCA which may trigger toxic 

events in the brain (Roosen and Cookson, 2016). Interestingly we did observe 

significant expression of SNCA RNA in DMSO treated 2261 (LRRK2 G2019S) and 

22551 (LRRK2 G2019S) ONS as well on treatment with rotenone. It has been suggested 

previously that increased SNCA transcripts may be a risk factor for neurodegeneration 

(McLean et al., 2012). Point mutations (Polymeropoulos et al., 1997, Krüger et al., 

1998) and multiplications of wildtype SNCA (Singleton et al., 2003, Chartier-Harlin et 

al., 2004, Farrer et al., 2004, Ibanez et al., 2004, Nishioka et al., 2006, Fuchs et al., 

2007) cause PD in rare families which strongly suggest that overexpression of wild type 

SNCA causes PD in a dose-dependent fashion (Fuchs et al., 2008). We observed this 
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increase only in LRRK2 G2019S containing cell lines. Aggregation of SNCA protein 

has been suggested in the neurons of LRRK2 G2019S pointing to the impairment of 

autophagy and lysosomal clearance of aggregated SNCA (Friedman et al., 2012, 

Orenstein et al., 2013, Henry et al., 2015).  

Associated with the SNCA oligomerization is PGC-1α which has been implicated in PD 

as the regulator of mitochondrial biogenesis, respiration and the expression of 

detoxifying enzymes to mediate ROS metabolism (St-Pierre et al., 2006). The 

expression of PGC-1α transcript is diminished in PD patients brains as well as in 

transgenic mice with SNCA A30P mutation (Eschbach et al., 2015). In our study, we 

observed lower levels of expression of PGC-1α in 2509 (PARK2 exon5-7) and 2361 

(PINK1 G411S) when treated with CCCP while 2704 (PARK2 exon 2), 22551 

(LRRK2 G2019S) and 2141 (KCNJ15 R28C), showed increased expression compared to 

both iPDs and controls. The expression of PGC-1α is finely regulated in the brain and 

an over or under expression beyond physiological levels may lead to neurodegeneration. 

In rats, an overexpression of PGC-1α leads to the degeneration of dopaminergic neurons 

(Ciron et al., 2012). The studies entailing the role of PGC-1α in PD provide inconsistent 

results regarding its overexpression (Lindholm et al., 2012) which may be due to the 

fact that PGC-1α has the neuroprotective role when increased modestly; however, an 

excessively large expression or under-expression leads to neurotoxicity. It may disrupt 

the balance between mitochondrial fission and fusion which may be reflected in the 

change in mitochondrial morphology or network.  High expression levels of PGC-1α 

can lead to a shift in the mitochondrial dynamics towards fusion by regulating the 

transcription of genes involved in maintaining mitochondrial dynamics such as MFN1, 

MFN2 and DRP1 (Dabrowska et al., 2015) and lead to metabolic disturbance 

characterized by mitochondrial hyperactivity and increased production of reactive 

oxygen species (Lindholm et al., 2012). These events, in turn, can supersede regulatory 
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pathways necessary for the survival of dopaminergic neurons thus promoting apoptosis. 

Another explanation for the heightened PGC-1α expression leading to mitochondrial 

biogenesis and ultimately neuronal death, is that an increase in number of mitochondria 

in the brain can affect their transport via axons (Wareski et al., 2009) and thereby 

disrupt mitophagy which can result in the accumulation of proteins necessary for 

neuronal cell survival (Lindholm et al., 2012). The reduction of PGC-1α RNA in 2509 

(PARK2 exon5-7) and 2361 (PINK1 G411S) compared to controls and iPDs was 

observed after CCCP treatment. Parkin regulates the expression of PGC-1α via the 

PARIS (parkin interacting substrate) pathway. Inactivation of parkin can lead to an 

upregulation and accumulation of PARIS which is the suppressor of PGC-1α, 

transcriptional coactivator of mitochondrial biogenesis. Thus, loss of parkin may result 

in neurodegeneration by impairing mitochondrial biogenesis by reducing the PGC-1α 

(Shin et al., 2011).  

An overexpression of VDAC1 RNA  was observed in CCCP treated 2509 (PARK2 

exon5-7) and 22551 (LRRK2 G2019S) compared to controls and iPDs. VDAC1 is the 

most abundant protein in the outer mitochondrial membrane and regulates the 

permeability of outer mitochondrial membrane. It serves as a gating sensor to mediate 

the influx of metabolites between mitochondria and cytosol and serves as a target for 

anti-apoptotic proteins and post translational modifications (Abu-Hamad et al., 2009). 

VDAC1 is the integral component of the mitochondrial permeability transition pore 

(mPTP). Under physiological conditions, mPTP reamins in the closed state and 

mainatains the polarity of the mitochondria. Cytotoxic stimuli causes this to open, 

dissipatees the mitochondrial membrane potential, releases calcium from mitochondria, 

increases the production of reactive oxygen species and releases the pro-apoptotic 

proteins. (Abou-Sleiman et al., 2006). Thus overexpression of VDAC1 leads to 

increased cell death in animal cells making them more sensitive to apoptosis (Godbole 
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et al., 2003). SHSY5Y cells treated with rotenone and MPP+ show elevated VDAC1 at 

both mRNA and protein level  (Xiong et al., 2009, Burte et al., 2011). Similarly, rats 

treated with 6-hydroxydopamine exhibit increased levels of VDAC1 in the striatum 

(Lessner et al., 2010). Further, parkin null mice also have higher expression of VDAC1 

in the striatum and the cortex (Periquet et al., 2005). VDAC1 is also a parkin substrate 

which requires functional parkin to gets ubiquitinated and degraded.  Loss of parkin 

mutations can exacerbate VDAC1 expression, rendering neurons more susceptible to 

mitochondrial toxins. Thus high levels of VDAC1 may be considered a potential early 

marker of cell death in PD (Chaudhuri et al., 2016). Higher levels of VDAC1 are also 

associated with the increased SNCA levels. Transgenic mice with A53T forms of 

SNCA have increased opening of mitochondrial permeability transition pore (mPTP) as 

suggested by swollen mitochondria (Martin et al., 2014). Interestingly,  DMSO, CCCP  

and rotenone treated 22551 (LRRK2 G2019S) also exhibited excessively high levels of 

SNCA and VDAC1 RNA. LRRK2 has been known to interacts with mitochondrial 

proteins such as PINK1 and Parkin which mediate mitochondrial stress (Venderova et 

al., 2009). VDAC1 is essential for mitophagy and increased VDAC1 levels are related 

with impaired ATPase (complex V) activity (Manczak and Reddy, 2013, Manczak et 

al., 2013). Fibroblasts from LRRK2 G2019S have altered mitochondrial funciton with 

decreased ATP production, and increased mitochondrial length and connectivity 

(Mortiboys et al., 2010). Cytological profiling of 22551 (LRRK2 G2019S) revealed a 

decrease in the number but an increased intensity of early endosomes as determined by 

EEA1 (early endosome antigen 1) in the inner and outer cell region as well as an 

increase in the lysosomal intensity and texture which may be due to the impairment of 

endolysosomal and autophagy pathways. LRRK2’s role in endosomal and lysosmal 

system has been previously described. The number (Sardiello et al., 2009) and position 

(Korolchuk et al., 2011) of lysosomes reflect their proper functioning which requires 
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fusion with autophagosomes and endosomes. Lysosomal morphology may also dictate 

the endocytic health (Hockey et al., 2015). Previous reports suggest lysosomal defects 

in patients harboring LRRK2 G2019S mutation where lysosmes are enlarged and 

clustered in the perinulcear area with an increase in the calcium signalling (Hockey et 

al., 2015). Moreover, primary cortical neurons (MacLeod et al., 2006) as well as the 

SHSHY5Y cells expressing the LRRK2 G2019S  mutant also have an increased 

lysosomal compartments (Plowey et al., 2008). LRRK2 affects the endosomal pathway 

and synaptic vesicle endocytosis in primary hippocampal neurons (Saito et al., 2003). 

We also observed an increase in lysosomal  and ensosomal intensity in LRRK2 G2019S 

containing  cells which is consistent with the previous reports. The LC3b marker 

intensity on the other hand was reduced only at 1000 nM rotenone which may be due to 

an impairment in the autophagosome formation or maturation (Zhang et al., 2013). 

SYT-11 levels also varied with DMSO in LRRK2 G2019S containing cell lines. SYT-11 

along with ATP13A2,  a lysosomal type 5 P-type ATPase, regulates the lysosmal 

function, autophagy pathway and alpha-synuclein clearance (Bento et al., 2016). The 

decrease intensity of LC3b may reflect decreased autophagosomes or an increased 

autophagosomal clearance by the lysosomes. The expression of SYT-11 was found to 

be increased  in 22551 (LRRK2 G2019S) and 2261 (LRRK2 G2019S). SYT-11 may also 

block autophagy and result in accumulation of alpha-synuclein (Bento et al., 2016). The 

SNCA RNA expression was significantly elevated in these cell lines. SYT-11 is 

regulated by ATP13A2 at both RNA and protein levels. It transports proteins involved 

in the normal functionaing of lysosomal pathway. A defect in this pathway may lead to 

the accumulation of autophagy substrates such as SNCA aggregates and damaged 

mitochondria, making neurons more susceptible to cell death. This may also suggest a 

possible crosstalk between PINK1/Parkin and ATP13A2/SYT11 pathways (Bento et al., 

2016). SYT-11 may also act as the negative regulator of endocytosis. It may block 
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autophagy either by inhibiting the fusion of autophagosomes and the lysosomes or by 

affecting the activity of lysosmes (Wang et al., 2016). The G2019S harbouring cell lines 

in our study may have a lysosomal impairment which may be linked to the 

ATP13A2/SYT11 pathway. However, this warrants further investigation by looking at 

the expression of other genes involved in this pathway. 

The cell line 2704 (PARK2 ex 2) did not show any significant difference in the 

cytological profile with DMSO compared to the controls. However after exposure to 

50nM of rotenone , the cytological profile showed differences from the other cell lines, 

mainly due to increase in mitochondrial, nuclear and LC3b intensity and decrease in 

mitochodnrial texture. This cell line had significantly higher expression of PGC-1α on 

treatment with CCCP. The nuclear and cellular area were reduced at this concentration 

compared to the controls which may suggest an increased susceptibility to apoptosis. At 

other concentrations, the variability was too high for this cell line to draw any 

conclusions. TOM20 expression was also significantly higher in this cell line. Elevated 

levels of LC3b intensity may reflect impairment in the fusion and degradation steps of 

autophagy (Zhang et al., 2013). The reduced SYT-11 expression may also indicate 

impaired autophagic activity which can compromise mitochondrial function (Gusdon et 

al., 2012). This may also suggest a link between the SYT-11 and PARK2/PINK1 

pathways in PD. Interestingly, 2509 (PARK2 ex 5-7) had reduced expression of 

mitochondrial proteins (TOM20, VDAC1, SYT-11), which is contradictory to the 2704 

(PARK2 ex 2). The discrepency in the expresion of mitochondrial genes in these cell 

lines may be due to different mutations. The mutation in 2704 (PARK2 ex 2) cell line 

corresponds to the UBQ domain which lies at the N-terminus of Parkin and shares 30% 

homology with human ubiquitin. It plays a significant role in autoinhibition by 

autoubiquitination of Parkin (Chaugule et al., 2011). The pathogenic mutations in UBQ 

domain may prevent autoubiquitination and may either lead to the hyperactivity of 
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parkin and modification of its substrates indiscriminately, or inactivation of parkin by 

proteosomal degradation (Chaugule et al., 2011).  The latter case may also result in 

accumulation of its substrates. The possible reason for higher mitochondrial and LC3b 

intensity in 2704 (PARK2 ex 2) may be an impaired mitophagy due to the loss of 

parkin. Parkin mediates the degradation of SYT-11 through proteosomal degradation 

system. Absence of functional parkin may lead to reduced levels of SYT-11 which can 

disrupt endocytosis and vesicle transport in the dopaminergic neurons (Wang et al., 

2018). Parkin, an E3 ubiquitin ligase is involved in the mitochondrial maintenance. 

Parkin is phosphorylated by PINK1 and recruited to the damaged mitochondria upon 

mitochondrial depolarization. Under these conditions, it is localized to the outer 

mitochondrial membrane where it ubiquitinates other outer mitochondrial proteins 

which ultimately recruits autophagic machinery to remove damaged mitochondria 

(Chan et al., 2011). Overall, parkin is involved in the coordinating various aspects of 

mitochondrial health including mitochondrial biogenesis, mitophagy and mitochondrial 

dynamics which are all finely regulated. An imbalance among these processes may 

compromise mitochondrial structure and function (Haylett et al., 2016).  

