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Abstract 

Background: Parkinson's disease (PD) is a neurodegenerative disorder characterized by the 

progressive loss of dopaminergic neurons in the brain. To date, no disease-modifying 

treatments for PD are available and novel insights and therapeutics are essential. This thesis 

explores a novel substrate for cell-based therapies for PD, brain-derived progenitor cells 

(BDPCs), derived from living PD brain samples obtained during deep-brain stimulation 

surgery, while also utilizing this unique tissue source to gain important insights into the 

molecular underpinnings of the disease. Methods: In Chapter 2, human and rat BDPCs were 

compared, and the latter engineered for longitudinal tracking in vivo using bioluminescence 

imaging(BLI). The engineered cells were implanted in a rodent syngeneic graft model to 

evaluate BDPCs survival and integration after transplantation, mimicking an autologous 

therapeutic application. Chapters 3 and 4 utilized RNA sequencing to analyze gene 

expression and alternative splicing changes in the living PD frontal cortex. A random forest 

classifier was then trained on a 370-gene signature to discern PD samples from healthy 

controls. Results: Rodent BDPCs exhibited qualities analogous to their human counterparts, 

including expression and secretion of  neurotrophic factors BDNF and GDNF. The rodent 

BDPC grafts could be tracked effectively with BLI, and showed survival and engraftment in 

the host brain. Transcriptomic profiling of the living PD brain revealed dysregulation of 

genes involved in trophic factor signaling, apoptosis, inflammation, and other key pathways. 

Numerous alternative splicing events were also found to be altered in PD. Building on these 

findings, a machine learning classifier was developed that could accurately distinguish PD 

samples from controls using the PD-associated gene expression signature, with potential 

applications for early diagnosis. Conclusions: This thesis establishes a preclinical platform 

to evaluate autologous BDPCs as a cell-based therapy for PD and provides unprecedented 

insights into the molecular landscape of the living PD brain. The identification of novel 

dysregulated pathways and splicing events, as well as the development of a diagnostic 

classifier, opens new avenues for understanding disease mechanisms and developing targeted 

(disease-modifying) interventions. The ability to directly access and interrogate the living PD 

brain represents a powerful approach to advance Parkinson's disease research.  
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Summary for Lay Audience 

Parkinson's disease (PD) is a brain disorder that causes problems with movement, balance, 

and other functions. People with PD gradually lose important brain cells that produce a 

chemical called dopamine, which is crucial for coordinating movement. Medications can 

help manage the symptoms for a while, but there is currently no cure. One promising 

approach being explored to treat PD is cell therapy, where healthy cells are transplanted into 

the brain to replace or repair the ones that have been lost or support the remaining cells. 

Unfortunately, researchers have not found suitable conditions and cell types to successfully 

treat PD in this way. We have discovered a new source of stem-like cells, called brain-

derived progenitor cells (BDPCs) that can be isolated from the brain of patients living with 

PD while they are undergoing surgery. These BDPCs have qualities that make them excellent 

candidates for cell therapies. In animal studies, we show that these BDPCs can survive and 

integrate when transplanted into the brain, suggesting they might be useful as a treatment. 

We also used advanced genetic analysis techniques to examine the activity of genes in the 

Parkinson's brain tissue. Many genes involved in supporting brain cell health, reducing 

inflammation, and other key processes had different levels of expression in the Parkinson's 

samples compared to healthy brains. Interestingly, we also found many changes in how 

certain genes were being assembled, or "spliced," which can impact their function. Using the 

data from our genetic analyses, we developed a computer algorithm that could accurately 

identify Parkinson’s patients by looking at the activity of a unique set of genes in brain and 

even blood samples. This strategy could lead to earlier and more reliable diagnosis of PD in 

the future. Overall, this work gives us new information about how PD happens and gives us 

ideas for developing new tools and treatments for PD. It also shows how much valuable 

information can be gained by studying the living Parkinson’s brain. 
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Chapter 1  

1 Introduction 

1.1 Motivation and Overview 

Parkinson’s disease (PD) was first described more than two centuries ago by James 

Parkinson and is now the fastest growing neurological disorder and the leading source of 

disability worldwide.1,2 Efforts to understand the exact mechanisms underlying 

neurodegeneration in PD are still ongoing, hindered by disease complexity and multiple 

dysregulated systems that may contribute to varying degrees. At present, we lack the proper 

tools to accurately diagnose PD, particularly before major neurodegeneration has occurred, 

and we have yet to develop interventions to slow, halt, or reverse disease progression.  

In this thesis, we explored the potential of small cortical biopsies from living patients with 

PD as a therapeutic vehicle to expand our knowledge of the disease through next-generation 

sequencing. These samples were obtained during a planned surgical intervention to implant a 

deep-brain stimulation electrode for the treatment of PD. In Chapter 2, we established an 

animal model to evaluate the therapeutic potential of what we termed brain-derived 

progenitor cells (BDPCs), which we had previously shown to be obtainable from human 

cortical biopsy tissue.3 In Chapter 3, gene expression in the cortex of patients with PD was 

examined using next-generation sequencing, for the first time to our knowledge in living 

humans.4 Chapter 4 expanded on this work by investigating alternative splicing alterations 

and the application of machine learning to identify PD based on a signature of differentially 

expressed genes. Finally, Chapter 5 concludes with a summary of the significant findings of 

the thesis, limitations of the work, and possibilities for future research. 

1.2 Parkinson’s disease 

Parkinson’s disease (PD) is a progressive disorder characterized by widespread loss of 

neurons and non-neuronal cells of the central nervous system (CNS), particularly 

dopaminergic neurons of the substantia nigra pars compacta (SNpc). Currently, a spectrum of 

clinical features is used to diagnose PD, although confirmation is only through postmortem 

analysis. Clinical diagnosis is based on motor features such as bradykinesia (i.e., slowness of 
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movement), resting tremor and rigidity, and postural instability in later stages of the 

disease.5,6 Depression, anxiety, apathy, cognitive dysfunction, hyposmia, constipation, and 

sleep disorders often accompany the motor symptoms sometimes preceding their appearance 

by many years.7 Many of these features of PD are attributed to dopaminergic dysfunction 

related to neuronal loss in the SNpc and are responsive to dopamine replacement therapy. 

Other factors, such as olfactory dysfunction, are attributed to widespread pathological CNS 

and non-CNS changes.  

1.2.1 Epidemiological data 

PD is the fastest growing neurological disorder presently, second most common after 

Alzheimer’s, affecting 11.86 million people worldwide as of 20218 This figure has increased 

by 273.9% since 1990, a rise in incidence that cannot be entirely explained by an aging 

worldwide population. It’s been estimated that the figure may reach 12 million by 2040 

based on current trends and even as high as 17 million when factoring an increase in the use 

of toxic pesticides associated with PD, a decrease in smoking -a habit which appears to be 

protective against the disease - and the likelihood that longevity will increase further.9 The 

latter figure seems more likely based on the data from 2021. This surge in disease cases is 

accompanied by a concomitant rise in disability-adjusted life-years and death rates over the 

same period. If this trend persists, the societal burden of PD will considerably increase in the 

future. The impact also extends to caregivers who are subject to increasing demands 

physically, psychologically, socially, and financially.10 

A study published in 2002 on PD in the USA estimated that the lifetime risk of PD was at 2% 

for men and 1.3% for women, after adjusting for competing risk factors. More recently, 

projections of the lifetime risk in France were much higher, estimating a 6.0% chance in men 

and 5.5% in women in 2010, projected to increase to 7.4% and 6.3%, respectively, by 

2030.11,12 Factors such as pesticide exposure, traumatic brain injury, diabetes, history of 

melanoma, methamphetamine use, and high dairy intake have been associated with an 

increased risk of PD in longitudinal studies. Conversely, physical activity, tobacco use, 

caffeine intake, and high serum urate levels have strong evidence for reducing risk, with 

lesser quality or conflicting evidence for neuroprotective properties for healthy eating, tea 

consumption (adjusting for total caffeine), and use of nonsteroidal anti-inflammatory drugs.13  
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Several randomized double-blind controlled trials (RDBCTs) are ongoing or have been 

completed using these data to guide the treatment of PD. Treatment with a transdermal 

nicotine patch in early PD did not slow progression as expected and caused a worsening of 

Unified Parkinson’s Disease Rating Scale (UPDRS) scores with and without an 8-week 

washout period (2.5 and 3.7 mean score decrease treatment vs. control).14 Caffeine use did 

not provide a measurable difference in UPDRS score after 6 months of 200 mg twice per day 

consumption in a cohort of 60 patients with 1-8 years PD duration on stable symptomatic 

therapy.15 A phase III trial using Inosine to increase serum urate levels was terminated 

prematurely after an interim analysis showed ineffectiveness of the drug to mitigate clinical 

decline (https://clinicaltrials.gov/study/NCT02642393).  Based on these studies, lower 

epidemiological PD risk has yet to be translated into useable therapeutics for the treatment of 

PD, and further work will be required to establish the complex relationships between these 

behavioral or environmental factors and the development of PD. 

1.2.2 Pathophysiology 

From a pathological perspective, the primary postmortem finding in PD is the loss of neurons 

in the SNpc and the formation of intracellular protein aggregates called Lewy bodies (LB) 

and smaller Lewy neurite inclusions. It was long thought that the loss of 50-70% of SNpc 

dopaminergic neurons was what led to the development of clinical motor symptoms, though 

considerable variability in post-mortem examinations 16 and neuromelanin sensitive MRI 

(NM-MRI) in early PD do not appear to support that notion.17–19 A recent imaging study 

using the pre-synaptic dopamine tracer 123I-ioflupane SPECT reported that the loss of 

terminals in the striatum corresponded more closely to the progression of motor symptoms in 

the early stages of PD, while in advanced PD they were inversely correlated to loss of 

neuromelanin positive cell bodies in the SNpc as detected by NM-MRI.20 Taken together, 

these data appear to indicate that the primary loss driving motor symptoms occurs at striatal 

motor terminals in earlier stages of PD, while the cell bodies in the SNpc tend to consistently 

degenerate in more advanced stages of the disease, occurring in a manner which can vary 

considerably in each patient. 

Many forms of LB have been reported, though the classic LB consists of a denser inner core 

composed of a complex mixture of proteins, lipids, metal ions, organelles and an outer 

filamentous structure.21,22 While α-synuclein is considered a key component of LB, these 
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pathological deposits contain ubiquitin, neurofilaments and a lesser fraction of proteins also 

found in Alzheimer’s disease or Amyotrophic Lateral Sclerosis including amyloid beta and 

tau, and organelles such as vesicles and mitochondria.23,24 Inclusions are found in the highly 

susceptible SNpc, as well as in extra-nigral dopaminergic, serotoninergic and cholinergic 

tracts throughout the neocortex, the olfactory bulb; the autonomic nervous system and in 

epidermal nerves.25,26 Braak staging proposes a neuroanatomically based staging scheme for 

PD and suggests that Lewy pathology starts in the olfactory bulb, the central and peripheral 

nervous system and the lower brainstem, progressing in a caudal to rostral manner to other 

adjacent structures.27 Though the validity of Braak staging has been the subject of vigorous 

debate, there is a consensus for widespread pathophysiological changes in PD. 

1.2.3 Etiology 

The pathology of PD is consistent and allows for accurate postmortem diagnosis; however, 

the underlying etiology of PD remains unclear. Pathogenesis appears to be multifactorial, 

with contributions from environmental and hereditary factors thought to induce changes in 

many interconnected biological pathways.28  

Impaired protein processing, including abnormal aggregation, trafficking, and degradation 

are among the most widely investigated areas of research because of the hallmark presence of 

alpha (α)-synuclein-containing cytoplasmic inclusions in degenerating brain areas in PD. 