The 2141 (KCNJ15 R28C) cell line expressed elevated levels of PGC-1α and VDAC1 

which may suggest some impairment in the mitochondrial dynamics. However, we did 

not observe any significant change in the cytological profiles of this cell line relative to 

control cells. KCNJ15 (Potassium inwardly-rectifying channel, subfamily J, member 

15) is located in the Down syndrome chromosome region-1 and is a member of 

potassium voltage gated channel family. KCNJ15 is abundantly expressed in the 

immune system and altered transcript levels have been observed in the blood of 

Alzheimer’s patients (Zhou et al., 2018). KCNJ15 is also abundantly found in the adult 

brains in both human and mice (Thiery et al., 2003). KCNJ15 has been found to be a 

ligand for the PDZ domains which are cytoskeletal proteins responsible to recruit their 
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ligands to the specific subcellular localization and regulate synaptic function (Kurschner 

et al., 1998). Several potassium channels have a mitochondrial counterpart and regulate 

the potassium influx from cytosol to the mitochondria (Bernardi, 1999). Further 

functional evidence is required to understand the pathogenicity of this mutation in 

Parkinson’s disease.  

Overall, the investigation of mitochondrial and autophagic proteins and cytological 

features may point to the mitochondrial and lysosomal impairment in some PD cell lines 

which requires further functional evidence to comprehend these pathways and their role 

in Parkinson’s disease.  
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6.1: Introduction 

High content screening (HCS) is a method which employs microscopy based 

measurements of large numbers of features to examine the response of cells or whole 

organisms to particular genetic or chemical perturbations. Cells are usually seeded in 

384-well plates. HCS combines techniques from fields such as image processing and 

machine learning to analyse large amounts of bioimage data. The focus is usually to 

identify compounds or genes that can produce a desired cellular response (Shariff et al., 

2010).   

HCS is being applied in the field of neurobiology to the study the mechanisms of 

disease, testing new models for disease and for the screening of molecules for 

developing therapeutics. It can also help to identify and validate the cellular targets 

affected by disease. The traditional method of high throughput chemical screening can 

screen a large number of chemical compounds but few biological questions. However, 

using a small number of compounds and large number of potential biological targets can 

identify novel and specific compounds (Tanaka et al., 2005). These compounds may 

have therapeutic implications or may act as biomarkers for disease.  

6.1.1: Machine Learning 

Machine learning is a branch of artificial intelligence which utilizes different algorithms 

to develop a model in which performance improves with experience. Several model-free 

algorithms exist which have been used for the classification of PD. These algorithms 

can be employed for both prediction and data mining and benefit from constant learning 

and retraining to improve their performance (Gao et al., 2018).  

Different machine learning algorithms e.g. random forest (RF), support vector machines 

(SVM) and neural networks are employed for the classification and prediction of data.  
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6.1.1.1: Random Forests (RF) 

Random forests, which were developed by Leo Breiman and Adele Cutler (Breiman, 

2001), integrate bootstrap aggregation (bagging) (Breiman, 1996) and random feature 

selection (Amit and Geman, 1997)  to build large numbers of decision trees. RF is in the 

form of an ensemble classifier consisting of many decision trees which form the 

building blocks of the random forest. The final decision is the average of predictions of 

all the individual decision trees. The term “random” comes from sampling N samples 

from a dataset at random to construct a “training set”. This is referred to as the bootstrap 

sampling. The bagging defines the aggregation of the individual decision trees to make 

a final decision. An illustration of random forest is provided in Figure 6.1.  
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Figure 6.1: Illustration of Random Forest. A random forest makes “n” number of 

trees. The data is randomly split into N samples and each node is split based on a single 

variable. The tree ends in a terminal node which makes predictions depending on the 

path taken through the tree. The final prediction is based on the individual decision 

trees.  

 

6.1.1.2: Performance Metrics 

The model can be cross validated by splitting the data into two subsets: train set and test 

set. The train set is used during developing the model and test set is for testing the 

performance of classifier. The suitability of each model can be tested by different 

metrics on the training dataset before it can be applied to the test data.  
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6.1.1.3: Confusion Matrix 

A confusion matrix is a very useful method of visualizing the binary classifier. The 

number of correctly classified samples is represented on the diagonal of the matrix. 

These are true positive (TP) and true negatives (TN).  

Table 6.1: Confusion matrix representing the classification between Patients and 

Controls 

 

Observed Predicted 

 Patients Controls 

Patients True Positive 

(TP) 

False 

Negative 

(FN) 

Controls False 

Positive (FP) 

True 

Negative 

(TN) 

 

1. Accuracy 

The accuracy can be determined as below.  

Accuracy= TP + TN 

                      TP + TN + FP + FN 

 

The accuracy is a good measure of performance if the distribution of both classes is 

balanced. In the case of unbalanced distribution, the classifier tends to label the class 

which is in larger proportion.  

2. Sensitivity and Specificity 

The sensitivity is a measure of true positives (TPs) and the specificity is the measure of 

true negatives (TNs). Balanced accuracy takes into account both sensitivity and 

specificity of the model.  

Sensitivity = TP/TP + FN 

Specificity= TN/ TN + FP 
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3. Balanced accuracy 

Accuracy of the model is the trade-off between the true positive and the true negatives. 

Balanced accuracy is the average of both sensitivity and specificity as described below.  

Balanced Accuracy = sensitivity + specificity 

                 2 

 

The results of the classifier are usually plotted in the form of ROC (receiver operating 

characteristic) curve which shows the sensitivity on x –axis and specificity on the y 

axis. The balanced accuracy is the trade-off between sensitivity and specificity as 

illustrated in Figure 6.2.  

 

 

Figure 6.2: An example ROC curve for a binary classier. The black line indicates an 

ideal classifier. The relationship between the sensitivity and the specificity is indicated 

by the green line. 

 

This chapter describes the statistical analyses of cytological profiling data performed by 

different users at different times. The purpose of the analysis was to investigate the 
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robustness of cytological profiling and various methods were used for the analysis 

which include both unsupervised methods such as principal component analysis (PCA) 

and supervised machine learning algorithms to classify cell lines derived from PD 

patients and controls into respective groups.  

6.2: Materials and Methods 

The complete workflow for the analysis of data for the cytological profiling experiments 

is provided in the Figure 6.2. The following steps were carried out for the analysis.  

6.2.1: Image Analysis 

The plates were imaged by an automated imaging system, Operetta at 20X and images 

were segmented for different morphological, texture and intensity analysis as described 

in Materials and Methods section 2.18.  

6.2.2: Data Collection and Pre-processing 

The data from phenotypic screening for negative and positive controls from 16 

cytological profiling experiments was performed at different times and by five different 

users. The raw data were obtained as csv files. Only experiments having a common cell 

line were used for further analysis, resulting in a total of 13 experiments. The common 

cell line was used for standardizing the data and minimizing the inter-experimental 

variation. This resulted in data which consisted of 22 control and 16 patient derived cell 

lines.  

The intensity-based parameters were normalized to cell area except nuclear marker 

intensity which was normalized to the nuclear area. The data was cleaned in Pipeline 

Pilot 9.1 to remove the missing values. The median for each well was calculated for all 

the parameters and data were transformed by the log 2 transformations.   
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6.2.3: Data Pre-treatment/ Scaling 

Various statistical techniques were used for combining the data from different 

experiments to reduce the inter-experimental variation. This was performed in RStudio 

Version 1.0.153 (R Core Team, 2017). Data centring by means of DMSO for a common 

cell line was found to be more consistent.  Data centring was performed for each 

experiment. After combining data from different experiments, two-way ANOVA was 

performed for each parameter from different experiments for a common cell line to 

explore the effect of centring as well as to determine inter-experimental variation.  The 

data was also scaled for principal component analysis (PCA).  

6.2.4: Quality Control (QC) 

Outliers were removed from the mean of DMSO of a common cell line for different 

experiments. Values which lay beyond 3 standard deviations from the mean were 

considered as outliers. Experiments with high variability were also removed from 

further analysis.  

6.2.5: Robustness/Reproducibility  

To determine the reproducibility/robustness of cytological profiling, Principal 

Component Analysis (PCA) was performed with the cell line common among all 

experiments. The mean and standard deviation of DMSO treatment and positive 

controls were plotted as boxplots and the response of each compound was explored.  

6.2.6: Principal Component Analysis (PCA) 

For the experiments where both control and patient cell lines were used, data were 

explored by PCA to determine the clustering tendency of both patient and controls 

samples. PCA was also performed with the combined data.  



STATISTICAL ANALYSIS OF CYTOLOGICAL PROFILING DATA 

CHAPTER 6 Page 156 

6.2.7: Univariate Analysis 

In order to find the differences between PD and controls, univariate analysis was 

performed using t-test. The F-test and Shapiro Wilk test were used to determine the 

homogeneity of variance and normal distribution of both control and patient data.   

The following packages in R were used for analysis and plotting: “dplyr” (Hadley 

Wickham et al., 2017), “ggplot2” (Wickham, 2009), “ggpubr” (Kassambara, 2017), 

“factoextra” (Alboukadel Kassambara and Mundt, 2017) and “factoMiner” (Sebastien 

Le et al., 2008),  
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Figure 6.3: Workflow for the Classification of samples based on Cytological 

Profiling Data 

 

6.2.8: Correlation Analysis 

The correlation between different parameters (correlation coefficient > 0.8) was 

determined by making a correlation matrix for all parameters with the combined data. 
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Correlation heatmaps were generated in R using the “ggplot2” (Wickham, 2009) 

package. 

6.2.9: Multivariate Modelling 

Machine learning algorithms including Random Forest (RF), support vector machine 

(SVM), and partial least square discriminant analysis (PLS-DA) were carried out using 

“caret”, “randomForest” (Andy Liaw and Wiener, 2002) and “ROCR” packages (T. 

Sing et al., 2005) in order to determine the predictive performance of the cytological 

profiling data for the classification of PDs and controls.  For each model, the data was 

randomly split into train set and the test set. The predictive performance of each 

classifier was determined by specificity, sensitivity, accuracy and balanced accuracy 

and was plotted in the form of ROC (receiver operating characteristic) curve.  

6.3: Results: 

6.3.1: Combining and centring data: 

Different statistical methods were used to combine data from different experiments to 

remove inter-experimental variations. Centring with the mean of the data from DMSO 

treatment of a common cell line was found to be most useful in minimizing the variation 

between different experiments. For this, the mean of the data from the DMSO treatment 

of a common cell line was calculated. The outliers which were 3 standard deviations 

away from mean were removed. Centring was performed for each experiment. One way 

ANOVA was performed with the DMSO profiles of cell line number 2813 to determine 

the effect of inter-experimental variation. The standard deviation of DMSO values for 

cell line number 2813 were determined before and after centring to investigate any 

variation due to centring. Figure 6.3 shows the boxplot for ratio of width to length for 

different experiments.  
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Figure 6.4: Boxplot showing the data after centring for a common cell line for 

different experiments. X-axis showing different experiments and Y-axis shows the 

log2 transformed value of the variable which in this case is the “Cell Morphology ratio 

width to length”.  

 

6.3.2: Correlation Analysis: 

The Spearman Rank-order correlation was performed to determine highly correlated 

variables.  The correlation heatmap was plotted using “corrplot” package in R as shown 

in Figure 6.4. The blue colour indicates the positive correlation and the red colour 

indicates the negative correlation. The intensity of the colour shows the strength of the 

correlation. The correlation coefficient (rs) has values from -1 to 1. The threshold of 

correlation coefficient (rs) > 0.8 was selected to determine the highly correlated 

variables. The value closer to 0 indicates where the variables are not correlated. For 

example, the tubulin, mitochondrial, LC3b and lysosomal intensities in the inner and 

outer regions of cell were highly correlated with each other.  
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Figure 6.5: Spearman Rank-order Correlation. Heatmap showing the correlation 

coefficient (rs) values from -1 to 1 along with the colour scale (blue shows the positive 

correlation and red shows the negative correlation). The darker the colour, the more 

correlated the variables are. The significance of the correlation was calculated with the 

P value of 0.01. The blanks cells indicate where p value is less than 0.01.  

 

The statistical significance of the correlation was determined with the p-value threshold 

of 0.01. The blank cells in the correlation heatmap show where the correlation between 

the two pair of variables is insignificant.  
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6.3.3: Univariate Analysis: 

The mean and the standard deviation were calculated for the patient and the control 

group and were plotted as boxplot using R package “ggplot2” (Wickham, 2009). 

Wilcoxon rank sum was calculated to determine the differences between the two 

groups. Some of the variables which were significantly different between the two 

groups are shown in Figure 6.5. The rest of the parameters are shown in the 

supplementary Figure S6.2. For this, the combined and standardized data were grouped 

into two groups based on their disease status as controls or PDs. A p value threshold of 

0.05 was used to define significance. Among other variables which were significantly 

different between PDs and controls, cellular, tubulin, mitochondrial and autophagic 

parameters were the most highly significant. The intensity and texture (mitochondrial 

and LC3b only) of these parameters was higher in PD group than in the controls while 

the microtubule texture was lower. It was also found that endosomal parameters were 

more variable than others parameters. The PD group also had higher cellular and 

nuclear morphology and smaller cell area compared to the controls.   
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Figure 6.6:  Differences in PDs and Controls for different cytological features. The 

boxplots were generated from the combined data of PDs and control for different 

cytological features. The x axis shows the group and the y axis shows the values centred 

to the mean of the DMSO treatment of a common cell line.  

 

6.3.4: Multivariate Analysis: 

6.3.4.1: Reproducibility/Robustness 

DMSO and positive control profiles of a common cell line for different experiments 

were used to determine the reproducibility of the technique by principal component 

analysis (Figure 6.5).  
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Figure 6.7: Reproducibility/Robustness of the Cytological Profiling. DMSO profiles 

of a common cell line for different experiments were analysed by the Principal 

Component Analysis (PCA). A. shows the positive controls across different 

experiments. B shows the result of individual experiments. 

 

6.3.4.2: Principal Component Analysis 

Principal component analysis was performed with the DMSO profiles of all the cell 

lines from different experiments as shown in Figure 6.8 (A). The individual cell lines 

are indicated in Figure 6.6 (B).  In the first principal component, cell morphology, 
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mitochondrial, LC3b and the tubulin intensity explained the most variance. The first 

four principal components explained 71% of the variance as shown in Scree plot which 

is the plot of eigenvalues from largest to smallest.  
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Figure 6.8: PCA performed with DMSO profiles of all cell lines. A represents the 

individual experiments, B represents the individual cell lines, C represent the scree plot, 

D represents the variable correlation plot.  

 

The variable correlation plot shows the relationship between different variables as well 

as their contribution to the principal components. The positively correlated variables are 

grouped together and on the same side of the quadrants while the negatively correlated 

variables are grouped on the opposite side. The distance between variables and the 
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origin indicates the quality of their contribution to the corresponding principal 

component.  

 

 

Figure 6.9: Principal Component Analysis with the combined data. Figure shows 

the grouping of patient and control cell lines indicated by different colours.  

 

6.3.5: Multivariate Modelling 

Multivariate modelling using machine learning algorithms was performed on the 

combined data of all experiments. The performance of five algorithms (support vector 

machine, random forest, k nearest neighbours, linear discriminant) was determined 

using factoextra package in R. The accuracy and Cohen’s kappa was used to evaluate 

the performance of each classifier. Cohen’s kappa is accuracy normalized at the 

baseline of random chance. This is more useful in case of unbalanced datasets. Both 

accuracy and kappa was plotted using dotplots as shown in Figure 6.10. 
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Figure 6.10: Performance of different classifiers using 10 fold cross validation. X-

axis shows the accuracy of the classifier which is indicated on y-axis. Svm (support 

vector machines), rf (random forest), knn (k-nearest neighbours), cart (classification and 

regression trees), lda (linear discriminant analysis).  

 

Random forest (RF) was performed to determine the accuracy of the model to classify 

the patient and the controls in their respective groups based on the cytological profiles 

with DMSO. For this purpose, the data was randomly split into the training set and the 

test set. The model was trained on the “training set” and tested on the “test data”.  There 

were 2000 trees made for the training set and model was tuned for the optimum number 

of trees and the variables to be used at each split for the individual decision trees. The 

train set resulted in the accuracy of 90% with 9.7% out of bag error rate. The sensitivity 

and the specificity was 78 and 97 % which resulted in the balanced accuracy of 88%.  

The variables which showed the most significance in the model are shown in variable 

importance plot by mean decrease in accuracy and mean decrease in Gini (Figure 6.6). 

The plot shows the variables which are most significant in classification of data from 
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top to bottom based on their importance. The lysosomal marker texture, mitochondrial 

marker intensity and LC3b texture explained the most significance in classifying the 

data. 

 

Table 6.2: Confusion Matrix showing the result of Random Forest with the test 

data 

Confusion Matrix and Statistics 
 
Reference 
Prediction   1   2 
1 109   6 
2  31 230 
 
Accuracy : 0.9016 
95% CI : (0.8669, 0.9298) 
No Information Rate : 0.6277 
P-Value [Acc > NIR] : < 2.2e-16 
 
Kappa : 0.7815 
Mcnemar's Test P-Value : 7.961e-05 
 
Sensitivity : 0.7786 
Specificity : 0.9746 
Pos Pred Value : 0.9478 
Neg Pred Value : 0.8812 
Prevalence : 0.3723 
Detection Rate : 0.2899 
Detection Prevalence : 0.3059 
Balanced Accuracy : 0.8766 
 
'Positive' Class : 1 
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Figure 6.11: Receiver Operating Curve (ROC) depicting the sensitivity and the 

specificity of the random forest (RF). X-axis shows the rate of false positives (FP) and 

y axis shows the rate of true positive (TP). 
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Figure 6.12: Variable Importance Plot for random forest (RF). Variables are plotted 

on y-axis and mean decrease in accuracy is on x-axis. Variables are sorted based on 

their importance from top to bottom.  
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6.4: Discussion: 

Machine learning methods have been applied for the prediction of Parkinson’s disease 

in a number of healthcare and research settings (Sriram et al., 2015). Parkinson’s data 

sets are usually large and characterized by the variety, volume, veracity, velocity and 

value of the data being collected and used. The data that could be used to classify PD is 

extremely variable and can reflect totally different aspects of the condition. For example 

the data may be epidemiological or clinical. It may be in the form of texts, images (eg 

MRI), audio, or, as is the case in the current study, it can be molecular biology data 

revealing the insides of the cells and the important molecular pathways involved. 

Veracity, accuracy and reliability of the data is another challenge in the field of 

Parkinson’s disease. The big data in PD is usually collected by different resources and 

different times and is therefore sparse and heterogeneous. Despite the complexity and 

heterogeneity of the data, it carries a huge value in terms of identifying potential 

biomarkers, the usual goal of which is to detect the disease at early stages. Often the 

data has hidden information which can be extracted by appropriate data mining 

techniques (Veilukandammal et al., 2018).  

We collected data from different cytological profiling experiments for predicting the 

classification of patients and controls into their respective groups. The aim of this 

chapter was also to statistically determine the suitability of cytological profiling in 

terms of its reproducibility, robustness and variability. The data consisted of 

morphology, texture and intensity properties of different cytological features such as 

nucleus, cell, autophagosome, mitochondria, lysosomes and tubulin which have been 

previously implicated in Parkinson’s disease. For this purpose, only the samples treated 

with negative control (DMSO) and positive control (nocodazole, rotenone, chloroquine 

and CCCP) were extracted from data. The DMSO profiles of patients and controls 



STATISTICAL ANALYSIS OF CYTOLOGICAL PROFILING DATA 

CHAPTER 6 Page 173 

showed distinct differences as determined by principal component analysis. It was 

interesting to see that differences exist in basic cellular parameters such as cellular 

morphology and roundness between PD and control cell lines at baseline. Compared to 

controls, PD cell lines showed significantly differenct tubulin, mitochondrial and 

autophagic parameters among others. Mitochondrial and LC3b intensity and texture 

were higher in the PD group. This is in accordance with the previous reports where an 

elevated level of microtubule-associated protein 1 light chain 3 (LC3) was observed in 

the substantia nigra of PD patients (Dehay et al., 2010). Moreover, mitochondrial 

dysfunction in the pathogenesis of PD is also known. Microtubule texture was also 

relatively lower in PD cells further suggesting a change in the microtubule dynamics in 

PD.  

To the best of our knowledge, this is the first study using phenotypic screening data for 

the classification of Parkinson’s disease. Phenotypic screening using automated 

microscopy generates huge amount of data which using appropriate data mining 

techniques can be used for extracting meaningful results. We have used cytological 

profiling (CP) for the classification of sporadic PD and controls and the technique has 

yielded promising results. The sensitivity of the technique was high. The differences 

between PDs and controls remain consistent in the experiment ranging from 2 samples 

(1 PD versus 1 control) to 20 samples (10 PD versus 10 controls). Future experiments 

may involve treatment of samples with small molecules which may act as probes to 

identify disease specific changes in the cytological profiles. Further, large number of 

samples may be employed to validate the results. 
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7.1: Introduction: 

High content screening (HCS) using small molecules may enable the study of complex 

cellular functions particularly those which require combined input from several 

pathways. HCS also provides an unbiased and multidimensional assay as the probes can 

target any protein regardless of its activity and may produce a specific phenotype. 

However, limitations for the use of such probes are that the phenotypic readouts may 

reflect interaction with multiple signalling pathways thereby complicating the discovery 

of probes (Castoreno and Eggert, 2011).  Phenotypic screening using human olfactory 

neurosphere derived (ONS) cells has been used to find biologically active molecules 

(Vial et al., 2016, Wang et al., 2016). A particular advantage of ONS cells is they have a 

large cytoplasmic to nuclear ratio, which facilitates the detection of altered 

morphological and intensity based parameters with greater sensitivity (Vial et al., 2016).  

In this chapter, we further investigated 15 molecules which had shown biological 

activity in one patient derived cell line. Here we screened ONS lines from 7 controls 

and 7 PD patients harbouring mutations in various PD related genes including PARK2, 

PINK1, LRRK2 and KCNJ15. We asked the following questions: 1) Do the potential 

probes induce disease specific phenotypic responses, common to different PD 

mutations? 2) Is there any specific phenotypic response in ONS cells which may 

correspond to the mutations they harbour? 3) Is there any structure–activity relationship 

for the potential probe molecules i.e. do structurally similar molecules produce the same 

phenotypic response? And, 4) Is the phenotypic response dose dependent? A probe may 

produce a PD specific response which may be common to different mutations. This may 

suggest a common pathway shared between different PD mutations. Or it may produce 

a phenotypic response specific to a particular mutation, which may help to comprehend 

the underlying mechanism of pathogenesis caused by that mutation. The structure 
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activity relationship of the identified probes may help to discover similar molecules 

whose function or mechanism of action if known may assist in understanding the same 

for the latter.    

 

7.2: Materials and Methods: 

7.2.1: Selection of Molecules and Properties: 

We screened potential probe molecules on ONS cells from 7 controls and 7 PDs which 

harbor mutations in PARK2, PINK1, LRRK2 and KCNJ15. The molecules were selected 

based on the biological response they induced in one patient derived cell line in the 

Mellick lab. Based on responses on the respective cytological features, the potential 

probes were designated as nuclear, cellular, mitochondrial, lysosomal or endosomal. 

Some of the molecules affected more than one cytological feature. The probe panel 

consisted of 15 molecules, each used in three doses resulting in 45 dose indices 

optimized to yield a strong response on a single cellular organelle and minimize the 

effects on other organelles (Vial et al., 2016).  Three sub-micromolar doses of each 

molecule were selected to find the optimum dose of molecules to be useful as a probe. It 

is reasoned that different doses of the same molecule may produce different phenotypes 

which may be due to dose dependent effect of molecule with its target in the cell. Too 

low concentration may not be able to produce any phenotypic response while too high a 

concentration may mask any disease specific response (Murtaza et al., 2016). 

Among all potential probes, 9 molecules were considered drug-like as they followed 

Lipinski’s rule of five (Table 7.1). Lipinski’s rule of five assesses the drug-likeness of a 

compound by its physiochemical properties i.e. molecular weight< 500 g/mol, Log P=5, 

hydrogen bond acceptor (HBA) <10, hydrogen bond donor (HBD) <5. A molecule is 
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more suitable to be a drug if it violates no more than one of these criteria (Lipinski et 

al., 1997). Similar guidelines were used for the selection of probes. The molecules in 

bold (Table 7.1) violated Lipinski’s rule. 