Both the autophagy-lysosome pathway (ALP) and the ubiquitin-proteasome systems (UPS) 

are important cellular defense systems responsible for the degradation of toxic misfolded or 

otherwise damaged proteins. When these homeostatic processes become dysregulated, many 

of the other areas of intense research—oxidative stress, mitochondrial dysfunction, and 

protein aggregation to name a few—also come into play and increasing evidence shows 

together lead to neurodegeneration.29 Remarkably, 11 of 24 genetic loci associated with PD 

are involved or modulate functions of the ALP.30 For example, mutations causing the A53T 

and A30P forms of α-synuclein are thought to disrupt α-synuclein degradation via chaperone-

mediated autophagy. This is hypothesized to occur by blocking the LAMP2A lysosomal 

receptor, thereby causing the accumulation of both wild-type and mutant α-synuclein leading 

to cellular toxicity.31,32 Misfolded α-synuclein can propagate in a self-templating prion-like 

fashion and can be transmitted between cells in vitro33 and in vivo in animals, as evidenced 

by countless studies(reviewed in 34). Transmission occurs in such a way that, despite lacking 
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the potential predispositions of host cells, pathological aggregates were detected in implanted 

fetal and embryonic dopaminergic neurons in human clinical trials. 35–38 However, Lewy 

body pathology on its own is neither sufficient or required to cause neuronal death as many 

cases report patients with pathology not developing PD, as well as the inverse where PD 

patients do not exhibit Lewy pathology.39 

Mitochondrial dysfunction, particularly mitochondrial bioenergetics, may partly explain the 

regional susceptibility of neurons, as the large arbors of dopaminergic neurons are more 

vulnerable to oxidative stress as a result of higher axonal mitochondrial density and basal 

levels of oxidative phosphorylation.40 Further implicating mitochondrial dysfunction, the PD 

associated Parkin and PINK1 genes code for enzymes that cooperate to target damaged 

mitochondria and mitochondrial membrane components for ubiquitylation and subsequent 

degradation by the UPS.41–43 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine(MPTP) is an 

industrial chemical and accidental by-product of illicit drug production which acts as a strong 

neurotoxin causing severe motor symptoms closely resembling advanced PD in humans and 

primates.44,45 It has been used in animal models to replicate disease pathophysiology, along 

with the pesticide rotenone more recently, both of which interfere with the mitochondrial 

electron transport chain by disrupting complex I activity leading to oxidative stress, alpha-

synuclein aggregation and Lewy pathology producing selective degeneration of the 

nigrostriatal dopamine system. 46–48 

Whether as a reactive neuroprotective process to other pathology or a distinct degenerative 

process, neuroinflammation and oxidative stress are believed to play a significant role in the 

pathophysiology of PD. 49–51 Neuroinflammation is primarily mediated by microglia, 

phagocytic cells of the innate immune system, which are activated upon immune challenge or 

after brain injury. 52,53 Activated microglia produce superoxide and nitric oxide, which 

contribute to oxidative and nitrative stress. They also produce other potentially toxic agents, 

including glutamate and tumor necrosis factor-alpha, which can promote neurodegeneration. 

Under normal circumstances, activated microglia repair damaged tissue by clearing toxic 

agents or cellular debris via phagocytosis and releasing inflammation-mediating cytokines, 

eventually resolving the inflammatory response.54 However, under pathological conditions, 

neuronal cell death releases damaged molecules which further activate microglia, creating a 

neurotoxic vicious cycle which can cause a chronic proinflammatory state. Based on animal 
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studies, the midbrain likely contains more microglial cells than other brain regions, which 

can be particularly damaging to dopaminergic neurons.55  

Despite substantial advances in our understanding of PD pathogenesis, the etiology of PD has 

yet to be attributed specifically to one pathological process or a combination thereof. Many 

relationships exist between the cellular processes under investigation, which supports the 

multi-hit hypothesis of neurodegeneration.56 This hypothesis proposes that several factors 

mediate cellular toxicity and that various combinations of these factors can result in cell 

death leading to pathological neuronal losses. Genetic (discussed in Section 1.4) and 

environmental factors that increase the risk of developing PD (see Section 1.2.1) modulate 

these biological pathways in a manner that has yet to be elucidated. 

1.2.4 Treatment 

1.2.4.1 Pharmacological 

Decay of midbrain structures in patients with PD results in a decline in the ability to produce 

the neurotransmitter dopamine. The dopamine precursor l-3,4-dihydroxyphenylalanine, 

known as L-dopa or levodopa, has been the mainstay symptomatic treatment for PD since the 

late 1960s. It is generally used in combination with a peripheral enzyme inhibitor, DOPA 

decarboxylase, to prevent the synthesis of dopamine outside the central nervous system. As 

the disease progresses, increases in the frequency and dosage of levodopa are necessary as 

pathophysiological changes in the brain cause a decreased long-duration and short-duration 

medication response. The “storage hypothesis” proposes that presynaptic dopaminergic 

terminals in PD have a reduced dopamine storage capacity and therefore cannot act as a 

buffer for plasma levodopa levels, effectively causing motor fluctuations.57 These 

fluctuations can produce a marked on-off effect whereby symptoms wax and wane cyclically 

throughout the day, particularly in later stages of the disease. To counter this effect, long-

acting levodopa formulations, slow-release intestinal gels, direct-infusion pumps, and inhaled 

powder targeted at off-peak periods can be helpful. Often, patients will also use adjunct or 

alternative treatment options to minimize side-effects and limit high medication doses and 

related adverse events. These can include dopamine agonists, dopamine metabolism 

inhibitors such as catechol-O-methyl transferase and monoamine oxidase B inhibitors, 

anticholinergics, and the NMDA receptor antagonist amantadine. While most individuals 
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with PD are responsive to dopaminergic medication, off periods become more prevalent 

starting as early as 2 years after starting levodopa, and approximately 40% of patients will 

develop dyskinesias after 4-6 years of treatment.58  

1.2.4.2 Surgical 

Before the introduction of levodopa to treat PD, surgical interventions using ablative 

techniques were commonly used. The first attempts targeting the motor cortex to treat tremor 

date back to World War II59, with further refinement of stereotactic lesions targeting the 

pallidum and thalamus improving tremor and rigidity without inducing paralysis.60,61 Without 

the benefit of modern surgical tools and imaging techniques mortality for these procedures 

was significant, leading to abandonment for years, particularly after the effectiveness of 

levodopa was demonstrated for PD. A resurgence of ablative techniques such as caudatomy 

and pallidotomy, some using new technologies like the Gamma Knife©, has occurred more 

recently with the realization that levodopa effectiveness diminishes with time and can cause 

side-effects such as dyskinesia.62  Pallidotomy can still be performed safely, at lower cost, in 

less specialized centers and in certain cases when deep-brain stimulation(DBS) surgery is not 

possible.63 

DBS is the current surgical treatment of choice for PD. For a subset of patients who meet 

criteria (e.g. <70 years of age, idiopathic PD duration ≥4-5 years, response to dopaminergic 

therapy, absence of psychiatric and cognitive concerns), DBS can provide relief for motor 

symptoms (i.e., bradykinesia, tremor, and rigidity) that might otherwise be intractable with 

drug therapy alone.64 Improvement of dyskinesias can also be achieved secondary to a 

reduction of the need for dopaminergic drugs after DBS. DBS for PD involves placement of 

an electrode targeting the subthalamic nucleus or the internal portion of the globus pallidus, 

which provides rhythmic stimulation with titratable parameters specific to each individual. 

Although DBS has been established as a therapeutic neurosurgical intervention for PD since 

the 1990s, the mechanism of action  is not entirely understood.65 It was initially proposed that 

stimulation causes reversible inhibition at the target site similar to that observed with 

ablation.66 The effect of DBS may mimic a temporary lesion by creating a depolarization 

block through electrical entrainment. (Meissner 2005, McIntyre & Anderson 2016) However, 

the mechanism of action surpasses simple inactivation in the area surrounding the DBS 
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electrode and influences neural networks, neurotransmitters, the adjacent microenvironment 

(i.e. surrounding astrocytes and microglia) and neuroplasticity.67 Studies in animal models 

even suggest a neuroprotective effect, possibly mediated by modulation of neurotrophic 

factors(NTFs) including brain-derived neurotrophic factor.68–70 The efficacy, safety and 

adjustable nature of DBS, combined with a potential neuroprotective effect make it a 

powerful modern modality for treating PD. 

1.2.4.3 Supportive 

As discussed in section 1.2.1, some non-pharmacological interventions also show promise, 

particularly various forms of exercise. A phase II clinical trial in which newly diagnosed 

patients with PD not on dopaminergic therapy underwent high-intensity treadmill training at 

80-85% of maximum heart rate resulted in a mean decrease in UPDRS motor score of only 

0.3 compared with 3.2 in the standard care group after 6 months. 71 This corroborates earlier 

findings of neuroprotection by intensive exercise regimens, including a crossover trial 

comparing physiotherapy and weight-supported treadmill therapy in which the treadmill 

intervention resulted in a significant 6 point reduction (vs. 1.1 with physiotherapy) in 

UPDRS score after 4 weeks.72 Dance interventions, resistance exercise and multimodal 

exercise programing also have growing, though largely preliminary and underpowered 

evidence for disease-modifying effects.73–76 Effects may not be limited to motor symptoms as 

improvement in attention and working memory after progressive resistance training have also 

been noted after 12 and 24 months.77 Much of the measured protective or beneficial effects 

are almost certainly related to adaptations to strength, balance and coordination, which would 

modify the scores for motor components of the UPDRS, one of the primary outcomes of all 

of these studies. Future work will need to distinguish whether improvements are 

neuroprotective through mechanisms such as neurotrophic factor release, antioxidative 

capacity, and promotion of autophagy and neurogenesis, as some preclinical work seems to 

indicate.78,79 

1.2.4.4 Clinical Trials 

To date, no pharmacological or surgical intervention prevents or delays the progression of 

PD.80 However, a 2022 review of pharmacological clinical trials found 147 ongoing trials 

with 56 focused on disease-modifying therapies (DMT).81 most of those trials are in early 
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phases, but (1) Exenatide, a glucagon- like peptide-1 receptor agonist that reduces glucose in 

type 2 diabetes (2) Memantine, an NMDA receptor antagonist used to treat Alzheimer’s 

disease, and (3) Ganoderma, a mushroom used in traditional Chinese medicine, were all in 

phase III clinical trials. Three phase II trials were due to be completed in 2022. Considering 

the current treatment regimen for PD, an RDBCT published in 2004 suggests that long-term 

therapy with levodopa may elicit a decline in dopamine transporter density while potentially 

slowing the progression of PD.82 Another recent study supports this notion, showing that 

motor symptoms scores in the off-drug state declined slower than the projected scores for the 

natural disease course, independent of disease duration.83  

Cell-based therapies to replace or support degenerating dopaminergic structures, and 

therapies with neurotrophic factors, are still ongoing as well (see section 1.3 for more detail). 

Certainly, many promising avenues of research are being investigated to improve upon or 

replace the purely symptomatic treatments for PD that, in the case of levodopa, have been the 

mainstay of therapy for the last half century.  

1.3 Cell and neurotrophic factor-based therapies for 
Parkinson’s disease 

PD widely affects both neurons and non-neuronal cells throughout the nervous system; 

however, progressive loss of mesencephalic dopaminergic neurons is the pathological 

hallmark of PD. With the success of dopamine replacement therapy for treating PD in the 

1960s, the prospect of cell-based dopamine replacement by neural grafting of various cell 

types in the affected brain areas (i.e. striatum), attracted the interest of researchers as the 

logical next step (see84,85 for excellent reviews).  

1.3.1 Preclinical and early clinical trials of cell-based therapies 

Preclinical models first attempted bulk implants of adrenal medullary (AM) or fetal ventral 

mesencephalic(fVM) tissue grafts into either the lateral ventricle or a preformed cavity in the 

striatum, followed by cell suspensions in the 1980s. AM grafts circumvented the fVM issues 

of graft rejection and ethical issues with sourcing cells, however the grafts had low survival 

and modest effects.86 Conversely, fVM tissue showed innervation and dopamine release 

helping to restore deficits caused by 6-hydroxydopamine-induced lesions.87–92  



 

10 

 

Despite poor pre-clinical evidence, the first human open label trial with AM grafts still 

occurred in 198293, followed by another 8 trials over several years.84  By the early 90s AM 

grafting was largely abandoned when results from the United Parkinsons Foundation 

Neurotransplantation registry were published reporting limited benefit from the transplants, 

combined with complications from surgical intervention leading to psychiatric disturbances 

among others.94 Post-mortem examinations also found necrotic adrenal medullary tissue with 

significant surrounding inflammatory response indicators.95–99 Open-label trials with fVM 

were generally more encouraging, with some patients able to stop taking anti-PD medications 

completely and 18F-dopa scans showing restoration of dopamine signaling in grafted 

striatum.100–102 These promising results led to two NIH-funded RDBCTs to address possible 

placebo effects103,104, though the design of these trials was considered premature and came to 

be criticized for their untested grafting protocols, inadequate immune suppression and poor 

graft quality controls.105 Even though both trials followed different protocols, parallels could 

be drawn from their outcomes in that younger patients or patients with milder motor 

symptoms benefited most from the procedure, graft survival was confirmed in most patients 

by PET imaging or post-mortem examinations and a significant proportion of grafted patients 

developed graft-induced dyskinesias (15% and over 50% respectively). The use of fVM 

tissue was largely abandoned after these trials, but enough patients had significant benefits 

that a working group was formed to identify trial shortcomings and develop an optimized 

approach to fVM transplantation. The working group identified that an ideal study would 

target younger, less clinically advanced patients with preserved 18F-dopa PET signaling and 

an absence of levodopa-induced dyskinesias, combined with long-term immunotherapy and 

grafts of more than 100 000 cells per side. These parameters informed a new multicenter, 

open-label human fVM trial called TRANSEURO.106 This trial transplanted its first patient in 

2015 and reached its clinical end point in 2021 after 11 patients received fVM grafts, 

although full results have yet to be 

published(https://clinicaltrials.gov/ct2/show/NCT01898390).  