Table 7.1: List of Molecules used for Biomarker Development 

 

Cellular 

constituents 

affected 

Compound 

ID 

Trivial Name Molecula

r Weight 

 

Molecular 

Formula 

 

Lo

g P 

 

HBA 

 

HBD 

 

Nuclear SN00766118 Curcumin 348.22 g/

mol 

C21H20O6 3.4 6 2 

Nuclear and 

Cellular 

SN00766123 Cytochalasin B 449.36 g/

mol  

C29H37NO5 3.8 6 3 

Cellular, 

Tubulin, 

Mitochondri

a, LC3b, 

Lysosome, 

EEA1 

SN00766124 Cytochalasin D 477.37 g/

mol 

C30H37NO6 3.2 7 3 

Tubulin, 

EEA1 

SN00766132 Dihydroergocris

tinemesylate 

576.45 g/

mol 

C36H45N5O8S 2.9 10 3 

All SN00766134 Doxorubicin 515.29 g/

mol 

C27H29NO11 0.7 12 6 

Nuclear, 

Cellular 

SN00766160 Isotetrandrine 582.43 g/

mol 

C38H42N2O6 7 8 0 

All SN00766185 Radicicol 350.6 g/m

ol 

C18H17ClO6 2.7 6 2 

Tubulin, 

Mitochondr

ia 

SN00769206 Valinomycin 1032.70 g/

mol 

C54H90N6O18 4.3 24 6 

LC3b SN00766216 Berbamine 570.42 g/

mol 

C37H40N2O6 6.7 8 1 

Cellular, 

Mitochondri

a, LC3b, 

Lysosomal 

SN00766450 Hypocrellin B 504.31 g/

mol 

C31H31NO11S 4.4 9 2 

Cellular, 

LC3b 

SN00766484 Oxyacanthine 

sulfate 

570.42 

g/mol 

C74H82N4O16S 6.2 8 2 

Nuclear, 

Tubulin, 

Lysosomal 

SN00769143 Patellamide D 736.65 

g/mol 

C38H48N8O6S2 4.8 12 4 

EEA1 SN00769171 NA 258.18 

g/mol 

C15H26N2O3 0.9

0 

4 2 

Mitochondri

al 

SN00769283 β-

Methylesculetin 

184.10 

g/mol 

C10H8O4 1.5 4 1 

EEA1, 

Lysosomal 

SN00769256 Dibromophakell

ine 

378.96 

g/mol 

C11H11Br2N5O 1.5 2 2 

 

https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C38H48N8O6S2&sort=mw&sort_dir=asc
https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C10H8O4&sort=mw&sort_dir=asc
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7.2.2: Structural Similarity between Probes: 

The structures of the molecules are shown in Figure 7.1. Tanimoto coefficients were 

calculated using ChemMine web-based tools (Backman et al., 2011) to determine their 

structural similarity. Structurally similar molecules were: SN00766123 (Cytochalsin B) 

and (SN00766124) Cytochalasin D (Tanimoto coefficient, 0.47), SN00766216 

(Berbamine) and SN00766484 (Oxyacanthine sulfate) (Tanimoto coefficient, 0.70), 

SN00766216 (Berbamine) and SN00766160 (Isotetrandrine) (Tanimoto coefficient, 

0.88), SN00766160 (Isotetrandrine) and SN00766484 (Oxyacanthine sulfate) (Tanimoto 

coefficient, 0.64). A heatmap depicting the hierarchical clustering using “complete” 

linkage method and Euclidean distance, based on the structural similarity is shown in 

Figure 7.1.   
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Figure 7.1: Structures of Potential Probe Panel molecules 

 

 

Figure 7.2: Hierarchical clustering depicting the Euclidean distance based on 

structural and chemical similarity between different probes. Euclidean distance is 

shown from 0 to 1 (blue to red).  
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7.2.4: Cell seeding, Staining and Imaging: 

The molecules were dissolved in 0.6% final concentration of dimethyl sulfoxide 

(DMSO) and 300nL was robotically dispensed into two clear bottom CellCarrier 384-

well plates (PerkinElmer). Each compound was used in three different concentrations, 

each used in triplicate for all cell lines. The cells were seeded at the density of 1350 cell 

in 50ul of growth medium (DMEM/F12, 10% FBS) per well and incubated for 24 hours 

at 37 °C under 5% CO2. The cells were treated with DMSO (0.6%) and nocodazole (10 

μM, 0.6% DMSO) which were used as negative and positive controls, respectively. The 

remainder of the procedure for fixing, staining and antibody incubation was as 

described (Materials and Methods section 2.17).  

The plates were automatically imaged, Operetta CLS at 20X and images were 

segmented for morphological, texture and intensity properties using Harmony software 

4.5. Image analysis was performed as described in Materials and Methods section 2.18.  

7.2.5: Data Export, Normalization and Quality Control: 

The data, at the single cell level, were exported from Harmony software 4.5 in the form 

of text files and cleaned for the removal of missing values in the Pipeline Pilot 

Professional software 9.1. The intensity properties of each cell were normalized to the 

cell area except the nucleus marker intensity which was normalized to the nucleus area. 

The median for each well was calculated and data were log-2 transformed.  The log2 

ratio of the compound to the DMSO was calculated and data were scaled in R (R Core 

Team, 2017). For technical replicates, the mean and standard deviation were calculated 

and plotted as dotplot in R using “ggplot2” (Wickham, 2009) package to identify 

samples with high variability. The complete workflow for the analysis of data is shown 

in Figure 7.3.  
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Figure 7.3: Probe Panel Experiment Data Analysis 
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7.2.6: Correlation Analysis:  

Spearman rank order correlation was calculated using R package “corrplot” (Taiyun 

Wei and Simko, 2017) to identify the highly correlated variables in the data (correlation 

coefficient >0.8).  

7.2.7: Hierarchical Clustering  

Agglomerative hierarchical clustering method was used for clustering the phenotypic 

response. Agglomerative clustering is the “bottom-up” method of clustering which 

starts by a single cluster. At subsequent steps, similar clusters are added and the 

algorithm is iterated until it becomes one large cluster from n clusters. Four linkage 

methods (average, single, complete and ward) were assessed to identify the method with 

strongest clustering structures. This was done by calculating the agglomerative 

coefficient which determines the number of clustering structures. Next, the optimum 

number of clusters using Gap statistics was identified in R. Finally, hierarchical 

clustering was performed and a heatmap was plotted using “ComplexHeatmap” 

(Zuguang Gu et al. 2016) and “RColorBrewer” (Neuwirth, 2014) packages in R.  

7.2.8: Principal Component Analysis (PCA) 

Principal Component Analysis was performed with the log2 ratios of the compounds 

and all cell lines using factoextra package in R. The compounds and the concentrations 

which provided disease specific difference were chosen for further analysis. The 

difference of each mutant cell line to the control was investigated to identify mutation 

specific signature of corresponding cell lines.  



IDENTIFICATION OF PROBE PANEL OF SMALL MOLECULES FOR PD 

 

CHAPTER 7 Page 185 

7.3: Results: 

7.3.1: Correlation Analysis between Cytological parameters 

The correlation between different variables was determined by Spearman correlation 

coefficient with threshold 0.8. Heatmap showing the correlation between different 

variables is shown in Figure 7.4. The variables which were retained after removing the 

highly correlated variables are listed in Table 7.2. 
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Figure 7.4: Heatmap showing the correlation between different cytological 

parameters. Correlation coefficient is shown from -1 to 1. Blue indicates a positive 

correlation while red indicates a negative correlation. The intensity of the colour 

indicates the strength of correlation. 
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Table 7.2: Number of Cytological parameters retained after correlation analysis 

1. Relative Spot Signal on Cytoplasm 

2. Number of Spots on Cytoplasm 

3. Number of Spots per Area of Cell 

4.  Cell Area 

5. EEA1 Marker Texture SER Spot 1  

6. EEA1 Marker Intensity 

7. EEA1 Marker Intensity Inner Region 

8. Lysosomes Marker Texture SER Spot 1  

9. Cell Ratio Width to Length 

10. Lysosomes Marker Intensity 

11. Cell Morphology Roundness 

12. Cell Morphology Ratio Width to Length 

13. Nucleus Marker Intensity Mean 

14.  Nucleus Morphology Roundness 

15. Nucleus Marker Texture SER Spot 1  

16. Tubulin Marker Intensity 

17. Tubulin Marker Texture SER Spot 1  

18.  Mitochondria Marker Texture SER Spot 1  

19.  LC3b Marker Texture SER Spot 1  

 

7.3.2: Structure Activity Relationship of small molecules  

Hierarchical clustering using Ward’s method and Euclidean distance was performed 

with data from the 7 controls cell lines to determine if structurally similar molecules 

produce similar phenotypic responses. The Ward’s method gave the best performance as 

determined by the Agglomerative coefficient (average=0.90, single=0.86, 

complete=0.92 and ward=0.99) which measures the amount of clustering structures. 

Ward or minimum variance method defines the similarity between two clusters as the 

sum of squares within clusters summed over all variables. 

Untreated controls did not show any difference in the cytological profiles and were 

clustered into the same biocluster. SN00766123 (Cytochalasin B) and SN00766124 

(Cytochalasin D) with different doses were clustered into Biocluster 1 based on their 

phenotypic response. However, SN00766118 (Curcumin) was in this same cluster, 

though it does not bear any structural similarity with either of these molecules. 
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Similarly, SN00766216 (Berbamine), SN00766160 (Isotetrandrine) and SN00766484 

(Oxyacanthine sulfate) at 10M were in Biocluster 2, which also contained a 

structurally distant molecule, SN00766132 (Dihydroergocristinemesylate). At 3M, 

SN00766216 (Berbamine) and SN00766484 (Oxyacanthine sulfate) were clustered into 

Biocluster 4, whereas SN00766160 (Isotetrandrine) was found in Biocluster 3 with one 

of the controls treated with the same dose of SN00766216 (Berbamine). At 30M, 

SN00766216 (Berbamine) was clustered with the structurally distant molecule, 

SN00766450 (Hypocrellin B). The presence of structurally similar molecules into the 

same biological cluster may suggest a shared biological activity. Conversely, similar 

phenotypic responses produced by structurally distant molecules may be due to 

involvement of multiple targets or pathways. The biological response induced by the 

molecules was also dependent on the concentration as some structurally similar 

molecules at different concentrations were clustered differently.   
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Table 7.3: Distribution of Compounds in Bioclusters 

 

 

The numbers in each row of the Table 7.3 represent control samples treated with 

compound in different concentrations listed in the table. Each sample was treated in 

Bioclusters Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6 Cluster 7 Cluster 8 Cluster 9 Cluster 10

SN00766118 - 10 21 0 0 0 0 0 0 0 0 0

SN00766118 - 3 21 0 0 0 0 0 0 0 0 0

SN00766118 - 30 0 0 0 0 0 0 0 21 0 0

SN00766123 - 1 21 0 0 0 0 0 0 0 0 0

SN00766123 - 10 21 0 0 0 0 0 0 0 0 0

SN00766123 - 3 21 0 0 0 0 0 0 0 0 0

SN00766124 - 0.05 21 0 0 0 0 0 0 0 0 0

SN00766124 - 0.1 21 0 0 0 0 0 0 0 0 0

SN00766124 - 0.5 20 0 1 0 0 0 0 0 0 0

SN00766132 - 1 16 0 5 0 0 0 0 0 0 0

SN00766132 - 10 0 21 0 0 0 0 0 0 0 0

SN00766132 - 3 10 0 11 0 0 0 0 0 0 0

SN00766134 - 0.05 0 0 21 0 0 0 0 0 0 0

SN00766134 - 0.1 0 0 21 0 0 0 0 0 0 0

SN00766134 - 0.5 0 0 21 0 0 0 0 0 0 0

SN00766160 - 1 0 0 21 0 0 0 0 0 0 0

SN00766160 - 10 0 21 0 0 0 0 0 0 0 0

SN00766160 - 3 0 0 21 0 0 0 0 0 0 0

SN00766185 - 1 0 0 21 0 0 0 0 0 0 0

SN00766185 - 10 0 21 0 0 0 0 0 0 0 0

SN00766185 - 3 0 0 21 0 0 0 0 0 0 0

SN00766216 - 10 0 21 0 0 0 0 0 0 0 0

SN00766216 - 3 0 0 3 18 0 0 0 0 0 0

SN00766216 - 30 0 0 0 0 0 0 0 0 21 0

SN00766450 - 10 0 21 0 0 0 0 0 0 0 0

SN00766450 - 3 0 0 0 21 0 0 0 0 0 0

SN00766450 - 30 0 0 0 0 0 0 0 0 21 0

SN00766484 - 1 0 0 0 21 0 0 0 0 0 0

SN00766484 - 10 0 21 0 0 0 0 0 0 0 0

SN00766484 - 3 0 0 0 21 0 0 0 0 0 0

SN00769143 - 1 0 0 0 21 0 0 0 0 0 0

SN00769143 - 10 0 0 0 21 0 0 0 0 0 0

SN00769143 - 3 0 0 0 21 0 0 0 0 0 0

SN00769171 - 0.05 0 0 0 5 0 16 0 0 0 0

SN00769171 - 0.1 0 0 0 6 0 15 0 0 0 0

SN00769171 - 0.5 0 0 0 6 0 15 0 0 0 0

SN00769206 - 1 0 0 0 0 0 21 0 0 0 0

SN00769206 - 10 0 0 0 0 21 0 0 0 0 0

SN00769206 - 3 0 0 0 0 0 21 0 0 0 0

SN00769256 - 1 0 0 0 0 0 0 21 0 0 0

SN00769256 - 10 0 0 0 0 21 0 0 0 0 0

SN00769256 - 3 0 0 0 0 0 0 21 0 0 0

SN00769283 - 10 0 0 0 0 21 0 0 0 0 0

SN00769283 - 3 0 0 0 0 3 0 18 0 0 0

SN00769283 - 30 0 0 0 0 0 0 0 0 0 21

Untreated - 0 0 0 0 0 0 0 63 0 0 0
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triplicate and the sum of each row is 21.  The untreated samples had 9 replicates and (7 

controls * 9 replicates=63) were all clustered into the same cluster i.e. cluster 7.  

7.3.3: Hierarchical Clustering with Controls and PDs: 

Hierarchical clustering using Ward’s method and Euclidean distance with Log2 ratio 

(Compound/DMSO) was performed to identify the phenotypic response of all cell lines 

to different compounds. Figure 7.6 shows the heatmap with the segregation of samples 

into different clusters based on the phenotypic responses. Based on the phenotypic 

responses, 45 dose indices were clustered into 10 bioclusters. The 9th and 10th clusters 

were well separated from the rest (silhouette width, 0.47 and 0.37, respectively) and 

consisted of data derived from curcumin at 30 and 10M, respectively (Figure 7.5). 

Silhouette width is one of the indicators of fitness of clustering. It measures how well an 

observation fits into a cluster and estimates the average distance between clusters. 

Observations with large Silhouette index (Si) are well clustered. Biocluster 1 (silhouette 

width, 0.14) consisted of data from SN00766123 (Cytochalasin B) while biocluster 3 

(silhouette width, 0.29) had SN00766132 (Dihydroergocristinemesylate) and 

SN00766484 (Oxyacanthine sulfate). The other clusters had weak clustering as 

determined by silhouette width. The small differences may not be observable using this 

technique therefore Principal Component Analysis (PCA) for individual compounds 

was performed and data were plotted as a dotplot to identify cytological parameters 

affected in each cell PD cell line compared to the controls.  
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Figure 7.5: Number of Clusters determined by Sildouette Index. Silhouette width 

(Si) indicates the compactness of clustering and is shown on y-axis. Higher the Si, the 

better the clustering is. Clusters are shown by different colours. 10 clustered were 

identified and average silhouette width clusters was 0.15. Biocluster 3, 7, 9 and 10 had 

relatively higher silhouette width.  
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Figure 7.6: Bioclusters based on cytological response to probes. Heatmap shows the 

clustering of cell lines and compounds with different concentrations based on 

phenotypic response. Hierarchical clustering with ward’s method and Euclidean 

distance using Log2 ratio (Compound/DMSO) was carried out and 10 clusters were 

made as shown on y-axis. The variables are shown on x-axis. The side colour bards on 

right show the cell lines and the compounds with different concentrations. 
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7.3.4: Identification of common disease specific Probes:  

To identify disease specific cytological responses, if any, to probes, the PD patient 

samples were grouped irrespective of their genetic mutation. Their responses were 

compared with those from controls by t-test or Wilcoxon test where appropriate, 

followed by p value adjustment by Holm method. Except for SN00766124, 

SN00766134 and SN00769283, all other molecules produced disease-specific responses 

with at least one concentration. Most of the probes induced disease specific responses in 

only one cellular parameter. Table 7.4 describes the disease specific probes, their 

corresponding concentrations and the parameter(s) affected. The comparison of PDs and 

controls for all cytological parameters are shown in supplementary figures (S7.1 to 

S7.15).  
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Table 7.4: List of probes which produced disease specific response in ONS cells 

Compounds ID Common Name Concentration Cytological parameters affected 

SN00766118 Curcumin 10 µM 

30 µM 

Nucleus roundness, Cell 

morphology increased 

Tubulin Intensity Inner Region 

reduced 

SN00766123 Cytochalasin B 10 µM EEA1 parameters increased 

SN00766132 Dihydroergocristine mesylate 10, 3, 1 µM LC3b reduced, EEA1 increased 

SN00766160 Iso-tetrandrine 10 µM Tubulin texture reduced 

SN00766185 Radicicol 10 µM Mitochondrial texture increased 

SN00766206 Valinomycin 10 µM 

 

1 µM 

LC3b, Mitochondrial texture 

reduced 

Mitochondrial texture, EEA1 

reduced 

SN00766216 Berbamine 30 µM Tubulin texture reduced 

SN00766450 Hypocrellin B 30 µM LC3b texture increased 

SN00766484 Oxyacanthine sulfate 10 µM Mitochondria & Tubulin 

Intensities increased 

SN00769143 Patellamide D 10 µM Nucleus Intensity and roundness 

reduced 

SN00769171 NA 0.05 µM Tubulin texture reduced 

SN00769256 Dibromophakelline 3 µM EEA1 reduced 
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7.3.5: Identification of cell line/mutation specific Probes and their 

Phenotypic Readouts: 

The cell lines used in the PD group carried mutations in different PD genes and may 

represent a mutation specific cytological response to the probe molecules. In order to 

identify any mutation-cytological clusters, unsupervised clustering using Principal 

Component Analysis (PCA) was performed. One-way ANOVA followed by pairwise 

comparison of each PD cell line with controls and p value adjustment by Holm method 

was performed with the log2 (Compound/DMSO). Table 7.5 describes the summary of 

probes which produced cell line specific response(s) with the probe molecules.  
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Table 7.5: List of Cell line specific response to the probes 

Compounds 

ID 

Common Name & 

Concentration 

Cell Lines affected Cytological parameters affected 

(Log2 (Compound/DMSO)) 

SN00766118 Curcumin, 30 µM -2261 (LRRK2 G2019S) -EEA1 (Relative Spot Signal on 

Cytoplasm) reduced, Lysosomal 

intensity increased 

SN00766123 Cytochalasin B, 10 

µM 

-2509 (PARK2 ex 5-7),  

 

-2141 (KCNJ15) 

-EEA1 (relative spots) increased, 

Cell morphology reduced 

-Nucleus morphology roundness 

increased 

SN00766124 Cytochalasin D 

0.05, 0.1, 0.5 µM 

-2509 (PARK2 ex 5-7), 2704 

(PARK2 ex 02),  

-2361 (PINK1 G411S) 

-Lysosomal, EEA1 intensity 

increased 

-Lysosomal Intensity reduced, 

lysosomal texture increased 

SN00766132 Dihydroergocristine 

mesylate  

10, 3, 1 µM 

-2509 (PARK2 ex 5-7)  

-2141 (KCNJ15) 

-EEA1 (Intensity) increased 

-EEA1 (Intensity, texture), Nuclear, 

Cellular, reduced & LC3b, Tubulin 

intensities increased 

SN00766160 Iso-tetrandrine 

10, 3, 1 µM 

-21551 (LRRK2 R1441),  

-2261 (LRRK2 G2019S) 

-Lysosomal (Texture) increased 

-EEA1 (Texture) increased 

SN00766185 Radicicol, 3 µM -22551 (LRRK2 G2019S) 

 

-2361 (PINK1 G411S) 

-Cell morphology ratio width to 

length increased 

- LC3b intensity reduced 
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Compounds 

ID 

Common Name & 

Concentration 

Cell Lines affected Cytological parameters affected 

(Log2 (Compound/DMSO)) 

-2261 (LRRK2 G2019S) 

 

-2141(KCNJ15) 

-Tubulin texture, mitochondrial 

intensity reduced 

- Cell length reduced 

SN00766206 Valinomycin, 1, 3 

µM 

-2509 (PARK2 ex 5-7),  

 

 

-2704 (PARK2 ex02) 

 

-21551 (LRRK2 R1441), 

 

 

-2261(LRRK2 G2019S), 

-2361 (PINK1 G411S), 

 

-2141(KCNJ15) 

- Mitochondrial texture reduced, 

Tubulin, LC3b and Mitochondrial 

intensities increased 

-Mitochondrial texture reduced 

-Cell area, length, width, No of 

EEA1 spots reduced & Lysosomal, 

Tubulin and Mitochondrial 

intensity increased 

- Cell width, area increased 

-LC3b, Tubulin intensity & nuclear 

texture reduced, & cell length, 

width, area increased 

-No of EEA1 spots, EEA1 texture 

reduced  

SN00766450 Hypocrellin B, 30 

µM 

-2509 (PARK2 ex 5-7) 

-2704 (PARK2 ex02) 

-Cell morphology width to length, 

Lysosomal increased & EEA1 spots 

reduced 

SN00769143 Patellamide D, 10 

µM 

-2361 (PINK1 G411S) -Cell roundness reduced 
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To determine the cell line or mutation specific response, first the range of control 

response was defined by calculating the mean and standard deviation of Log2 

(Compound/DMSO) of control samples for all parameters. Then the probes which 

produced a distinct response outside this range in any PD cell line were selected and 

statistical significance of the selected parameters was determined by ANOVA followed 

by pairwise comparison and p value adjustment by Holm method. The probes which are 

highlighted in bold produced cell line specific response which may be due to the 

mutation they harbor. Some probes e.g. radicicol and valinomycin, produced distinct 

cytological response in different cell lines. The cytological readouts of cell line or 

mutation specific probes are described below. 

7.3.5.1: Cytological response to SN00766118 (Curcumin):   

SN00766118 (Curcumin) was used at 30, 10 and 3µM concentrations. 30 µM 

concentration of curcumin caused an increase in the relative EEA1 spot signal in the 

cytoplasm and an increase in LysoTracker intensity in 2261 (LRRK2 G2019S) only 

(Figure 7.7 B4 & B5). Increases in these parameters may suggest swollen early 

endosomes and an increase in the lysosomal activity in this cell line which may be due 

to curcumin’s effect on endo-lysosomal trafficking. Overall, curcumin produced disease 

specific decrease in the α-tubulin intensity in the inner region and an increase in the 

DAPI intensity at 10uM (Supplementary Figure S7.1).  
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Figure 7.7: Cytological response of ONS to SN00766118 (Curcumin). A. Principal 

component analysis with the log2 ratio (Curcumin 30µM/DMSO). Cell lines are 

indicated by different colours and confidence ellipses are drawn around the group mean. 

B. Dotplot with the log2 ratio (Compound/DMSO).  Global P values were annotated 

from One-way ANOVA. The dashed line is drawn around the mean of the controls with 

the standard deviation. Comparison of each PD cell line with the controls was 

performed followed by p value adjustment by Holm method (*pvalue< 0.01, 

**pvalue<0.001, ***pvalue<0.0001). C. Representative Images of control, 2261 

(LRRK2 G2019S) cell line treated with 30 µM Curcumin. Smaller panels indicate the 

zoomed images. Cells were stained with EEA1 (green), Lysotracker DND-Red 99 

(Red), Cell mask (Deep red), and DAPI (blue). All images were acquired at 20X 

objective in Operetta CLS.  
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7.3.5.2: Cytological response to SN00766123 (cytochalasin B) and SN00766124 

(cytochalasin D): 

ONS cells were treated with 10, 3 and 1 µM of SN00766123 (cytochalasin B) and 0.05, 

0.1 and 0.5 µM of SN00766124 (cytochalasin D). Both SN00766123 (cytochalasin B) 

and SN00766124 (cytochalasin D) are structurally similar molecules and are found in 

the same bio-cluster based on the responses of control cell lines. Cytochalasin B and D 

are microtubule and microfilament depolymerizing agents, respectively, which rapidly 

inhibit cytoplasmic organization and loss of filopodial extension in growth cones in 

neurons. Cytochalasin D disrupts F-actin and decouples endoplasmic reticulum-

Ca2+ stores from extracellular Ca2+ influx through membrane channels (Abeele et al., 

2004). SN00766123 (Cytochalasin B) at 10 µM, resulted in significant increase in the 

relative EEA1 spots in 2509 (PARK2 del ex 5-7) cell line and increased nuclear 

morphology roundness in 2141 (KCNJ15) cell line (Figure 7.8B3 & B4). Overall, the 

EEA1 intensity and texture were relatively higher in PD group as determined by t-test 

followed by p value adjustment by Holm method (Figure 7.8 B1 & B2). SN00766124 

(cytochalasin D) increased the LysoTracker and EEA1 intensities in parkin mutants at 

0.05 µM while 2361 (PINK1 G411S) showed reduced intensity and texture in 

LysoTracker, respectively (Figure 7.9B) which may point to the endo-lysosomal 

pathways in these cell lines. No common disease specific response was observed for 

any concentration of SN00766124 (cytochalasin D).  
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Figure 7.8: Cytological response of ONS to SN00766123 (Cytochalasin B) A. 

Principal component analysis with log2 (Compound/DMSO). Cell lines are indicated by 

different colours. B. Dotplot with the log2 (Compound/DMSO).  Global P values were 

annotated from One-way ANOVA. Comparison of cell lines with the controls was 

performed followed by p value adjustment by Holm method (*pvalue< 0.01, 
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**pvalue<0.001, ***pvalue<0.0001). The dashed line is drawn around the mean of the 

controls with the standard deviation. C. Representative images of control and 2509 

(PARK2 ex5-7) cell lines treated with 10 µM Cytochalasin B. Smaller panels indicate 

the zoomed images. Cells were stained with EEA1 (green), Lysotracker DND-Red 99 

(Red), Cell mask (Deep red), and DAPI (blue). All images were acquired at 20X 

objective in Operetta CLS.  
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Figure 7.9: Cytological response of ONS to SN00766124 (Cytochalasin D) A. 

Principal component analysis with log2 ratio of Compound to DMSO. Cell lines are 

indicated by different colours. B. Dotplot with the log2 ratio (Compound/DMSO).  

Global P values were annotated from One-way ANOVA. Comparison of cell lines with 

the controls was performed followed by p value adjustment by Holm method (*pvalue< 

0.01, **pvalue<0.001, ***pvalue<0.0001). The dashed line is drawn around the mean 

of the controls with the standard deviation. C. Representative images of control, 2509 

(PARK2 ex 5-7), 2361 (PINK1 G411S) and 2261 (LRRK2 G2019S) cell lines treated 

with 0.05, 0.1 and 0.5 µM Cytochalasin D. Smaller panels indicate the zoomed images. 

Cells were stained with EEA1 (green), Lysotracker DND-Red 99 (Red), Cell mask 

(Deep red), and DAPI (blue). All images were acquired at 20X objective in Operetta 

CLS. 