1.3.2 Native and induced pluripotent stem cells 

The ability to isolate pluripotent differentiation-capable human embryonic stem cells(hESCs) 

meaningfully altered the cell-based therapy landscape in the years following this 

discovery.107 Human fVM tissue transplants, while promising, did not represent a feasible 

https://clinicaltrials.gov/ct2/show/NCT01898390
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therapeutic option in the long term because of ethical contention and logistical issues 

surrounding obtaining the required tissue. hESCs, on the other hand, are more readily 

available, renewable, and bankable. From a safety perspective, undifferentiated pluripotent 

stem cells do carry the risk of neoplasia through unchecked proliferative capacity, with some 

cases of teratoma formation being reported in the literature.108 With that in mind,  good 

manufacturing practice (cGMP) compliant and scalable cellular protocols were crucial for a 

safe transition to human clinical trials . as achieved in the following two decades for both 

undifferentiated hESCs and ventral midbrain dopamine progenitor cells.109,110 

In 2006, another milestone publication outlined the protocol for induction of fibroblasts into 

what were termed induced pluripotent stem cells (iPSC), which could be patterned into 

dopaminergic neurons similar to hESCs.111,112 iPSCs opened the door to the possibility of 

generating autologous stem cells for the personalized treatment of various diseases, including 

PD. Following the discovery that dopaminergic neurons uniquely develop from the floor 

plate rather than from neuroepithelial progenitors, protocols were further refined to 

efficiently differentiate iPSCs into functional midbrain dopaminergic neurons. 113,114 

Compared with previous iterations, iPSCs derived using these more sophisticated protocols 

were nontumorigenic and adequately integrated to provide effective functional recovery.115–

118 

Similar to what was achieved with hESCs, midbrain dopaminergic neurons derived from 

iPSCs can now be produced at scale under conditions that adhere to cGMP guidelines.118 

Now that such cell production pipelines and a sufficient body of pre-clinical literature with 

efficacy exists, clinical trials have been approved with dopaminergic neurons derived from 

iPSCs in Japan119, and parthenogenetic hESCs in Australia and China 120( 

https://clinicaltrials.gov/study/NCT3119636). Preliminary results from the Australian trial 

reported 10 successful transplants, with 8 patients completing the active phase.121 No 

significant adverse events were reported after 1 year, and patients improved in a dose-

dependent manner after 6 months on the Hauser Motor Diary, PD Quality of Life 

Questionnaire, and Global Clinical Impression measures. The GForce-PD group, a global 

collaborative initiative collectively using knowledge and experience gathered through 

previous trials (e.g. TRANSEURO) and a rigorous approach to cell manufacturing and 

https://clinicaltrials.gov/study/NCT3119636
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preclinical testing, has also planned four trials in multiple centers using hESCs, allogenic 

iPSCs, and autologous iPSCs as cell source.122 

In the last two decades, hESC and iPSC technologies have overcome many of the hurdles of 

earlier CBT, refining techniques to increase purity and yields of progenitor and mature cells 

with the A9 midbrain dopaminergic neuron phenotype to scaled production under GMP 

conditions needed for clinical trials. Overall, it remains to be seen whether any of the 

proposed cellular substrates and trial protocols will confer enduring benefit and avoid safety 

issues with tumorigenicity, immune rejection, and graft-induced dyskinesias, but the progress 

made, and preliminary results are encouraging thus far.  

1.3.3 Evidence for a cortical stem cell niche 

Contrary to what was considered canon for many years, the adult brain contains progenitor 

cells capable of producing astrocytes, oligodendrocytes, and neurons, namely in the 

subventricular zone123 and dentate gyrus.124 What is less widely known is that progenitor 

cells also exist in many other areas of the brain, including the cortex, striatum, and septal 

regions, as has been described in rodents 125, primates 126 and humans. 127,128 Our laboratory 

has previously shown that small cortical biopsies can be safely obtained from non-eloquent 

areas in the frontal lobe of patients with PD (PD) during deep brain stimulation surgery.3 

Primary cultures from these samples can be expanded and yield large numbers of what we 

have termed brain-derived progenitor cells (BDPCs). Interestingly, these cells endogenously 

express progenitor and glial lineage markers, as well as brain-derived neurotrophic factor 

(BDNF), glial-derived neurotrophic factor (GDNF), and cerebral dopamine neurotrophic 

factor (CDNF).  

While cell grafts were initially pursued as a method to replace degenerating dopaminergic 

circuitry, they also have the potential to confer sustained drug levels to specific diseased 

brain areas in a way that is not possible through systemic routes. As described in the previous 

sections, the search is still ongoing for a cell with ideal qualities for replacement strategies, 

with many of those qualities also lending themselves to use as a substrate for prolonged 

therapeutic molecule delivery. The colocalization of neurotrophic factors with neural 

progenitor markers raised the intriguing prospect that BDPCs may effectively integrate back 
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into the host brain as an autologous graft and confer broad and enduring therapeutic function 

in PD and other neurological diseases. 

1.3.4 Neurotrophic factors for the treatment of Parkinson’s disease 

NTFs are a family of largely peptidic biomolecules that support the growth and 

differentiation of developing and mature neurons.129 The first research studies on NTFs were 

conducted on nerve growth factor(NGF) in the early 1950s.130 The large number of NTFs 

that have since been discovered mostly fit into three families: the neurotrophins (BDNF, 

neurotrophin-3, neurotrophin-4 and NGF); the GDNF-family of ligands (GDNF, neurturin 

(NRTN), artemin and persephin); and the neuropoietic cytokines. They generally exert their 

trophic effect through cell signaling that varies by NTF family, eliciting a cellular response   

that modulates important biological mechanisms for the development, plasticity, 

regeneration, and survival of neurons and glia. 

As a result, NTFs are thought to be some of the most potent protective agents against 

neurodegeneration. BDNF, CDNF, platelet-derived growth factor, neurturin and GDNF in 

particular have exhibited strong neuroprotective effects both in vitro and in vivo 

preclinically.131–136 Building on these promising preclinical outcomes, seven clinical trials 

infusing GDNF, or in the latest case, using an adeno-associated viral vector(AAV) to deliver 

a GDNF transgene, have been completed to date.137 Mixed results combined with poor 

putaminal coverage, and a potent placebo effect precluded the continuation of any of these 

clinical trials beyond phase II. Ongoing research includes: a newly designed AAV-GDNF 

trial modified for better coverage(https://clinicaltrials.gov/study/NCT06285643); use of  

structurally distinct neurotrophins like mesencephalic astrocyte-derived neurotrophic factor 

(MANF), and CDNF which has achieved safety and tolerability recently in a phase I-II 

clinical trial138,139; and investigation of smaller molecules or peptides with better 

parenchymal diffusion and neurotrophic effects.140  

1.4 Tracking cellular grafts using bioluminescence imaging 

Bioluminescence imaging (BLI) is a technique that uses genetically engineered organisms 

that express luciferase, an enzyme capable of generating photons in the presence of its 

substrate. Since first being reported in 1995, it has been adapted for many fields of 
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preclinical research to study various biological processes due to its advantages as a non-

invasive, relatively low-cost, longitudinal technique allowing real-time monitoring of cell 

viability in vivo.141 Transplanted cell grafts can be engineered to stably express a Firefly 

luciferase transgene that converts D-luciferin into light in the presence of ATP and oxygen 

only available from viable cells. This light is then captured by a cooled charged coupled 

device (CCD) camera, providing spatially encoded intensity values that can be overlaid on a 

photo or an alternate imaging modality like CT or X-Ray. Modern BLI devices are capable of 

capturing the generated photons in deeper tissue than previously possible, particularly with 

Firefly luciferase, which is red-shifted relative to other types.142,143 Further signal gains can 

be obtained by engineering cells with the rat organic anion transporting polypeptide 1a 

alongside luciferase to increase the uptake of the substrate D-luciferin.144 However, 

preclinical use of BLI does have some limitations including (1) being only a two -

dimensional technique143, (2) reliance on the availability of substrate, ATP, magnesium , and 

oxygen, (3) importantly in the context of this thesis, low intrinsic permeability of the 

substrate D-luciferin into the brain for imaging grafts145, and (4) signal attenuating 

confounders including hemoglobin, fur and skin pigmentation.145,146 These factors need to be 

considered during experimental design and can be overcome by the use of complementary 

techniques depending on the experimental question. As described in Chapter 2, BLI was used 

to track engineered cell grafts expressing firefly luciferase implanted into the striatum of 

Fischer rats over a 5-week period. 

1.5 Genetics of Parkinson’s disease 

PD was long considered largely a sporadic disease, with only approximately 5-10% of cases 

reflecting a familial origin depending on the study. Genome-wide association studies now 

suggest a much larger hereditary component ranging from 27% to 41%.147–149 Monogenic 

forms of PD are typically characterized by earlier onset than idiopathic PD (i.e. before 50 

years of age) and faster progression. The first identified causal mutation for PD was an 

autosomal dominant mutation reported in 1997 in PARK1 or alpha-synuclein(SNCA).150 

Leucine-rich repeat kinase 2 (LRRK2), eukaryotic translation initiation factor 4 gamma 

1(EIF4G1) and encoding vacuolar protein sorting 35 (VPS35) have since been identified as 

autosomal dominant mutations, whereas recessive mutations include parkin RBR E3 

ubiquitin ligase (PRKN), PTEN induced putative kinase 1(PINK1), parkinsonism associated 
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deglycase (DJ-1) + ATPase 13A2 (ATP13A2), F-box protein 7 (FBX07) and phospholipase 

A2 group VI (PLA2G6).151 A total of 19 PARK loci, over 40 and possibly up to 90 risk loci 

identified by genome-wide association, and 11 underlying gene mutations linked to heritable 

monogenic forms of PD have been identified as of 2019.152,153  

Mutations in SNCA, LRRK2, PRKN, PINK1 and GBA are the most studied.6 LRRK2 is the 

most common cause of autosomal dominant PD worldwide, accounting for 0.1% to 4% of 

sporadic PD patients of Asian or European descent, and as high as 13% and 30% of sporadic 

Ashkenazi Jewish and Arab-Berber cases respectively.154 PRKN and PINK1 mutations are 

the major autosomal recessive forms of familial PD, particularly early-onset PD. PRKN 

mutations account for 77% of cases of juvenile PD (<20 years old) and 10-20% of young-

onset PD.155 GBA mutations, responsible for Gaucher’s disease, is not considered a causative 

gene, but rather a strong risk factor. In a large multi-ethnic study of 1100 patients with PD,  

8.5% of people had a pathogenic GBA variant.156 As with idiopathic cases, patient 

presentation and survival can vary depending on the causative gene. PRKN and LRRK2 

mutations had longer survival than idiopathic cases, while SNCA or glucocerebrosidase 

(GBA) mutations had significantly shorter survival.157 SNCA mutation carriers also have a 

younger age at onset than autosomal dominant LRRK2 and VPS35 carriers, and often suffer 

from additional psychiatric symptoms.154 Though genetic testing is not standard in current 

clinical practice, observations such as these give important insights that may guide clinical 

decision making and with continued research can lead to a more personalized and optimized 

approach to care for patients with PD. 