 

7.3.5.3: Cytological response to SN00766132 (Dihydroergocristine mesylate): 

SN00766132 (Dihydroergocristine mesylate) was used at 10, 3 and 1 µM 

concentrations. Dihydroergocristine (DHEC) is the component of an FDA approved 
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natural product called Hydergine which is clinically used for the treatment of 

idiopathic decline and hypertension (Shah et al., 2005, Huang et al., 2011, Lei et al., 

2015). Significant increase in the EEA1 intensity was observed in 2509 (PARK2 ex 

5-7) at 10 µM (Figure 7.10 B6) while 2141 (KCNJ15) demonstrated an increase in 

the nuclear and cellular roundness and decrease in tubulin and LC3b intensities 

(Figure 7.10 B3, B4, B5, B7, respectively). In general, the PD group had lower EEA1 

and LC3b intensities than the controls (Figure 7.10 B1 & B2).  
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Figure 7.10: Cytological response of ONS to SN00766132 (Dihydroergocristine 

mesylate) A. Principal Component Analysis (PCA) with log2 ratio of Compound to 

DMSO. Cell lines are indicated by different colours. B. Dotplot with the log2 ratio 

(Compound/DMSO).  Global P values were annotated from One-way ANOVA. 

Comparison of cell lines with the controls was performed followed by p value 

adjustment by Holm method (*pvalue< 0.01, **pvalue<0.001, ***pvalue<0.0001). The 

dashed line is drawn around the mean of the controls with the standard deviation. C. 

Representative images of control, 2509 (PARK2 ex 5-7) and 2261 (LRRK2 G2019S) 

cell lines treated with 10 and 3 µM SN00766132. Smaller panels indicate the zoomed 

images. Cells were stained with EEA1 (green), Lysotracker DND-Red 99 (orange), Cell 

mask (Deep red), and DAPI (blue). All images were acquired at 20X objective in 

Operetta CLS. 

 

7.3.5.4: Cytological response to SN00766160 (Isotetrandrine): 

SN00766160 (Isotetrandrine) showed differential response in lysosomal and EEA1 

texture in two different LRRK2 mutation carriers at 3 and 1 µM. 21551 (LRRK2 R1441) 

showed significant increase in lysosomal texture at 1 µM (Figure 7.11 B2) while 2261 
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(LRRK2 G2019S) showed an increase in EEA1 texture (Figure 7.11 B3). Disease 

specific reduction in the tubulin texture was also observed at 10µM in the PD group 

(Figure 7.11 B1).  
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Figure 7.11: Cytological response of ONS to SN00766160 (Isotetrandrine). A. 

Principal component analysis with log2 ratio of Compound to DMSO. Cell lines are 

indicated by different colours. B. Dotplot with the log2 ratio (Compound/DMSO).  

Global P values were annotated from One-way ANOVA. Comparison of cell lines with 

the controls was performed followed by p value adjustment by Holm method (*pvalue< 

0.01, **pvalue<0.001, ***pvalue<0.0001). The dashed line is drawn around the mean 

of the controls with the standard deviation. C. Representative Images of control, 21551 

(LRRK2 R1441), 2261 (LRRK2 G2019S) and 2141 (KCNJ15) cell lines treated with 10, 

3 and 1µM SN00766160. Smaller panels indicate the zoomed images. Cells were 

stained with EEA1 (green), Lysotracker DND-Red 99 (orange), Cell mask (Deep red), 

and DAPI (blue). All images were acquired at 20X objective in Operetta CLS. 
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7.3.5.5: Cytological response to SN00766185 (Radicicol): 

SN00766185 (Radicicol) was used at 10, 3 and 1µM concentrations. Radicicol is the 

inhibitor of heat shock protein (HSP90) (Schulte et al., 1998) which has been suggested 

as a therapeutic target for PD (Erekat et al., 2014). Distinct responses in different 

cytological features were observed for multiple PD cell lines. This included a decrease 

in tubulin texture and mitochondrial intensity in 2261(LRRK2 G2019S), decrease in cell 

length and LC3b intensity in 2361 (PINK1 G411S) and decrease in cell length in 2141 

(KCNJ15) (Figure 7.12 B2, B4 to B7). A significant increase in the cell width to length 

ratio was observed for 22551 (LRRK2 G2019S) at 1 µM (Figure 7.12 B3). PD cell lines 

showed an increase in the mitochondrial texture compared to the controls (Figure 7.12 

B1).  
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Figure 7.12: Cytological response of ONS to SN00766185 (Radicicol). A. Principal 

component analysis with log2 ratio of Compound to DMSO. Cell lines are indicated by 

different colours. B. Dotplot with the log2 ratio (Compound/DMSO).  Global P values 

were annotated from One-way ANOVA. Comparison of cell lines with the controls was 

performed followed by p value adjustment by Holm method (*pvalue< 0.01, 

**pvalue<0.001, ***pvalue<0.0001). The dashed line is drawn around the mean of the 

controls with the standard deviation. C. Representative images of control, 2704 (PARK2 

ex 02) and 2361 (PINK1 G411S) cell lines treated with 3 µM SN00766185. Smaller 

panels indicate the zoomed images. Cells were stained with LC3b (green), Mitotracker 

® Orange (orange), Tubulin (Deep red), and DAPI (blue). All images were acquired at 

20X objective in Operetta CLS. 
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7.3.5.6: Cytological response to SN00769206 (Valinomycin): 

SN00769206 (Valinomycin) is an ionophore which makes the inner mitochondrial 

membrane permeable to compounds which under normal conditions are unable to cross 

the membrane. PD cell lines, specifically the parkin mutants had lower mitochondrial 

texture compared to the controls (Figure 7.13 B1, B7). 2509 (PARK2 ∆ex 5-7) also had 

an increase in the LC3b and tubulin intensities (Figure 7.13 B3, B6). On the other hand, 

2361 (PINK1 G411S) showed a decrease in LC3b intensity. 21551 (LRRK2 R1441) had 

elevated levels of LysoTracker intensity and a significant reduction in cell area. Distinct 

cytological profiles observed for different PD mutant cell lines in response to 

valinomycin may suggest different pathways underlying these mutations.  
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Figure 7.13: Cytological response of ONS to SN00769206 (Valinomycin) A. 

Principal component analysis with log2 ratio of curcumin (10uM) to DMSO. Red dots 

show the controls and green PDs. B. Horizontal boxplots with the log2 ratio for 

different concentrations of crucumin.  P values were annotated from One way ANOVA 

(*pvalue< 0.01, **pvalue<0.001, ***pvalue<0.0001). The dashed line is drawn around 

the mean of the controls with the standard deviation. C. Representative images of 

control, 2509 (PARK2 ex 5-7), 21551 (LRRK2 G2019S) cell lines treated with 1µM 

SN00769206. Cells were stained with LC3b (green), MitoTracker® Orange (orange), 

alpha-tubulin (red), and DAPI (blue). All images were acquired at 20X objective in 

Operetta CLS. 

 



IDENTIFICATION OF PROBE PANEL OF SMALL MOLECULES FOR PD 

 

CHAPTER 7 Page 219 

7.3.5.7: Cytological response to SN00766450 (Hypocrellin B): 

SN00766450 (Hypocrellin B) which is a natural photosensitizer extracted from the 

traditional Chinese herb Hypocrella bambuase (Zhenjun and Lown, 1990, Hudson et al., 

1994) was used at 30, 10 and 3 µM concentrations. The nasopharyngeal carcinoma cell 

line, CNE2,  treated with hypocrellin B had increased toxicity to the ultrasound which 

may be due to an  increased damage to mitochondrial structure and function (Ping et al., 

2010). Cell line 2704 (PARK2 ex 02) exhibited increased cell length and EEA1 spots 

as well as decreased LysoTracker intensity compared to other PD and control cell lines 

(Figure 7.14 B). The number of spots per area was high but relative spot signal was low 

which may be due to more numerous but smaller early endosomes. Cell width was 

relatively reduced in 2141(KCNJ15) compared to other PD and control cell lines; 

however, this did not reach statistical significance.  

 



IDENTIFICATION OF PROBE PANEL OF SMALL MOLECULES FOR PD 

 

CHAPTER 7 Page 220 

 

 

 

 



IDENTIFICATION OF PROBE PANEL OF SMALL MOLECULES FOR PD 

 

CHAPTER 7 Page 221 

 

Figure 7.14: Cytological response of ONS to SN00766450 (Hypocrellin B) A. 

Principal component analysis with log2 ratio of curcumin (10uM) to DMSO. Red dots 

show the controls and green PDs. B. Horizontal boxplots with the log2 ratio for 

different concentrations of crucumin.  P values were annotated from One way ANOVA 

(*pvalue< 0.01, **pvalue<0.001, ***pvalue<0.0001). The dashed line is drawn around 

the mean of the controls with the standard deviation. C. Representative images of 2509 

(PARK2 ex 5-7) and 2704 (PARK2 ex 02) cell lines. Cells were stained with LC3b 

(green), MitoTracker® Orange (orange), alpha-tubulin (red), and DAPI (blue). All 

images were acquired at 20X objective in Operetta CLS. 

 

7.3.5.8: Cytological response of SN00769143 (Patellamide D): 

 SN00769143 (Patellamide D) was used at 10, 3 and 1 µM concentrations. Mutation 

specific increase in the nuclear morphology in 21551 (LRRK2 R1441) and decrease in 

cell roundness in 2361 (PINK1 G411S) was observed at 10 µM SN00769143 (Figure 
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7.15). Patellamide D is a cyclic peptide, isolated from the ascidian Lissoclinum patella 

(McDonald and Ireland, 1992). They show marginal anticancer activity against 

lymphocytic leukemia cells (Negi et al., 2017). The use of Patellamide D to show any 

differential response in PD has not been reported before however some PD genes such 

as PARK2 has also been implicated in cancer (Xu et al., 2014).   
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Figure 7.15: Cytological response of ONS to SN00769143 (Patellamide D). A. 

Principal component analysis with log2 ratio of curcumin (10uM) to DMSO. Red dots 

show the controls and green PDs. B. Horizontal boxplots with the log2 ratio for 

different concentrations of crucumin.  P values were annotated from One way ANOVA 

(*pvalue< 0.01, **pvalue<0.001, ***pvalue<0.0001). The dashed line is drawn around 

the mean of the controls with the standard deviation. C. Representative images of 2509 

(PARK2 ex 5-7) and 2704 (PARK2 ex 02) cell lines. Cells were stained with LC3b 

(green), MitoTracker® Orange (orange), alpha-tubulin (red), and DAPI (blue). All 

images were acquired at 20X objective in Operetta CLS. 
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7.3.6: Target Prediction of Probes: 

Potential targets of the probes were predicted by Swiss Target Prediction (Gfeller et al., 

2014) which is a web-based server to identify the target of small molecules in humans 

and vertebrates based on similarity with known ligands. Table 7.6 shows the list of top 

targets predicted for the potential probes. Many probes identified MAPT (Microtubule-

associated protein tau) as the potential target. The accumulation of tau protein is a 

common feature of many neurological disorders including Parkinson’s disease. 

Molecules which can prevent or inhibit this aggregation are considered to be therapeutic 

for these neurological disorders. In this regard, curcumin has been shown to disintegrate 

tau fibrils and may also inhibit its formation in vitro (Rane et al., 2017).  MAPT 

predominantly expresses in the brain where it stabilizes the cytoskeleton and governs 

axonal transport in neurons by interacting with proteins such as Kinesin and Dynein 

(Lei et al., 2010). Hyperphosphorylation of tau may impair protein transport, destabilize 

microtubules and accumulate toxic protein aggregates which may lead to the neuronal 

loss (Lee et al., 2001). Tau protein integrates into the filaments in the Lewy bodies 

(Arima et al., 1999) and co-localizes with SNCA (Ishizawa et al., 2003).  

Hyperphosphorylation of tau at Ser396, along with phosphorylated forms of SNCA has 

been observed in the PD brains (Muntané et al., 2008) which may suggest that these 

proteins may interact with each other in PD (Cookson, 2005). SNCA may interact and 

phosphorylate tau protein which may make these proteins insoluble. This in turn may 

prevent the interaction of tau with microtubule and destabilize them. The destabilized 

microtubule may result in the failure of axonal transport and further accumulate both 

SNCA and tau (Lei et al., 2010).  

Some other targets were also identified which may be of interest e.g. dopamine receptor, 

HSP90AA1 (Heat shock protein HSP 90-alpha), PPARG (Peroxisome proliferator-

activated receptor gamma) and KCNH2 (Potassium voltage-gated channel subfamily H 
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member 2). Loss of dopaminergic neurons in substantia nigra is the hallmark of PD and 

levodopa (L-dopa), a chemical precursor of dopamine (DA) is used for the symptomatic 

treatment of PD (Chase et al., 1993). Dopamine agonists are used to delay the onset of 

levodopa therapy. They are used in combination therapy to impede the progression of 

motor symptoms. Dopamine agonists have long half-life which is useful for the 

continuous activation of receptors (Konta and Frank, 2008).  

HSP 90 has been implicated in the pathogenesis of Parkinson’s disease (PD) (Uryu et 

al., 2006, Luo et al., 2010). HSP90 expression is specifically elevated in PD brains and 

is correlated with increased α-synuclein aggregation (Uryu, Richter-Landsberg et al. 

2006,(Falsone et al., 2009, Luo et al., 2010). Inhibitors of HSP90 are considered 

neuroprotective in PD (Hurtado-Lorenzo and Anand, 2008). PPARG regulate the 

inflammatory response by regulating the function of various cells including 

macrophages, dendritic cells, endothelial cells and B cells (Clark, 2002, Daynes and 

Jones, 2002). Agonists of PPARG may be used to control neuroinflammation in PD.  

Similarly, potassium channels play significant roles in neurotransmission in the CNS. 

Loss of function in potassium channels may lead to impairments in membrane 

excitation and neuronal dysfunction. They have been reported for different neurological 

disorders including Alzheimer’s disease (Shieh et al., 2000).  
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Table 7.6: List of probes and their predicted targets 

Compounds Trivial Name Predicted targets 

SN00766118 Curcumin MAPT (Microtubule-associated protein tau), AKT1 

(RAC-alpha serine/threonine-protein kinase), AKT2 

(RAC-beta serine/threonine-protein kinase) 

SN00766123 Cytochalasin B FKBP1A (Peptidyl-prolyl cis-trans isomerase 

FKBP1A), FKBP4 (Peptidyl-prolyl cis-trans 

isomerase FKBP4), FKBP5 (Peptidyl-prolyl cis-trans 

isomerase FKBP5) 

SN00766124 Cytochalasin D HTR2A (5-hydroxytryptamine receptor 2A), MAPT 

(Microtubule-associated protein tau), FKBP1A 

(Peptidyl-prolyl cis-trans isomerase FKBP1A) 

SN00766132 Dihydroergocristinemesylate ADRB2 (Beta-2 adrenergic receptor), CYP3A4 

(Cytochrome P450 3A4), DRD2 (D(2) dopamine 

receptor) 

SN00766185 Radicicol HSP90AA1 (Heat shock protein HSP 90-alpha), 

CBR1 (Carbonyl reductase [NADPH] 1), MAPT 

(Microtubule-associated protein tau) 

SN00769206 Valinomycin ABCB1 (Multidrug resistance protein 1), CTSL1 

(Cathepsin L1 light chain), CTSS (Cathepsin S) 

SN00769206 Berbamine TDP1 (Tyrosyl-DNA phosphodiesterase 1), SLC6A2 

(Sodium-dependent noradrenaline transporter), 

DRD2 (D(2) dopamine receptor) 

SN00766450 Hypocrellin B MAPT (Microtubule-associated protein tau), PPARG 

(Peroxisome proliferator-activated receptor gamma), 

IDO1 (Indoleamine 2,3-dioxygenase 1) 

SN00766484 Oxyacanthine sulfate DRD2 (D(2) dopamine receptor), SLC6A2 (Sodium-

dependent noradrenaline transporter), HTR1A (5-

hydroxytryptamine receptor 1A) 

SN00769143 Patellamide D F2R (Proteinase-activated receptor 1), SOAT1 

(Sterol O-acyltransferase 1), CTSD (Cathepsin D) 

SN00769171 NA ITGA2B/ITGB3 (Complex), MAPT (Microtubule-

associated protein tau), MME (Neprilysin) 

SN00769256 Dibromophakelline HRH3 (Histamine H3 receptor), KCNH2 (Potassium 

voltage-gated channel subfamily H member 2), 

DRD2 (D(2) dopamine receptor) 
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7.4: Discussions 

We screened 15 compounds comprising 45 dose indices on 7 controls and 7 monogenic 

forms of PD ONS cells. Some of these have been known to confer neuroprotection in 

different models while others are known to possess cytotoxic activities. Out of the total 

15 potential probes, the following six molecules are reported previously to possess 

neuroprotective or antioxidant properties: SN00766132 (dihydroergocristine)(Lei et al., 

2015), SN00766160 (isotetrandrine), SN00766185 (radicicol)(Pan et al., 2005), 

SN00766118 (curcumin)(Motterlini et al., 2000, Mythri et al., 2007),SN00766216 

(berbamine) and SN00766484 (oxyacanthine sulfate)(Levin et al., 1984). Seven of them 

are known to have some anticancer activity: these include SN00766134 

(doxorubicin)(Thandavarayan et al., 2015), SN00766123 (cytochalasin B) and 

SN00766124 (CytochalasinD)(Cooper, 1987, Fenech, 1993), SN00766450 (hypocrellin 

B)(Ping et al., 2010), SN00769143 (patellamide D)(Negi et al., 2017), SN00769283 (β-

methylesculetin)(Hajime et al., 2007) and SN00769256 (dibromophakelline)(Hamed, 

Schmitz et al. 2018). One of the probes, SN00766206 (valinomycin), is a known 

mitochondrial stressor (Cooper et al., 2012).  

We used small molecules to probe for disease or mutation/cell line specific cytological 

response in ONS cells. There were 9 probes which produced a disease specific response 

in some cellular organelles: SN00766118 (Curcumin), SN00766123 (Cytochalasin B), 

SN00766132 (Dihydroergocristine mesylate), SN00766160 (Iso-tetrandrine), 

SN00766185 (Radicicol), SN00766206 (Valinomycin), SN00766216 (Berbamine), 

SN00766450 (Hypocrellin B), SN00766484 (Oxyacanthine sulfate), SN00769143 

(Patellamide D), SN00769171 (NA) and SN00769256 (Dibromophakelline). Moreover, 

probes which may be used to investigate different cellular organelles are shown in 
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Figure 7.16. An optimum concentration of probes can be determined to ascertain their 

specificity for a single cellular organelle. 

 

 

Figure 7.16: Probe panel for different cytological features. Probes were assigned to 

different cellular organelles based on their response in the PD and control cell lines. 

Compounds presented within each circle represent a probe for that cytological 

parameter. Compounds within shared area of circles represent probes which are 

common to those cellular parameters.  

 

The following probes may be mutation specific: SN00766124 (Cytochalasin D) for 

parkin and PINK1 mutants, SN00766160 (Iso-tetrandrine) for LRRK2 mutants, 

SN00766450 (Hypocrellin B) for parkin mutants and SN00769143 (Patellamide D) for 
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2361 (PINK1 G411S). However, due to small number of samples for each mutant cell 

line, these results require validation with a larger sample size. Curcumin treatment has 

suggested more swollen endosomes and increased lysosomal intensity in 2261 (LRRK2 

G2019S) compared to the controls. Substantial evidence suggests that LRRK2 localizes 

to endosomes and lysosomes (Biskup et al., 2006, Shin et al., 2008) and may also 

regulate their function (Shin et al., 2008, Piccoli et al., 2011, Dodson et al., 2012, 

MacLeod et al., 2013, Manzoni et al., 2013, Orenstein et al., 2013, Beilina et al., 2014, 

Hockey et al., 2015). Mutations such as G2019S can perturb this function leading to 

enlarged lysosomes (Henry et al., 2015). Curcumin has been previously shown to 

reduce oxidative stress and activate AKT pathway (Guo et al., 2016). LRRK2 directly 

phosphorylates the AKT1 and mutations such as G2019S can impair this function 

resulting in the decrease in the expression of AKT1 (Ohta et al., 2011). In dopaminergic 

neurons in PD, reduced expression of phosphoinositide (PI) 3-kinase-AKT (PKB) 

signalling is observed, and molecules which can cause its overexpression may be 

neuroprotective (Timmons, Coakley et al. 2009). The other G2019S carrying cell line 

did not show the same response therefore the response may not be considered mutation 

specific but rather specific to this cell line.     

We observed a differential effect of cytoskeleton depolymerizing agents in the EEA1 

and LysoTracker intensity in parkin and PINK1 mutant cell lines which showed an 

increase in the intensity of these parameters. Cytochalasin B and D can disrupt the 

microtubule and microfilament organization within the cells. Impairment of cytoskeletal 

components (microtubules and actin) can disrupt neurotransmission leading to neuronal 

death (Nimmrich and Ebert, 2009, Nemani et al., 2010). For example, Lewy body, 

which is the pathological hallmark of PD contains tubulin, microtubule-associated 

proteins (MAP) and neurofilaments (Galloway et al., 1992). Several studies on SNCA 

and Parkin mutants have also described an association of actin dynamics and PD 
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(Esposito et al., 2007, Lim et al., 2007, Sousa et al., 2009, Kim and Son, 2010). Parkin 

may inhibit phosphorylation of cofilin, an actin depolymerizing protein (Lim et al., 

2007) and mitigate the MAP kinase activity, thus reducing the microtubule 

depolymerization. Mutations in parkin may likely interrupt this function (Ren et al., 

2009). We observed an increase in relative EEA1 spot intensity in parkin mutant ONS 

which may suggest enlarged or swollen endosomes possibly due to impaired maturation 

of early endosomes. It is not completely clear how disrupting the cytoskeleton can lead 

to the impairment of endo-lysosomal pathway. Previous research suggests that parkin 

deficiency can cause defects in the function of retromer, which is a trimeric protein 

complex involved in protein trafficking in endosomes. Parkin deficiency can also 

decrease endosomal tubulation and association of vesicle protein sorting 35 (VPS35), 

sorting nexin 1 (SNX1) and decreased mannose 6 phosphate receptor (M6PR) (Song et 

al., 2016). Further experimental evidence is required to understand the role of parkin in 

cytoskeleton stability and endo-lysosomal pathway. Hypocrellin B, on the other hand, 

caused a decrease in EEA1 spots and an increase in the Lysotracker intensity in parkin 

mutants. Though functional evidence regarding this molecule is lacking, Swiss Target 

Prediction identified PPARG (Peroxisome proliferator-activated receptor gamma) as the 

potential target of Hypocrellin B. PPARG may have anti imflammatory properties in 

neurological disorders (Landreth and Heneka, 2001). 

Isotetrandrine inhibits G protein activation of phospholipase A2 (PLA2) through 

uncoupling of a GTP-binding protein from the enzyme or by increasing the cytosolic 

free Ca2+ concentration (Hashizume et al., 1991, Akiba et al., 1992). PLA2 can regulate 

the release of dopamine from PC12 differentiated neurons (Kudo et al., 1996). PLA2 

may also be involved in modulating the MPTP induced neurotoxicity as suggested by 

increased resistance of mice deficient in cPLA2 to MPTP neurotoxicity than the wild-

type mice (Klivenyi et al., 1998). Molecules which can inhibit PLA2 may offer a 
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protective effect in neurodegenerative diseases. PLA2 inhibitors such as Quinacrine 

have been found to decrease MPTP induced dopamine loss (Tariq et al., 2001). Though, 

the exact mechanism of how these inhibitors confer protection is still elusive, 

cytological response may suggest that endo-lysosomal pathways may be involved. 

We also identified probes which affected mitochondrial parameters; valinomycin a 

known mitochondrial stressor and radicicol. Radicicol caused an increase in the 

mitochondrial texture in PD cell lines compared to the controls. Radicicol is the 

inhibitor of heat shock protein (HSP90) (Schulte et al., 1998) which has been implicated 

in the pathogenesis of PD (Erekat et al., 2014). Overexpression of HSP90 positively 

correlates with α-synuclein aggregation in PD brains (Uryu et al., 2006, Falsone et al., 

2009, Luo et al., 2010). Inhibition of HSP90 by Geldanamycin protects against 1-

methyl-4-1,2,3,6-tetrahydropyridine (MPTP)-induced dopaminergic neurotoxicity and 

prevents the induction of PD  in mouse models (Shen et al., 2005, Hurtado-Lorenzo and 

Anand, 2008). Gamitrinib-TPP (G-TPP), an inhibitor of HSP90, also induces PINK1/ 

Parkin dependent mitophagy in human cells (Fiesel et al., 2017). Radicicol also inhibits 

a mitochondrial homolog of HSP90, Tumor Necrosis Factor Receptor-Associated 

Protein 1 (TRAP1) (Felts et al., 2000) which predominantly accumulates in 

mitochondrial matrix and acts as chaperone to prevent protein folding. Overexpression 

of TRAP1 enhances the cell survival after rotenone treatment in rat primary neurons and 

HEK293 cells (Butler et al., 2012). TRAP1 also regulates the morphology of 

mitochondria by modulating the expression of mitochondrial fission proteins (Takamura 

et al., 2012). The increased mitochondrial texture in PD group reported here may 

suggest increased tubulation of mitochondria. Texture analysis monitors the changes in 

the pattern of pixel intensities and may indicate changes in the morphology or dynamics 

(fission or fusion) of mitochondria. In contrast, mitochondrial stressors such as rotenone 

results in the decrease in the mitochondrial texture in ONS cells which may be 
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attributed to an increased mitochondrial fission or shorter mitochondria. A similar 

decrease in mitochondrial texture was observed in the valinomycin treated PD ONS 

cells compared to the controls. Neurodegeneration observed in PD may result from an 

imbalance between the mitochondrial damage and its removal. Increased mitochondrial 

damage or decreased removal of damaged mitochondria may trigger neurodegeneration 

events observed in PD (Pickrell and Youle, 2015).  