1.5.1 Transcriptomics to investigate Parkinson’s disease 

The identification of genes implicated in PD has provided insight into many potential altered 

pathways involved in the disease. Many of these pathways were also discussed in the section 

on what we know about the etiology of PD(1.2.3) including mitochondrial function40 , 

oxidative stress49, inflammation158, impaired protein processing via the ubiquitin-

proteasome159and autophagy-lysosome30 systems, and apoptosis.160 The advent of accessible 

and affordable genome-wide expression profiling to detect differentially expressed genes 

using microarrays or, more recently, RNA sequencing (RNA-seq) has provided a powerful 

tool to confirm or identify pathobiologically relevant alterations in PD. In addition to 

showing alterations in expression at the gene and functional pathway level, whole 
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transcriptome sequencing also allows the identification of novel transcripts and forms of 

alternative RNA splicing. Between 2004 and 2018, 63 original studies examining the 

transcriptome in humans were published.161 Thirty-three utilized postmortem brain tissue, 

twenty-six used blood samples, three used cerebrospinal fluid, and one used skin samples. At 

that time, only eight groups had used RNA-seq to examine the transcriptome, but since then 

many more studies have used the technology as the cost per sample has dropped 

significantly.162–166  

1.5.2 Gene expression in living human brain samples  

The SNpc mesencephalic nucleus, which exhibits >70% cell loss at the time of diagnosis, is 

the canonical site of PD pathology and an anatomical region of obvious interest for 

transcriptome studies. However, this area is not safely accessible for a living biopsy, and 

gene expression profiling would likely reflect secondary cell death and reactive processes 

rather than underlying PD pathology. To date, cadaveric CNS transcriptome studies are still 

challenged by the rapid degradation of RNA that occurs after death and the detrimental 

impact of traditional formalin tissue fixation, including poor yields of extractable RNA with 

strand cleavage and covalent modifications.167 In addition, quality control analysis typically 

reflects ribosomal RNA, which is more resistant to breakdown than the mRNA normally 

used to define differential gene expression. Thus, even with postmortem delays in specimen 

processing and substantial RNA degradation, these tests may lead to false assurance of 

sample integrity and unreliable gene profiling data.168 Peripheral samples would be far better 

suited to clinical applications, but often an lack adequate signal and are less likely to reflect 

disease activity in the CNS. 169 

The use of brain tissue from living patients would avert many disadvantages of postmortem 

specimens, maximizing yield and RNA quality for downstream RNA-seq. Fresh frozen tissue 

from surgically fit patients would lack exposure to late-stage disease, severe CNS 

degeneration, and inflammatory changes of the dying process, which markedly influence the 

transcriptome overshadowing pathogenic processes.170 In Chapter 3, we used small volume 

specimens obtained from the prefrontal cortex during otherwise routine DBS surgery. 

Samples were collected along the mid-pupillary line and coronal suture estimated broadly to 

be in Brodmann area 8/9 within a reasonable scope of individual variability for surgical 

planning. Control specimens were obtained from the analogous brain region in patients 
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without PD or intra-axial CNS pathology, again as part of an otherwise standard 

neurosurgical procedure. This choice to sample the prefrontal cortex was primarily guided by 

the feasibility and safety of the biopsy procedure, as well as accessibility of the tissue at the 

site of the burr hole created for insertion of the DBS electrode. However, there is 

considerable evidence in the literature for cortical involvement in PD making this a region 

with the potential to provide novel insights. Supporting this idea, the oft cited Braak staging 

system describes consistent Lewy body and neurite pathology in the neocortex in stages V 

and VI.27 A meta-analysis of 15 PET studies assessing neuroinflammation using translocator 

protein activity, an accepted proxy of microglial activation,  reported a significant increase in 

the frontal cortex of patients with PD as well. 171 Another medical imaging study using 

structural MRI reported a disease progression-dependant decrease in gyrification in the 

frontal cortex as PD advanced.172 At the molecular level,  reduced levels of 

neurotransmitters173 and tyrosine hydroxylase positive interneurons174, and altered activity of 

mitochondrial subunits.175  Taken together, we hypothesise that genetic expression changes 

identified from this brain region can yield critical insight not specific to the dopaminergic 

system or end-stage cell death per se, but more broadly on the degenerative processes of PD.  

1.5.3 Role of alternative splicing in PD 

Alternative splicing (AS) is a fundamental posttranscriptional process by which a single gene 

can generate multiple proteins by combining RNA elements (e.g. introns and exons) to 

generate different mRNA isoforms. This process involves pre-mRNA being processed by the 

spliceosome to remove introns, and the addition of “caps” which are protective against 

transcript degradation. The 5’ cap is composed of methylated guanosine triphosphate 

molecules and a polyadenylated tail is added on the 3’ end, producing a mature mRNA. 

Alternative forms of splicing can occur at this stage in several ways, including the most 

common, exon skipping, where an entire exon is spliced out of the primary transcript (or 

retained). The other four primary forms of alternative splicing are intron retention, mutually 

exclusive exons, and alternative donor/acceptor sites (see Figure 1-1 for a schematic 

representation of these alterations), which each result in an altered mature transcript and 

ultimately a different protein product.  
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Figure 1-1 – Schematic diagram depicting the five basic forms of alternative splicing 

 (adapted from https://commons.wikimedia.org/wiki/File:Alternative_splicing.jpg) 

AS regulates gene expression during development and in response to environmental changes 

by allowing protein diversity and coding for nonfunctional protein products, which are 

quickly degraded through nonsense-mediated mRNA decay.176 The abundance of AS 

increases with complexity of the organism in eukaryotes and occurs in more than 90% of 

human genes.177,178 In neurodegenerative diseases, however, this process may not occur 

correctly, leading to the production of abnormal proteins that contribute to disease symptoms 

and progression. In PD, splicing errors and posttranslational modifications can give rise to 

forms of α-synuclein with a higher propensity for aggregation.179  Differences in abundance 

of α-synuclein mRNA transcripts have been observed in brain samples of patients with PD, 

including an overexpression of full length and 126 amino acid transcripts in the substantia 

nigra versus controls.180  Mutations in PINK1, Parkin, DJ-1 and GBA predicted to cause 

aberrant splicing have recently been described as well.181–184 Interestingly, a study using 

iPSCs generated from a patient with a rare mutation DJ-1 that leads to early-onset PD, was 

able to ascertain that the mutation caused exon skipping and rescued levels of DJ-1 

expression and mitochondrial dysfunction in vitro using targeted genetic and 
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pharmacological interventions.185 Studies such as this one make a strong argument for 

investigating the underlying molecular mechanisms of PD, which can inform therapeutics for 

broader PD subtypes and also take a significant step towards personalized precision 

medicine.  

1.6 Purpose of the thesis 

This thesis utilizes cortical samples from living patients with PD collected during DBS 

surgery, and from non-PD controls, to explore the potential of BDPCs as a novel substrate 

for CBT, and to provide a first look at the transcriptomic landscape in the living PD brain. 

We propose to first establish a rat syngeneic cell graft model as a basis for exploring the 

therapeutic potential of BDPCs. As a neural cell originating from patients with PD, which 

endogenously expresses both neural progenitor markers and NTFs, they have properties 

suitable for effective integration back into the host brain as an autologous graft for CBT. 

Using next-generation sequencing, we also sought to investigate dynamic changes in gene 

expression and splicing in the PD cortex to gain a better understanding of the pathways 

involved in PD pathogenesis and to identify possible new molecular targets. A gene 

expression profile identified in an initial study of the transcriptome is also used to build a 

machine learning classifier to discern PD samples from controls . Overall, we aimed to 

contribute to a better understanding of PD pathophysiology and worked towards developing 

strategies to facilitate a personalized treatment approach for PD. 

1.6.1 Hypotheses 

1. Rat BDPCs can be generated like human BDPCs, will exhibit comparable properties, 

and will survive and integrate to provide a suitable graft substrate in a preclinical CBT 

model.  

2. Cortical tissue samples from living patients with PD will exhibit a novel transcriptomic 

profile not seen in deceased donor or other tissues. 

3. The unique genetic profile of living patients with PD will provide novel data for the 

development of biomarkers and can be leveraged by computational tools to identify a 

genetic signature for PD.  
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In Chapter 2, we used cell culture techniques to isolate and culture BDPCs from rat cortical 

tissue. After assessing their properties in relation to their human counterpart using molecular 

and electrophysiological methods, rat BDPCs were engineered to express transgenes 

necessary for longitudinal tracking in vivo in a syngeneic transplant model. This chapter is in 

preparation for submission. 

In Chapter 3, cortical samples obtained from PD patients and controls during routine surgical 

procedures were used to perform the first study of the brain transcriptome of living humans 

in PD. This chapter was published in Neurobiology of Disease (Benoit SM, et al., 

“Expanding the search for genetic biomarkers of Parkinson’s disease into the living brain “, 

April 2020) 

In Chapter 4, several bioinformatics tools were employed to further investigate the 

transcriptomic data from the previous chapter for alternative splicing alterations. Machine 

learning was then used on our dataset and other datasets to train and assess a classifier for the 

detection of a Parkinson’s disease genetic signature. This chapter is in preparation for 

submission. 
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Chapter 2  

2 Establishing a rodent syngeneic graft model to examine 
the potential of novel cell-based therapeutics for 
Parkinson’s disease 

Background: Current treatments for Parkinson’s disease (PD) only address symptoms 

and do not modify disease progression. Cell-based therapies (CBT) using various cell 

types have shown limited success due to ethical concerns, standardization issues and 

potential immune rejection, among others. Cortical biopsies safely obtained from living 

PD patients during deep brain stimulation yield large numbers of brain-derived 

progenitor cells (BDPCs) with key merits for CBT by being of brain origin and 

expressing multiple neurotrophic factors (NTF; e.g., GDNF, BDNF, CDNF) along with 

progenitor and neural proteins. These attributes raise the prospect that BDPCs may 

provide an effective substrate for enduring therapeutic function in PD, but a preclinical 

transplant model is a necessary step to evaluate this potential. Human BDPCs have been 

characterized (Xu et al 2013) but analogous cells from other mammals have not been 

described. Methods: Rat BDPCs were isolated and cultured using a protocol adapted 

from human BDPCs. Markers of cell type, endogenous NTF production and 

electrophysiological properties were evaluated and compared to human cells. Rat BDPCs 

were engineered to express luciferase/OATP1A1/TdTomato, then 15k, 60k or 240k cells 

were implanted into the striatum of syngeneic rats and tracked longitudinally for 5 weeks 

with bioluminescence imaging (BLI), before brain extraction for histology. Results: Rat 

BDPCs expressed comparable neural progenitor and mesenchymal markers as human 

BDPCs. Electrophysiological analysis revealed differences in resting membrane potential 

and membrane time constant. Expression and secretion of NTFs BDNF and GDNF was 

confirmed by Western blot in human and rat BDPCs. Engineered rat BDPC syngeneic 

grafts with 15k and 60k cells showed successful engraftment for 5 weeks, however 240k 

grafts had a sharp decline in BLI signal after 2 weeks. Histological examination revealed 

striatal grafts integrated into the surrounding brain parenchyma. Conclusions: This study 

establishes the possibility of generating BDPCs from rat cortex and provides a proof-of 
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concept pre-clinical syngeneic model in rats that allows longitudinal tracking in vivo, an 

ideal platform for future testing of therapeutic interventions for PD. 
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2.1 Introduction 

Parkinson’s disease (PD) is a progressive neurodegenerative disease with an estimated 

prevalence of 1% in individuals over the age of 60.1 The disease is diagnosed clinically 

using a characteristic motor symptom profile which includes tremor and bradykinesia, 

often accompanied by other symptoms such as gait and postural instability, cognitive 

impairment, hyposmia and mood disturbances. The current standard-of-care for PD 

consists primarily of dopamine replacement therapy to counter the loss of the dopamine 

producing neurons of the substantia nigra. A subset of patients may also be candidates for 

surgical intervention to treat inadequately controlled motor symptoms by implanting a 

deep-brain stimulation (DBS) electrode. All forms of treatment to date are purely 

symptomatic, doing nothing to slow, halt or reverse the progression of the disease. As 

such, researchers continue to pursue any form of disease-modifying treatment with the 

broad objectives of improving the bioavailability of dopamine in the relevant brain 

circuitry, preventing further cell death, and promoting regeneration. Among the most 

widely investigated forms of therapy are cell-based therapies (CBTs) and therapies based 

on the use of potently cytoprotective neurotrophic factors (NTFs).2 

CBTs have been explored over the last several decades using various cell types and 

grafting strategies, with the objective of restoring the dopaminergic supply lost to disease 

by replacing lost cells or repairing and supporting remaining functional neurons. Initial 

trials with bulk tissue adrenal medullary cells implants into preformed cavities in the 

lateral ventricle or striatum  failed to show any benefit.3,4  However, refinement of 

surgical technique and continued trials using fetal nigral grafts, native stem cells, induced 

pluripotent stem cells and their differentiated progeny led to some signs of therapeutic 

benefit, including improved [18F]dopa uptake in grafted tissue. Despite progress and 

refinement of surgical techniques many hurdles still exist to the use of CBT. The use of 

fetal cells - most recently seen in the TRANSEURO trial3- has been hampered by ethical 

concerns, non-standardized source tissue and logistical issues obtaining necessary tissue 

for transplants.5 Native and induced pluripotent stem-cells are more readily expanded and 

preserved, but they raise their own apprehensions from a standardization, safety and 

tumorigenicity perspective. Furthermore, concerns of immunogenicity of allogeneic cell 
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grafts remain, despite the relative immunological privilege of the brain. Recent evidence 

showing active patrol of the central nervous system (CNS) by the immune system and the 

possibility of generating an immune response6, combined with in vivo studies showing a 

rejection response to grafts7–9, appear to support those concerns.  

NTFs are trophic biomolecules -  typically proteins with a molecular weight between 10 

and 35 kDa – that support survival, growth and differentiation of neurons.10 They are 

mostly grouped into three families: the neurotrophins (BDNF, neurotrophin-3, 

neurotrophin-4 and NGF); the GDNF-family of ligands (GDNF, neurturin (NRTN), 

artemin and persephin); and the neuropoietic cytokines. Mechanisms of trophic action 

vary by family, but most NTFs support neurons in the mature nervous system via 

signaling through receptor tyrosine kinases. Decreased levels of NTFs have been found in 

the brains and blood of patients with PD.11–13 Early experimental models of NTF therapy 

for PD, particularly those using glial-derived neurotrophic factor (GDNF), demonstrated 

the neuroprotective and neurorestorative effects of NTFs against toxic insults to 

dopaminergic neurons.14–20 In humans, initial clinical trials directly infusing GDNF into 

the putamen reported no serious adverse effects and promising results in open-labeled 

studies21,22, but failed to meet their endpoints in randomized, double-blind, placebo-

controlled trials, despite showing measurable clinical benefit in some cases.23–26  The 

unconventional endoplasmic reticulum(ER) protein and NTF cerebral dopamine 

neurotrophic factor (CDNF) demonstrated safety in a trial completed in 2020 and can act 

extracellularly and in the ER to protect neurons and other cells against stress-induced 

unfolded response.27,28 Trials using adeno-associated virus (AAV) mediated gene therapy 

to generate expression of both neurturin and GDNF in the putamen have also proved to 

be safe for patients.29–32  However, meaningful translation of a therapeutic effect to 

humans has been plagued with difficulties obtaining coverage of the irregular volume of 

the putamen leading to only modest benefits on a subset of patients. Research is still 

ongoing with a planned new AAV-GDNF trial with improved delivery protocol for better 

putaminal coverage planned for early 2024 

(https://clinicaltrials.gov/study/NCT06285643). 

https://clinicaltrials.gov/study/NCT06285643
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The current state of therapeutics for PD does show promise, though several clear hurdles 

still exist demanding the continued exploration of novel approaches. Prior work from our 

lab has shown that small cortical biopsies can be obtained from PD patients during deep-

brain stimulation (DBS) surgery. These tissue biopsies are invaluable biological samples 

that can yield an expandable cell population we have termed brain-derived progenitor 

cells (BDPCs).33 BDPCs are expandable in vitro; brain-derived and have been shown to 

endogenously express both neural progenitor markers like Olig1 and Nestin, as well as 

the NTFs BDNF, GDNF and CDNF. The combination of progenitor cells from a neural 

source with endogenous NTF expression is inherently advantageous for use as a substrate 

for CBT for PD, circumventing many of the issues raised in experimental models and 

clinical trials to date. As a novel non-immunogenic source of cells, they could provide a 

long-term substrate for endogenous NTF delivery or alternatively, could be modified for 

use as a delivery vehicle for therapeutic molecules. However, the therapeutic potential of 

BDPCs has yet to be thoroughly evaluated. To begin to examine their potential, this study 

first sought to determine if rat BDPCs could be derived and expanded from frontal 

cortical brain tissue, like human BDPCs, with the goal of establishing a pre-clinical 

model. Properties of derived rat BDPCs could then be systematically compared to human 

BDPCs with an emphasis on the neural progenitor markers and neurotrophic factors 

previously confirmed to be present in the human cells. Once phenotype was established, 

we also sought to establish the basic electrophysiological properties of human and rat 

BDPCs, and whether NTFs were secreted from rat BDPCs. Finally, we worked to 

develop a syngeneic graft model in Fischer rats in preparation for future preclinical 

studies to assess the therapeutic potential of BDPCs, mimicking  an autologous transplant 

model in humans while keeping a functional immune system. We expected that 

derivation of rat BDPCs would be possible, and they would exhibit a similar phenotype 

to human BDPCs. Furthermore, we hypothesized that rat BDPCs would survive and 

integrate to provide a suitable graft substrate in a preclinical model. With the 

establishment of a derivation protocol for rat BDPCs, evaluation of their phenotype and 

properties, and examination of survival and engraftment of BDPC in a syngeneic animal 

model, we lay the groundwork for further development of this innovative cell-based 

therapy approach. 
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2.2 Materials and Methods 

2.2.1 Isolation and culture of rodent brain-derived progenitor cells 

Brain-derived progenitor cells were generated from rat cortical tissue by adapting the 

same protocol previously described for human brain samples.33 Brain tissue from Fischer 

rats (Charles-River, Wilmington, MA, USA) ranging from 4-6 months of age with a 

mean weight of 326.18g (SD 15.31g) was collected in phosphate-buffered saline (PBS) 

with 5% fetal bovine serum (FBS). To emulate the sampling location in the frontal cortex 

in humans, ~100 mm3 (50 mm3 per hemisphere) of frontal cortical tissue was carefully 

dissected (away from pial or ventricular surfaces)  and rinsed twice with PBS to remove 

FBS and blood. Tissue was digested with 0.25% Trypsin and 75µl DNase at 37°C for 20 

minutes, then 5ml of Dulbecco’s modified Eagle’s medium (DMEM; Thermo Fisher 

Scientific, Waltham, MA, USA) with 10% FBS, 1% penicillin/streptomycin and 1% non-

essential amino acids was added (standard medium). The resulting suspension was 

triturated and filtered through a 100µm cell strainer (BD Biosciences, San Jose, CA, 

USA), then centrifuged at 800 rpm for 15 minutes. The pellet, resuspended in fresh 

medium, was plated to a 35 mm dish. After 2 hours at 37°C, the supernatant was 

transferred to four 15 mm wells in a 24-well plate coated with poly-l-lysine (Trevigen 

Inc., Gaithersburg, MD, USA) and allowed to grow 2-3 weeks to confluence before first 

passage. Cultures were grown at 37 °C in a humidified chamber with 5% CO2, with the 

medium changed twice a week and cells passaged at approximately 80% confluence 

using a 1:2 ratio. Experiments, including the transplant model were all conducted with 

either human or rat BDPCs from passages 3 to 8. 

2.2.2 Immunocytochemistry for lineage markers and growth 
factors 

BDPCs (3x10e4) were seeded onto uncoated glass coverslips, incubated for 48 hours, and 

fixed with 4% paraformaldehyde (PFA) in PBS for 20 minutes at room temperature (RT). 

Cells were permeabilized with 0.25% Triton X-100 for 12 minutes and non-specific 

binding was blocked with 1% bovine serum albumin (BSA) for 30 minutes at RT. 

Primary antibodies (Supplementary Table 2-1) diluted in PBS with 1% BSA were 

incubated with cells overnight at 4°C. Secondary antibodies (Alexa Fluor© 488 goat anti-
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mouse or Alexa Fluor © 546 goat anti-rabbit; 1:200, Thermo Fisher) were applied for 1 

hour at RT and nuclei counterstained with 4,6-diamidino-2-phenylindole (DAPI). PBS 

was used as a no primary control. All experiments were repeated twice with distinct 

BDPC cultures. Coverslips were mounted with antifade solution and sealed. Imaging was 

performed on a Leica TCS SP8 confocal microscope. 

2.2.3 Western blot analysis 

Protein expression was evaluated with Western-blot analysis of whole cell extracts and 

cell media filtrate to determine both intracellular expression and secretion of target 

proteins. Protein extracts from media were obtained by incubating cells overnight in 4ml 

fresh DMEM without any additives. Media was then removed and centrifuged in a 15ml 

conical filter tube (Amicon Ultra-4, Sigma-Aldrich, St. Louis, MO, USA; 4,000 x g, 20 

min, 4°C) to concentrate protein. For whole cell protein extracts, cells were collected in 

media using a cooled cell scraper and centrifuged (2,200 x g, 5 min, 4°C). The pellet was 

resuspended in PBS and centrifuged again (2,200 x g, 5 min, 4°C). The pellet was 

incubated on ice for 30 min in lysis buffer (50 mM Tris-HCl, 150 mM NaCl and 1% 

Nonidet P40 substitute, pH 7.4) with fresh protease inhibitor cocktail (1:10, Sigma-

Aldrich). Lysate was then centrifuged (16,100 x g, 15 min, 4°C) and supernatant was 

collected for analysis. The concentration of protein lysates was measured using the DC 

Protein Assay (Bio-Rad Laboratories Ltd., Mississauga, ON, Canada) read at 750 nm on 

an Epoch spectrophotometer (Biotek Instruments Inc., Winooski, VT, USA) and fractions 

were frozen at -20°C until needed. Samples in Laemmli buffer (40µg total protein) were 

loaded in 8-15% polyacrylamide gels depending on target protein size and transferred to 

Immun-Blot PVDF membranes (Bio-Rad Laboratories). Membranes were blocked with 

5% skim milk in Tris-buffered saline (TBS) for 15 minutes at RT, then incubated 

overnight at 4°C with primary antibodies in the same solution with 0.1% Tween 20 added 

(Supplementary Table 2-2). Membranes were washed with TBS with 0.1% Tween 20 and 

incubated with either IRDye® 680LT goat anti-mouse or IRDye® 800CW donkey anti-

rabbit secondary antibodies (LI-COR Inc., Lincoln, NE, USA) for 1 hour at RT. Cutting 

membranes and using both infrared secondary antibodies allowed probing of up to four 

distinct proteins per Western blot lane. A minimum of two technical replicates (up to a 
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maximum of five) per protein of interest were run using two distinct cultures of BDPCs. 

Membrane images were taken on a LI-COR Odyssey infrared imaging system and 

analyzed using the packaged Image Studio software. Blots were stripped and re-probed 

using 1x membrane stripping buffer (Gene Bio-Application Ltd., Yavne, Israel) 

following the manufacturer’s instructions. 

2.2.4 Reverse transcription polymerase chain reaction 

The presence of mRNA for neurotrophic factors was confirmed using reverse 

transcription-polymerase chain reaction (RT-PCR). Total RNA was isolated from 1x106 

rat BDPC cells using a PureLink™ RNA Mini Kit (Thermo Fisher). Sample cDNA was 

generated from approximately 1 µg of extracted RNA with qScript cDNA SuperMix 

(Quanta Biosciences, Beverly, MA, USA) following the manufacturer’s protocol. 

Samples were prepared for RT-PCR by combining 2 µl of template cDNA, 0.5 µM 

dNTP, 2 µl of the forward/reverse oligonucleotide primer (0.5 µM), and 0.25 µl TaqDNA 

polymerase, adding dH2O for a final volume of 20 µl. cDNA was then amplified using 

three custom primers designed for rodent CNDF, GDNF and BDNF mRNA (Thermo 

Fisher, see Supplementary Table 2-1) for 40 cycles with an annealing step adjusted to 

each primers’ melting temperature. Electrophoresis was performed on a 4% agarose gel 

and visualized with RedSafe™ Nucleic Acid Staining Solution (iNTron Biotechnology, 

Seongnam, South Korea) using a FluorChem Q digital imaging system (Alpha Innotech 

Corp., San Leandro, CA, USA). Samples lacking TaqDNA polymerase and template 

cDNA were loaded as negative controls.  