In future work, the results obtained here should be validated with a large number of cell 

lines. These probes may be useful to interrogate different cellular features in PD. Their 

mechanism of action may unravel new insights into the pathogenesis of PD.  
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8.0: General Discussions and Future Directions 

Parkinson’s disease is the second most common neurological disorder, affecting 1-2 % 

of people over the age of 60 and the prevalence will risk with the ageing of populations. 

The lack of an effective disease modifying therapy emphasizes the need to harness 

research strategies which may explain the molecular basis of disease better. This will be 

greatly aided by establishing a cellular model for PD which can effectively recapitulate 

various features of disease. In this regard, HCS with ONS cells which have been used to 

model PD, offers an advantage to investigate multiple cellular components 

simultaneously, thus providing a multidimensional and detailed analyses of cellular 

organelles affected by disease. The study presented herein highlights the significance of 

identifying genetic variants, the role of alternative splicing, aspects of mitochondrial 

dysfunction, and the role of chemical probes which might help to discriminate PDs and 

controls.  

We identified a heterozygous multi-exon deletion in a PD patient (2509 (PARK2 ex 

5-7)) which, though previously known, lacked functional evidence to support its 

contribution to PD. PARK2 causes familial PD in the autosomal recessive fashion, 

however, a number of heterozygous mutations, including copy number variants, have 

been identified in idiopathic PD cases. Research on these variants can establish the 

mechanism underlying these heterozygous mutations which constitute the majority of 

the PD cases. We identified four novel PARK2 splice variants in ONS cells derived 

from this and another PD patient. The presence of more alternative splice variants in 

patient derived cells than in controls (7 in PD vs 2 in controls) suggests their possible 

association with PD.  The qualitative analysis of PARK2 and SNCA variants may 

suggest that mitochondrial stressors can modify the alternative splicing of PD associated 

genes.   
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Furthermore, we questioned if other monogenic forms of PD (PINK1 G411S, PARK2 

ex 02, KCNJ15 R28C, LRRK2 G2019S, LRRK2 R1441) are more vulnerable to 

mitochondrial stressors compared to the controls. For this, we interrogated the 

expression of mitochondrial and autophagy proteins in monogenic forms of PD as well 

as the morphological, intensity and texture-based properties of cellular components 

which have been implicated in PD. In particular, LRRK2 G2019S containing cell lines 

exhibited elevated expression of SNCA transcript, varied intensity and morphology of 

LysoTracker as well as SYT-11 expression which may indicate the involvement of endo-

lysosomal and autophagy impairments associated with this mutation. Cytological 

profiling identified an overall change in cellular health which was significantly different 

from control cell lines. It was found that PD cells, irrespective of the genetic mutation, 

had significantly lower mitochondrial texture than the controls when exposed to 500nM 

rotenone. In addition, changes in mitochondrial parameters were observed in 2704 

(PARK2 ex 2) with rotenone treatment only. This further reinforces the importance of 

high content, multidimensional analysis which may unveil subtle changes in cellular 

organelles, and that these changes may be more obvious under stressed conditions.   

Additionally, we investigated the potential of HCS in identifying biomarkers for PD. 

Analyses of a large number of cytological profiling experiments uncovered slight 

changes in the mitochondrial, lysosomal and other cellular features. The use of machine 

learning algorithms helped to predict the classification accuracy of cytological profiling 

in identifying samples into disease and healthy group. In future, cytological profiling 

may be used to identify early onset or pre-symptomatic samples or genetically 

predisposed individuals. Cytological profiling experiments were carried out on ONS 

cells from a familial PD carrying a rare genetic variants. The preliminary results of two 

controls ONS from this family classified them with the 2141 (KCNJ15 R28C) patient, 

and manifested distinctive cytological features different from other controls. One of 
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these controls is suspected to be in early stages of PD. It is not known at present if the 

differences observed in cytological profiles in these samples are driven by different 

disease stages. Future experiments may employ large number of replicates of these 

samples to validate these findings. 

Next, we recruited a potential probe panel of small molecules which may potentiate 

HCS to identify biomarkers for PD. The screening of 15 potential probes affecting the 

nucleus, cell morphology, mitochondria, lysosomes, endosomes and auto-phagosomes 

identified 9 probes, the majority of which produced disease specific responses in only 

one cytological feature. These were: EEA1 (Cytochalasin B, Dibromophakelline), LC3b 

(Hypocrellin B), tubulin (Iso-tetrandrine, Berbamine, NA), mitochondrial (Radicicol) 

and nuclear (Patellamide D). The structurally similar molecules produced biologically 

different response in controls samples which may imply that these molecules interact 

with different targets, or different molecular pathways may be involved. We further 

investigated the response of individual PD mutant cell lines in an attempt to identify 

mutation specific cytological profiles. Examples of the small molecules which may be 

mutation specific probes are Cytochalasin D and Hypocrellin B. Cytochalasin D caused 

an increase in EEA1 and Lysotracker intensities in parkin mutants only, while a 

decrease in Lysotracker was observed in PINK1 G411S mutant and parkin mutants. On 

the other hand, Hypocrellin B caused a decrease in EEA1 spots and an increase in the 

Lysotracker intensity in parkin mutants. Similarly, curcumin and Patellamide D 

specifically affected EEA1 and cell roundness in 2261 (LRRK2 G2019S) and 2361 

(PINK1 G411S), respectively. It is also noteworthy that cells lines with different 

mutations responded differently to valinomycin, a mitochondrial stressor. Parkin 

mutants (2509 (PARK2 ex 5-7), 2704 (PARK2 ex02)) showed a decrease in 

mitochondrial texture, 21551 (LRRK2 R1441) showed a decrease in lysosomal intensity 

and 2361 (PINK1 G411S) showed decrease in LC3b intensity.  A limitation of this 
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study was the availability of a small number of samples and replicates of PD mutant cell 

lines which should be increased in future experiments to validate the results. 

Understanding of disease relevant pathways and targets may assist in exploring 

therapeutic targets for PD. 

In conclusion, research on monogenic forms of PD coupled with the environmental 

toxins may inform some of the pathways which may explain neurodegeneration in PD. 

Probes which can target disease specific proteins may not only help to identify potential 

targets which may implicate in PD or may have some therapeutic implications.   
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Figure S4.1: Identification of Potential splice variants of Parkin in 2509 cell line. 

RT PCR was performed using exon 4 (forward) and exon 10 (reverse) primers with the 

cDNA of 2509 and a control cell line. The expected PCR product is 686 bp for the full 

length Parkin. In 2509 short length bands migrating at ~350 and 300 bp were excised 

from gel and sequenced.  
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Figure S4.2: Blast Result of Full-length Parkin Transcript. Full length Parkin 

transcript was amplified, cloned into an entry vector pDONR201 and sequenced. The 

blast result of the sequencing is shown.  

 

 

Figure S4.3: Detection of DJ1 Spice Variants in ONS cells on 24 hrs of CCCP 

treatment.  Full length DJ1 was amplified using primers targeting exon 2 (forward) and 

exon 7 (reverse) primers. The expected amplicon size is 570 bp. CCCP did not induce 

any splice variant of DJ1 in both PD and control ONS cells. 
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Figure S6.1: Principal component analysis with individual experiments (A to J). 

Red dots indicate the control samples while the green dots represent PD samples. 
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Figure S6.2: Boxplot of Cytological parameters showing difference between PDs 

and Controls. X-axis shows the PDs and Controls. Y-axis shows the log transformed 

values for different parameters mentioned on the top. P values were annotated from 

Wilcox test.  
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Figure S7.1: Cytological response of different concentrations of SN00766118 

(Curcumin) between PDs and Controls. PD (red) ONS cells were grouped 

irrespective of their genetic mutation and compared with controls (blue) by t-test. X-

axis represents the mean of Log2 (compound/DMSO) and y-axis represents the 

cytological parameters. Concentrations of compounds are mentioned on the respective 

grids.  
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Figure S7.2: Cytological response of different concentrations of SN00766123 

(Cytochalasin B) between PDs and Controls. PD (red) ONS cells were grouped 

irrespective of their genetic mutation and compared with controls (blue) by t-test. X-

axis represents the mean of Log2 (compound/DMSO) and y-axis represents the 

cytological parameters. Concentrations of compounds are mentioned on the respective 

grids.  
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Figure S7.3: Cytological response of different concentrations of SN00766124 

(Cytochalasin D) between PDs and Controls. PD (red) ONS cells were grouped 

irrespective of their genetic mutation and compared with controls (blue) by t-test. X-

axis represents the mean of Log2 (compound/DMSO) and y-axis represents the 

cytological parameters. Concentrations of compounds are mentioned on the respective 

grids.   
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Figure S7.4: Cytological response of different concentrations of SN00766132 

(Dihydroergocristinemesylate) between PDs and Controls. PD (red) ONS cells were 

grouped irrespective of their genetic mutation and compared with controls (blue) by t-

test. X-axis represents the mean of Log2 (compound/DMSO) and y-axis represents the 

cytological parameters. Concentrations of compounds are mentioned on the respective 

grids.   
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Figure S7.5: Cytological response of different concentrations of SN00766134 

(Doxorubicin) between PDs and Controls. PD (red) ONS cells were grouped 

irrespective of their genetic mutation and compared with controls (blue) by t-test. X-

axis represents the mean of Log2 (compound/DMSO) and y-axis represents the 

cytological parameters. Concentrations of compounds are mentioned on the respective 

grids.   
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Figure S7.6: Cytological response of different concentrations of SN00766160 

(Isotetrandrine) between PDs and Controls. PD (red) ONS cells were grouped 

irrespective of their genetic mutation and compared with controls (blue) by t-test. X-

axis represents the mean of Log2 (compound/DMSO) and y-axis represents the 

cytological parameters. Concentrations of compounds are mentioned on the respective 

grids.   
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Figure S7.7: Cytological response of different concentrations of SN00766185 

(Radicicol) between PDs and Controls. PD (red) ONS cells were grouped irrespective 

of their genetic mutation and compared with controls (blue) by t-test. X-axis represents 

the mean of Log2 (compound/DMSO) and y-axis represents the cytological parameters. 

Concentrations of compounds are mentioned on the respective grids.   
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Figure S7.8: Cytological response of different concentrations of SN00769206 

(Valinomycin) between PDs and Controls. PD (red) ONS cells were grouped 

irrespective of their genetic mutation and compared with controls (blue) by t-test. X-

axis represents the mean of Log2 (compound/DMSO) and y-axis represents the 

cytological parameters. Concentrations of compounds are mentioned on the respective 

grids.   
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Figure S7.9: Cytological response of different concentrations of SN00766216 

(Berbamine) between PDs and Controls. PD (red) ONS cells were grouped 

irrespective of their genetic mutation and compared with controls (blue) by t-test. X-

axis represents the mean of Log2 (compound/DMSO) and y-axis represents the 

cytological parameters. Concentrations of compounds are mentioned on the respective 

grids.   
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Figure S7.10: Cytological response of different concentrations of SN00766450 

(Hypocrellin B) between PDs and Controls. PD (red) ONS cells were grouped 

irrespective of their genetic mutation and compared with controls (blue) by t-test. X-

axis represents the mean of Log2 (compound/DMSO) and y-axis represents the 

cytological parameters. Concentrations of compounds are mentioned on the respective 

grids.   
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Figure S7.11: Cytological response of different concentrations of SN00766484 

(Oxyacanthine sulfate) between PDs and Controls. PD (red) ONS cells were grouped 

irrespective of their genetic mutation and compared with controls (blue) by t-test. X-

axis represents the mean of Log2 (compound/DMSO) and y-axis represents the 

cytological parameters. Concentrations of compounds are mentioned on the respective 

grids.   
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Figure S7.12: Cytological response of different concentrations of SN00769143 

(Patellamide D) between PDs and Controls. PD (red) ONS cells were grouped 

irrespective of their genetic mutation and compared with controls (blue) by t-test. X-

axis represents the mean of Log2 (compound/DMSO) and y-axis represents the 

cytological parameters. Concentrations of compounds are mentioned on the respective 

grids.   
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Figure S7.13: Cytological response of different concentrations of SN00769171 (NA) 

between PDs and Controls. PD (red) ONS cells were grouped irrespective of their 

genetic mutation and compared with controls (blue) by t-test. X-axis represents the 

mean of Log2 (compound/DMSO) and y-axis represents the cytological parameters. 

Concentrations of compounds are mentioned on the respective grids.   
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Figure S7.14: Cytological response of different concentrations of SN00769283 (β-

Methylesculetin) between PDs and Controls. PD (red) ONS cells were grouped 

irrespective of their genetic mutation and compared with controls (blue) by t-test. X-

axis represents the mean of Log2 (compound/DMSO) and y-axis represents the 

cytological parameters. Concentrations of compounds are mentioned on the respective 

grids.   
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Figure S7.15: Cytological response of different concentrations of SN00769256 

(Dibromophakelline) between PDs and Controls. PD (red) ONS cells were grouped 

irrespective of their genetic mutation and compared with controls (blue) by Wilcox-test. 

X-axis represents the mean of Log2 (compound/DMSO) and y-axis represents the 

cytological parameters. Concentrations of compounds are mentioned on the respective 

grids.   

 