2.2.5 Flow cytometry for lineage markers 

Fischer rat BDPCs from passage 5-8 were gently dissociated from culture dishes with 

TrypLE Express (Thermo Fisher) for 10 minutes, resuspended as a 1x106 cells/ml single 

cell suspension and divided to generate all experimental and compensation control tubes 

in parallel. Cells were first incubated with ZombieRed(BioLegend, San Diego, CA, USA) 

viability dye on ice for 30 minutes, then fixed in a 4% PFA solution for 10 minutes at RT. 

A 0.1% Triton X-100 solution was used to permeabilize cells for 10 minutes at RT. Cells 

were incubated for 30 minutes at 4°C with mouse primary antibodies for neural 



 

50 

progenitor markers anti-Olig1 (Millipore, Burlington, MA, USA; 1:200), anti-Nestin 

(Proteintech, Rosemont, IL, USA; 1:200) or PBS for no primary controls. After washing, 

cells were incubated with an anti-mouse Alexa Fluor 488/647 secondary or PBS for 30 

minutes at 4°C prior to resuspension in PBS with 3% BSA. Cytometry was performed on 

a FACSCanto flow cytometer (BD Biosciences), and results were analyzed with FlowJo 

X (v.10.0.7r2). 

2.2.6 Electrophysiological analysis 

Cells were placed in artificial cerebrospinal fluid (ACSF) containing (in mM): 3 KCl, 

1.25 NaH2PO4-H2O, 3 MgSO4, 26 NaHCO3, 124 NaCl, 10 glucose and CaCl2 (2mM); 

equilibrated with 95% O2/5% CO2. Before the coverslips were transferred from the cell 

culture dish to the ACSF perfused recording chamber, the media was gradually replaced 

with ACSF over 15 minutes. The whole-cell patch clamp recordings were done at room 

temperature with continuous ACSF perfusion (1-2 ml/min). Cells were visualized 

through an upright microscope (Axioskop; Zeiss, Oberkochen, Germany) and an 

EMCCD camera (Evolve 512; Photometric, Huntington Beach, CA, USA). Micropipettes 

used for the recordings had  4-7 MOhm resistance and were filled with an intracellular 

solution containing (in mM): 140 K-gluconate, 10 KCl, 1 MgCl2, 0.2 EGTA, 10 HEPES, 

3 Mg-ATP, and 0.5 Na-GTP, pH adjusted to 7.3, 290-300 mOsm/L. Signals were be 

sampled at 10 kHz, amplified with Axopatch 200B, digitized with Digidata-1550, and 

analyzed using pClamp 10.4 (Molecular Devices, San Jose, CA, USA). Data acquisition, 

analysis, and presentation were performed using pClamp10.4 (Molecular Devices), and 

GraphPad Prism 6. 

2.2.7 Engineering cells for bioluminescence imaging 

Isolated BDPCs from early passages (3 or 4) were engineered with a custom lentiviral 

vector to stably express firefly luciferase 2(FLuc2) for bioluminescence imaging (BLI); 

the rat organic anion transporting polypeptide 1a1 (OATP1A1) to increase the uptake of 

the luciferase substrate D-luciferin permitting detection of smaller cell grafts; and the red 

fluorophore TdTomato (TdT), driven by the  human elongation factor 1α promoter (p-

HEF1).34 Briefly, pUltra-Chili-Luc vector was modified to express p-HEF1 and FLuc2, 
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with a P2A self-cleaving peptide sequence separating them. OATP1A1, preceded by a 

E2A sequence was then inserted into the transfer vector downstream of FLuc2, 

generating a p-HEF1-TdT(P2A)FLuc2(E2A)OATP1A1 lentiviral vector. Cells were 

transduced with this vector at a multiplicity of infection of 50 and FACS sorted based on 

TdT expression using a FACSAria III flow cytometric cell sorter (BD Biosciences). 

Resultant BDPCs expressing TdT/FLuc2/OATP1A1 were maintained in the same culture 

medium as above until surgical implantation.  

2.2.8 In vivo syngeneic graft model, BLI imaging and histology 

Animal studies were conducted in accordance with the standards of the Canadian Council 

on Animal Care and approved by the Animal Care committee at the University of 

Western Ontario (protocol 2018-026). Unilateral grafts were established by 

stereotaxically implanting 15 000, 60 000 or 240 000 Fischer rat BDPCs into conspecific 

rats (n=4 per group). Rats were first anesthetized with isoflurane and placed in a 

stereotaxic frame. BDPCs were then injected into the dorsolateral striatum in 3µl PBS 

using a 10 µl Hamilton syringe at the following coordinates relative to bregma: 

anteroposterior: -1.0 mm, lateral: +5.0mm, dorsoventral: -6.5 mm. To assess graft 

survival, the bioluminescent signal of BDPCs was captured one week after implantation 

and weekly for another 4 weeks using an IVIS Lumina BLI system (Perkin-Elmer, 

Waltham, MA, USA) Animals were injected with D-luciferin (30 mg/mL solution at 

150mg/kg) immediately prior to isoflurane anesthesia for imaging. BLI signal was then 

captured using a 60 second exposure window until signal peak. As ATP is required as a 

cofactor for this reaction, BLI provides a direct readout of implanted cells' viability. At 5 

weeks rats were quickly perfused transcardially with 0,9% saline, followed by a 4% 

solution of PFA. Brains were extracted and post-fixed in 4% PFA for 1 hour at 4ºC and 

transferred to 30% sucrose for 3 days before cryopreservation. Brains were then 

sectioned into 15 µm coronal sections on a Leica cryostat and mounted onto charged 

slides for imaging. Sections were counterstained with DAPI to label cell nuclei. Grafted 

cells were located using the TdTomato fluorophore included in the BLI construct on a 

Nikon Eclipse Ni-E microscope and photomicrographs were taken with a DS-Qi2 camera 

(Nikon Instruments Inc, Melville, NY, USA). 
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2.3 Results 

 

Figure 2-1 Immunocytochemistry for rodent BDPC lineage markers and 

comparison to human BDPC with Western blot 

Representative photomicrographs (63x objective, scale = 50 µm) and accompanying 

Western blots showing expression of (A-C) progenitor markers nestin, p75NTR and 

neural/glial antigen 2 (NG2); (D) the oligodendrocyte precursor marker Olig1; and 

(E-F) the mesenchymal markers collagen III (Col III) and fibronectin (FN) in rodent 

BDPCs. Western blots were run with protein extracts from human and rodent 

BDPC in parallel for comparison and show bands of expected size for each marker. 

Β-Actin was used as a loading control and is shown below each set of bands (Panels 

C-E share a loading control from the same lane). 
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2.3.1 Derivation and comparison of rodent BDPCs to human 
analogues 

Robust cultures of rat BDPCs were derived from 12 unique brain tissue samples yielding 

cells with morphological characteristics consistent with their human analogues. Cells 

exhibited a flat polygonal shape at subconfluence and at approximately 80% confluence 

had a narrower spindle-like morphology, more closely resembling mesenchymal stem-

cells or fibroblasts (Supplementary Fig. 2-1). These showed growth consistently through 

10-12 passages before proliferation slowed, were readily frozen for storage and 

subsequently recovered up to 4 years after initial freezing.  

 

Expression of proteins linked to neural progenitor, precursor and mesenchymal 

phenotypes were strategically evaluated and compared to those in human BDPCs. The 

neural progenitor markers nestin; p75 neurotrophin receptor (p75NTR), and neural/glial 

antigen 2 (NG2) were all present as evidenced by immunocytochemistry and Western 

blot (Fig. 2-1, A-C). Expression of the oligodendrocyte progenitor markers Olig1 and the 

mesenchymal markers collagen III and fibronectin were also robustly expressed (Fig. 2-1, 

D-F). FACS analysis was conducted to assess the homogeneity of Nestin and Olig1 

expression in cultures as previously observed in human BDPCs. After screening out any 

dead or dying cells using the ZombieRed viability dye, to eliminate non-specific binding 

of antibodies that is observed in dead cells and ensure accurate and reproducible results, 

we observed >99% of viable cells had immunolabelling for Nestin and Olig1 (Fig. 2-2, 

A-B). 
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Figure 2-2 Homogenous expression of neural progenitor and early oligodendrocyte 

markers in viable BDPCs. 

FACS scatterplots depicting the proportion in orange of (A) Nestin-positive and (B) 

Olig1-positive cells which did not show measurable expression of the viability 

marker ZombieRed. ZombieRed only (red) and secondary only (blue) control cells 

are also shown for comparison, as well as the gate used to select Nestin/Olig1+ cells. 

Cells are separated on the X-axis by secondary fluorescence intensity and on the Y-

axis by their side-scatter area, a measure of cellular complexity. Approximately 

10,000 cells were run for each fully stained sample.  
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2.3.2 Electrophysiological characteristics of human and rat BDPCs 

 

Figure 2-3 Whole cell patch clamp of human and rat derived BDPCs 

Whole cell patch clamp recording results from human (blue, n=11) and rat (gray, 

n=12) derived BDPCs. (A) Resting membrane potential is more negative in rat 

derived cells compared to human derived ones. (B) Membrane capacitance and (C) 

membrane resistance are not different between the two population of cells. (D) The 

membrane time constant, Tau, as measured by applying a 10mV step is significantly 

lower in the rat derived cells. (E) Sample voltage clamp trace where current 

response is measured for increasing voltages, -90mV to +40mV in 10 mV 

increments, which is plotted in an (F) IV curve. All data are represented as mean ± 

standard error, and an asterisk indicates significant difference (P<0.05). 

The intrinsic electrophysiological properties of human derived and rat derived BDPCs 

were compared with whole-cell patch clamp electrophysiology. Analysis showed that 
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both rat and human derived BDPCs maintained a negative resting membrane potential, 

with rat derived BDPCs exhibiting a more negative resting membrane potential than 

human BDCPs (Fig. 2-3C, Supplementary 2-2 for average traces). They also had smaller 

membrane time constants (tau) than their human counterparts, while there were no 

differences in membrane capacitance and membrane resistance (Fig. 2-3A-D; 

independent samples t-tests: RMP: t(21) = 0.049, p < 0.0001; tau: t(16.74) = 10.025, p = 

0.027; Cm: t(21) = 3.136, p = 0.0635; Rm: t(21) = 1.301, p = 0.1295). Analysis of the 

current-voltage profile through voltage-ramp recordings of these cells revealed a main 

effect of voltage ramp level (2-way RM ANOVA; Voltage level × cell type: F(1.047, 

19.895) = 26.937, p < 0.0001) but no significant differences between the cell types (F(1, 

19) = 0.786, p = 0.386; Fig. 3E and 3F). 

 

Figure 2-4 RT-PCR analysis for neurotrophic factors  

(A) Expected gel for three custom-designed primers each for rodent BDNF (Lanes 

1-3, expected sizes 182bp, 220bp and 282bp), CDNF(Lanes 4-6, expected sizes 

121bp, 192bp and 119bp) and GDNF mRNA(Lanes 7-9, expected sizes 268bp, 104bp 

and 111bp) and (B) the resulting gel of the PCR products.  
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2.3.3 Rodent BDPCs endogenously express and secrete 
neurotrophic factors 

Using RT-PCR with three custom designed primers per neurotrophic factor, mRNA for 

CDNF, BDNF and GDNF were detected in rat BDPC whole cell lysates ( Fig. 2-4). 

Protein expression evaluated using immunocytochemistry also showed BDNF and GDNF 

in the cell cytoplasm, with a higher density of staining in the perinuclear space - likely in 

the endoplasmic reticulum - and in association with the cytoskeleton (Fig. 2-5, A-B). The 

presence of BDNF and GDNF in cell media and intracellularly were also examined by 

Western blot. proBDNF (32 kDa), truncated BDNF and mature BDNF (28 kDa and 14 

kDa) were observed in whole cell lysates, while only the monomer was detected in 

conditioned cell media (Fig. 2-5C). For GDNF, bands of approximately 24 kDa and 15 

kDa, corresponding to proGDNF and mature GDNF respectively, were detected in whole 

cell lysate (Fig. 2-5D). In the cell media, secreted mature BDNF bands were observed as 

well as a larger band corresponding to roughly 18kDa. This larger band appears to be β-

pro-GDNF one of 8 known isoforms of the GDNF protein.35 
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Figure 2-5 Neurotrophic factor expression in rodent BDPCs 

Representative confocal photomicrographs (63x objective, scale = 50µm) showing 

rodent BDPCs labeled by immunocytochemistry for (A) brain-derived neurotrophic 

factor (BDNF), and (B) glial-derived neurotrophic factor (GDNF) (red). Nuclei are 

counterstained with DAPI (blue). Western Blot analysis for (C) BDNF showing 

expression of 32kDa proBDNF band and the 28 kDa truncated form in the whole 

cell protein extract as well as the mature 14kDa BDNF. Mature BDNF was detected 

in filtrated conditioned cell medium. Probing for GDNF (D) the ~25kDa proGDNF 

is observed in whole cell extract and 15 kDa  mature GDNF is visible in media and 

whole cell lanes. An additional slightly larger band (approx. 18kda) can be seen in 

the media which may correspond to a unglycosylated proGDNF. Filtered DMEM 

from an empty culture dish, DMEM alone and lysis buffer were run as negative 

controls and B-Actin was included as a loading control.  
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2.3.4 Engineered rodent BDPCs are readily tracked in vivo using 
bioluminescence imaging 

 

Having established that the overall cellular profile of rat BDPCs was like human BDPCs 

- including the production and newly confirmed secretion of NTFs - we sought to look at 

survival of cells in a syngeneic implantation model. Cells engineered through lentiviral 

transduction to stably express TdTomato, firefly luciferase 2 and the transporter Oatp1a1 

were implanted in the striatum of Fischer rats with grafts consisting of either 15, 60 or 

240 thousand cells (n=4 per group). Overall, 10 of 12 grafts still had a detectable BLI 

signal at 5 weeks, with two grafts no longer exhibiting detectable signal at 2 and 4 weeks 

respectively in the 240k cell graft cohort only (Fig. 2-6A, Supplementary Fig. 2-2 for 

individual peak signals). Consistent with this observation, the overall trend of graft 

luminescent signal in the 240k cell group decreased over 5 weeks, while the 15k and 60k 

groups had a generally stable signal (Fig. 2-6B). Interestingly, all three groups showed a 

temporary, but marked decrease in signal two weeks after engraftment. Histological 

sections of the striatal tissue reveal engrafted cells in the brain parenchyma visible via 

fluorescence microscopy of the engineered TdTomato label and with a density 

corresponding qualitatively to the size of graft (Fig. 2-6C). 
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Figure 2-6 Syngeneic grafts show survival  in vivo for 5 weeks 

Photomicrograph of engineered BDPCs in culture shown using (A) differential 

interference contrast (DIC), (B) the fluorescent marker TdTomato (TdT) and (C) 

merged at 400X magnification. (D) Implanted BDPC grafts of 15k, 60k and 240k 

cells were detected with bioluminescence imaging over 5 weeks (n=4 per group). 

Weekly imaging of one representative animal from each group is shown with peak 

radiance signal overlaid on a static image. (E) Average peak radiance measures for 

animals grouped by graft size are shown with standard error at each time point. A 

linear model is overlaid showing the overall trend for luminescence signal over time 

by graft size grouping. Representative histological sections at 400X magnification of 

grafts of (F) 15k, (G) 60k and (H) 240k cells, respectively. Implanted cells are 

engineered cells from panels A-C with fluorescently labelled TdT (red) and nuclei 

counterstained with DAPI (blue, scale bars = 100µm).  
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2.4 Discussion 

Previous work from our group demonstrated feasibility of generating an expandable 

population of cells from small-volume brain biopsies harvested from PD patients during 

DBS surgery.33 These cultures exhibited mixed lineage markers characteristic of glial 

progenitors and expressed a panel of NTFs that are known protective molecules against 

PD neurodegeneration in preclinical models.15,18,36–39 Those qualities are the foundation 

necessary for the development of a novel form of cell-based therapeutic which required a 

pre-clinical model for early therapeutic testing.  As a logical first step towards that goal, 

the current work provides evidence that BDPC can be generated from rodent cortical 

tissue similarly to humans. Notably, these rat BDPCs express a profile of progenitor and 

neural lineage markers consistent with those seen in human BDPC cultures, including 

nestin, an intermediate filament protein best known for its presence in dividing cells of 

the nervous system; and Olig1, a transcription factor necessary for oligodendrocyte 

differentiation. Neurotrophic factors BDNF and GDNF were detected intracellularly in 

rodent BDPC as previously seen in human derived cells and we here show that they are 

also present in cell media (Fig. 2-4). This suggests that NTFs are likely secreted by 

BDPC at least partially via the constitutive pathway, as has been observed in neural and 

mesenchymal stem cells.40,41 However, the presence of B-Actin in the conditioned media 

does raise questions about the viability of cells in the presence of serum-free media. B-

Actin should not have been present in the media under normal circumstances. Inclusion 

of a viability verification step prior to collecting conditioned media would strengthen the 

argument that neurotrophic factors are being secreted rather than released by dead or 

dying cells. Future experiments will need to address this limitation and takes steps such 

as using semi-quantitative Western Blot methods; or a combination of cell culture well 

inserts to isolate cells, only allowing molecules smaller than membrane pores to enter the 

experimental media  and enzyme-linked immunosorbent assay to obtain a quantitative 

measure of neurotrophic factors. This would allow assessment of the biological relevance 

of BDNF and GDNF secreted by BDPCs. 
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Comparison of the electrophysiological properties of human and rat BDPCs does 

however highlight some differences, unlike the consistent expression of lineage markers 

and NTFs observed above. A smaller membrane time constant, combined with a smaller 

membrane capacitance (although not significant) in the rat derived BDPCs indicates the 

cells are smaller in size than human derived BDPCs (Fig. 2-3). Both cell populations do 

not express rapid inward currents when depolarized, indicating they are unable to fire 

action potentials. However, they do have sustained outward currents, presumably 

predominantly K+ currents, seen in immature neurons or neural precursor cells.42,43 A 

lack of difference in the voltage-current profile as well as no significant differences in the 

membrane resistance indicate they express relatively similar ionic currents overall. 

Moreover, a more negative resting membrane potential of the rat BDPCs indicates these 

cells are likely more mature in culture than human derived ones. A more precise analysis 

of the ion channel compositions of these cells would require recordings with 

pharmacological applications. Despite the differences observed, rodent BDPC generated 

in this study bear striking similarities to human BDPC. 

2.4.1 Engineering BDPC to assess graft survival longitudinally in 
vivo 

Striatal transplants, such as the ones piloted in this study, are relevant in disease models 

for PD.44 The ability to monitor grafts longitudinally over the course of experimental 

treatment has previously been difficult in the rat due to the scale of the brain, skull and 

surrounding tissue compared to the more commonly used mouse. The current 

experiments with BDPCs showed they could be engineered to stably express a 

fluorescent marker and the necessary enzymes for bioluminescence imaging. With the 

addition of the OATP1A1 transporter they were detectable in grafts as small as fifteen 

thousand cells implanted in the striatum for 5 weeks in vivo. Detection of grafts of 

1.5x104  cells with a 60 second BLI exposure represents an important increase in 

sensitivity compared to previous rat models where grafts of the same order of magnitude 

were undetectable.45 This result could translate to the use of BLI in preclinical studies 

with larger animals. For example, BLI in a larger animal model like a non-human primate 
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could assist in getting a better understanding of cell survival in vivo while also bringing 

us phylogenetically closer to the intended application in humans. 

The process of grafting exogenous cells into the CNS generates a response from the host 

immune system; one that is relative to the phylogenetic distance between donor and host 

among other things, and determines whether the graft is rejected or not.46–48 We 

hypothesize that the diminished BLI signal measured 2 weeks after implantation across 

graft sizes is associated to initial loss of cells due to the mechanical stress of 

implantation, and eventual clearance of some of the grafted cells. However, subsequent 

rapid loss of BLI signal in 50% of the 240k cell grafts is more suggestive of a rejection 

response. As a syngeneic transplant, which are generally accepted to only induce short-

term local inflammation and phagocytic recruitment, this result was unexpected.46 The 

response was potentially triggered by the combination of a 4 to 16-fold increase in 

BDPCs versus smaller grafts, a parallel increase in size of the hypoxic core of the graft 

and disruption of the blood-brain barrier post-transplantation, and the presence of 

exogenous genetic material in our manipulated cells which are considered potent antigens 

for the peripheral immune system.49 Hypoxia and anoikis-induced cell-death in the hours 

following transplantation would generate danger signals triggering an influx of 

neutrophils and possibly a peripheral immune response with the BBB altered by the 

surgical procedure.50 This is an important consideration going forward, one that will need 

to be investigated further in a larger cohort. Finding a balance between adequate graft 

size for therapeutic benefit and increased potential for graft rejection will have to be 

addressed in the future. 

2.5 Conclusions 

Human BDPCs, by avoiding host defense mechanisms and the physiological 

incompatibilities of cells from outside the CNS, could offer an excellent alternative graft 

substrate. These characteristics, in combination with their potential for innate 

cytoprotective influence through NTF secretion in the CNS, are promising for 

development of novel therapies for PD and other neurological diseases. In this study, we 

show that derivation of rodent BDPCs analogous to the human cells is possible, as is 

modification using a lentiviral vector to assess long-term survival and localization of 
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transplanted cells using BLI. This provides the basis for further exploration of the utility 

of BDPCs as an autologous, non-immunogenic, brain-derived substrate for cell-based 

therapies for PD and other neurodegenerative disorders. Future work will have to further 

characterize BDPCs and establish whether their innate characteristics are sufficient to 

offer therapeutic potential in animal models of PD or if these cells are better suited as a 

therapeutic delivery vehicle. 
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Chapter 3 1 

3 Expanding the search for genetic biomarkers of 
Parkinson’s disease into the living brain 

Altered gene expression related to Parkinson’s Disease (PD) has not been described in the 

living brain, yet this information may support novel discovery pertinent to disease 

pathophysiology and treatment. This study compared the transcriptome in brain biopsies 

obtained from living PD and Control patients. To evaluate the novelty of this data, a 

comprehensive literature review also compared differentially expressed gene (DEGs) 

identified in the current study with those reported in PD cadaveric brain and peripheral 

tissues. RNA was extracted from rapidly cryopreserved frontal lobe specimens collected 

from PD and Control patients undergoing neurosurgical procedures. RNA sequencing 

(RNA-Seq) was performed and validated using quantitative polymerase chain reaction. 

DEG data was assessed using bioinformatics and subsequently included within a 

comparative analysis of PD RNA-Seq studies. 370 DEGs identified in living brain 

specimens reflected diverse gene groups and included key members of trophic signaling, 

apoptosis, inflammation, and cell metabolism pathways. The comprehensive literature 

review yielded 7 RNA-Seq datasets generated from blood, skin, and cadaveric brain but 

none from a living brain source. From the current dataset, 123 DEGs were identified only 

within the living brain and 267 DEGs were either newly found or had distinct directional 

change in living brain relative to other tissues. This is the first known study to analyze the 

transcriptome in brain tissue from living PD and Control patients. The data produced using 

these methods offer a unique, unexplored resource with potential to advance insight into 

the genetic associations of PD. 

  

 

1
 A version of this chapter has been published: Benoit SM, Xu H, Schmid S, et al. Expanding the search for 

genetic biomarkers of Parkinson’s disease into the living brain. Neurobiol Dis. 2020;140:104872. 

doi:10.1016/j.nbd.2020.104872 
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3.1 Introduction 

The changes in gene expression associated with Parkinson’s Disease (PD) remain poorly 

understood and a priority in the search for disease biomarkers and novel therapeutic 

strategies. Ribonucleic acid sequencing (RNA-Seq) provides sensitive, unbiased 

definition of regional transcriptome variations and has been reported in PD using diverse 

tissue sources including blood 1–4, skin 5,6, cerebral spinal fluid7 (CSF) and cadaveric 

brain 8–13. Each tissue source has advantages and limitations that impact outcome 

reliability and potential for use in clinical applications. For example, blood and skin are 

readily accessible for diagnostic and surveillance testing, however, genetic indicators of 

central nervous system (CNS) pathology may be poorly represented in peripheral 

transcriptomes14,15 (e.g., low signal to noise). CSF is in closer physical proximity to PD 

neuropathology and has been used as an accessible surrogate to brain tissue. This fluid is 

a nearly cell-free plasma ultrafiltrate and, while extracellular fragmented RNA has been 

sequenced from patient CSF, neither the CNS origin nor the accuracy of transcriptome 

representation is known 7,16,17. Cadaveric brain offers advantages of accessibility and 

potential for multi-region tissue sampling but also has considerable limitations for RNA-

Seq analysis. For example, post-mortem brains often have been subject to a long disease 

history with transcriptomes biased by inflammation and severe neurodegeneration 18. 

Patients with end-stage PD are also more likely to have multiple co-morbidities and poly-

pharmacy, and their brains exposed to prolonged ischemic times during the dying 

process, all of which markedly influence gene expression. Moreover, RNA is rapidly 

degraded after death and traditional formalin fixation can yield poor isolates, further 

reducing specimen integrity and quantity. Variable tissue processing delays and methods 

may be key confounders in cadaveric brain transcriptome studies 19. 

RNA-Seq using live brain as the source tissue may more accurately reflect disease-

relevant gene expression in PD compared to cadaveric brain or peripheral tissues. 

Although the principal obstacle for this strategy has historically been lack of tissue 

access, the now routine use of deep brain stimulation (DBS) for PD may provide 

opportunity to advance this field. The frontal lobe exposure required for DBS electrode 

placement is a low risk biopsy site in most patients and small volume specimens are 
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adequate for extraction of high quality genetic material 20. Notable advantages of brain 

biopsies for RNA-Seq include analyzing a viable CNS region known to be affected by 

PD yet not laden with the marked degeneration manifest in canonical target areas such as 

the substantia nigra 21. These patients are medically fit for surgery and typically in early 

to mid- stages of disease, increasing the chance of identifying causative, rather than 

consequential, genetic changes. The collection of fresh tissue also avoids formalin 

fixation and permits immediate cryopreservation in the operating room, maintaining 

integrity of the genetic material and allowing variability in processing time without 

compromising outcome data. The present study sought to demonstrate the feasibility of 

RNA-Seq in brain biopsies from living PD patients and to compare the transcriptomes 

generated within PD and Control patient cohorts. To determine if the current methods 

provided new data over published peripheral or cadaveric CNS studies, the differentially 

expressed genes (DEGs) identified presently were compared to those identified in all 

available PD RNA-Seq datasets. 

3.2 Methods 

3.2.1 Patient Brain Biopsies  

This study was approved by the Research Ethics Board at Western University with 

informed consent obtained from all patients. Individuals referred for DBS surgery had a 

diagnosis of idiopathic PD based on the validated UK Parkinson’s Disease Society Brain 

Bank Clinical Diagnostic Criteria. 22 The modified Hoehn and Yahr scale was used to 

measure preoperative PD clinical status while off medications.23,24 DBS access was 

obtained through 14 mm burr holes created over the frontal cortex at or near the 

intersection of the coronal suture and mid-pupillary line. A microdissector was used to 

remove a ~0.5 cc biopsy from directly beneath the cortical surface after which standard 

DBS procedures continued. Control biopsies were obtained from the analogous frontal 

lobe region in patients without PD during resection of a low grade, skull base tumor (e.g., 

meningioma). The control biopsy sites were remote from the tumor location, exhibited no 

radiographic or intraoperative evidence of pathology and served as the cortical entry site 

to place a silicone catheter, called an external ventricular drain (EVD), into the lateral 

ventricle for CSF drainage during the surgical procedure. Control brain specimens were 
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collected prior to catheter placement. All brain tissue was promptly frozen in the 

operating room using liquid nitrogen. 

3.2.2 RNA Sequencing  

RNA-Seq was performed by The Centre for Applied Genomics, The Hospital for Sick 

Children, Toronto, Canada. Total RNA was extracted from individual brain biopsies 

using the Invitrogen Ambion Purelink RNA Mini Kit (ThermoFisher Scientific, 

Waltham, MA, USA). RNA concentration was measured by Qubit RNA HS Assay on a 

Qubit fluorometer (ThermoFisher Scientific) and sample quality assessed using a 

Bioanalyzer 2100 RNA Nano chip (Agilent Technologies, Santa Clara, CA, USA). A 

poly(A) mRNA RNA library was prepared from 800 ng of total RNA using the NEBNext 

Ultra II Directional Library Preparation kit (New England Biolabs, Ipswich, MA, USA). 

Each unique sample was amplified with a different barcoded adapter to allow for 

multiplex sequencing. To verify library insert size, 1µl of the final RNA libraries was 

loaded on a Bioanalyzer 2100 DNA High Sensitivity chip (Agilent Technologies). 

Equimolar quantities of all libraries were pooled and paired-end sequenced on 4 lanes of 

a High Throughput Run Mode flow cell with V4 sequencing chemistry on an Illumina 

HiSeq 2500 platform to generate paired-end reads of 126-bases in length. 

3.2.3 Differential Gene Expression Analysis  

Raw RNA-Seq data were converted to FASTQ format with bcl2fastq2 v2.17. Sequences 

were assessed for quality of reads with FastQC v.0.11.2 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Illumina adapters, bases 

with low quality scores near the end of the sequencing reaction (i.e., > 1% probability of 

inaccuracy) and reads < 40 nucleotides long were removed with TrimGalore v.0.4.0 

(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). Remaining sequences 

were re-assessed with FastQC to ensure post-trimming quality. Depletion of ribosomal 

RNA and the presence of mitochondrial RNA were assessed using FastQ-Screen v.0.4.3. 

25 TopHat v.2.0.11 26 was used for alignment to the human genome (build hg19) and read 

distribution, positional read duplication and strandedness of alignment were evaluated 

using RSeQC package v.2.3.7 (http://resqc.sourceforge.net). Quantification of nuclear 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://resqc.sourceforge.net/
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transcripts was performed using RefSeq gene annotations (National Center for 

Biotechnology Information, NCBI) to which definitions for the known mitochondrial 

DNA protein coding genes were added from Gencode v.28/lift 37. Raw count data was 

generated with these annotations using htseq-count v.0.6.1p2 (HTSeq, http://www-

huber.embl.de/users/anders/HTSeq/doc/overview.html).  

Two-condition differential expression analysis was performed using the R package edgeR 

v.3.8.6. This analysis produces a false discovery rate, referred to below as the corrected 

P-value, generated using the Benjamini-Hochberg procedure to minimize false positives, 

while correcting for multiple comparisons.27 DEGs with a corrected P-value < 0.05 were 

deemed significant. Low copy genes (i.e., < 10 reads per sample in at least 2 of the 11 

samples) were excluded from the analysis to reduce the negative impact of weakly 

expressed transcripts on post-correction power.28,29 Heatmap representation was 

generated using the superheat package for R to qualitatively parse DEG patterns and 

group patient samples using an unbiased similarity algorithm. 

3.2.4 PCR Validation of Differential Gene Expression   

Quantitative real-time polymerase chain reaction (qPCR) was used to validate the 

expression of six randomly selected DEGs with an absolute fold change > 1.5 measured 

using RNA-Seq. Primers were designed using the NCBI Primer-Blast tool 

(Supplementary Table 3-1).30 cDNA was synthesized using the qScript cDNA synthesis 

kit (Quantabio, Beverly, MA, USA) and qPCR performed with SYBR Green Master Mix 

(Bio-Rad, Mississauga, ON, Canada). Briefly, 10µl reactions were run in quadruplicate in 

a 96-well plate following the manufacturer’s protocol with annealing and extension at a 

temperature between 55-60°C adjusted to the melting temperature of the primers. The 

average cycle threshold (Ct) values for each DEG and the housekeeping gene, 

glyceraldehyde 3-phosphate dehydrogenase, were determined by regression analysis 

(CFX Manager  v.3.1, Bio-Rad) and relative DEG fold change obtained using the 

comparative Ct method.31,32 PCR products were run on an agarose gel to verify the 

expected size based on primer design specifications. Correlation analysis between RNA-

Seq and qPCR fold changes was performed using a linear model regression in the ggplot2 

package in R. 

http://www-huber.embl.de/users/anders/HTSeq/doc/overview.html
http://www-huber.embl.de/users/anders/HTSeq/doc/overview.html


 

75 

3.2.5 Comparative Literature Review of PD RNA-Seq Datasets  

A PubMed review was conducted using the search terms: Parkinson’s disease, 

transcriptome, RNA-Seq and RNA sequencing. Returned articles were filtered using the 

following inclusion criteria: (i) idiopathic PD; (ii) human study and (iii) original research. 

Comparison of published DEG lists with the current dataset was performed using custom 

R scripts which extracted common entries and generated a new dataset for each study 

containing only common genes. A master set of all overlapping genes was also compiled 

from all common gene lists for the final comparative analysis.  

3.3 Results 

Table 3-1 PD and Control patient cohorts. 

Age 

(Years) 
Sex Primary Disease  

Time Since 

PD Diagnosis 

(Years) 

Side of Brain 

Biopsy 

Modified 

Hoehn 

& Yahr 

(off-

state) 

Co-morbidities 

38 M Parkinson's disease 4 left 3 nil 

40 

M 

Parkinson's disease 15 right 3 

paroxysmal atrial 

fibrillation, 

cardiomyopathy 

56 

M 

Parkinson's disease 10 left 3 

coronary artery 

disease, 

hyperlipidemia, 

inguinal hernia, 

anxiety 

57 F Parkinson's disease 5 right 2 nil 

62 M Parkinson's disease 11 left 2 hypertension 

68 F Parkinson's disease 17 right 3 hypertension 

32 
M 

Craniopharyngioma N/A right N/A 
gastroesophageal 

reflux disease 

60 
M Sphenoid wing 

meningioma 
N/A right N/A nil 

61 

M 

Craniopharyngioma N/A right N/A 

hypertension, 

hyperlipidemia, 

basal cell ca 
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61 
M Sphenoid wing 

meningioma 
N/A left N/A nil 

70 
F Planum sphenoidale 

meningioma 
N/A left N/A nil 

3.3.1 Patient Demographics and Biopsy Outcomes 

6 PD (4 male/2 female; mean age 53.5 years) and 5 Control patients (4 male/1 

female; mean age 56.8 years) were recruited to this study. PD patients had a mean disease 

duration of 10.3 years and were receiving levodopa therapy which was held at midnight 

prior to surgery. Control patients had low grade, extra-axial tumors remote from the biopsy 

location and received a single dose of dexamethasone immediately prior to the surgical 

procedure. There were no other common pharmacotherapy distinctions within or between 

cohorts and all patients were medically fit for surgery with minimal co-morbidities (Table 

1). Biopsies were obtained from 3 right/3 left PD, and 3 right/2 left Control frontal lobes. 

There were no perioperative complications related to the brain biopsy in any patient (Fig. 

1). 
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Figure 3-1 Brain biopsies in PD and Control patients 

A) Consenting PD patients underwent a frontal lobe biopsy through a standard 14 

mm burr hole used in the DBS procedure. B, C) The biopsy site served as the entry 

location of microelectrodes used for electrophysiological recording as part of the 

normal surgical procedure. Postoperative MRI in D) sagittal and E) coronal planes 

show the biopsy and electrode insertion site in the synchronized crosshairs. The 

inset in E) shows a typical biopsy specimen. Control patients had an extra-axial, low 

grade, skull base tumor that required insertion of an external ventricular drain 

(EVD) to reduce brain volume and widen the surgical corridor. The EVD insertion 

site served as the biopsy location in the frontal lobe of Control patients, was remote 

from the tumor location and analogous to the DBS electrode insertion site in the 

frontal lobe of PD patients. F) Sagittal MRI showing an example of a tumor at the 

skull base of a Control patient. G) Intraoperative photograph showing a right-sided 

exposure of the frontotemporal cortex used to resect tumors in Control patients. 

This is a surgical view with the brain upside down and the skull base at the top of 

the image. The site of frontal lobe biopsy and EVD insertion is shown with the EVD 

in situ (inset) and after removal (large image). A, anterior; CS, central sulcus; D, 
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dorsal; FL, frontal lobe; ICA, internal carotid artery; ON, optic nerve; P, posterior; 

TL, temporal lobe; V, ventral 

 

3.3.2 Differential Gene Expression in PD 

RNA-Seq generated ~90 million pairs of reads of predominantly messenger RNA 

(Supplementary Table 3-2). Approximately ~18,000 genes were detected with appropriate 

sequencing depth across samples and retained for downstream analysis. Differential 

expression analysis revealed 370 significant DEGs (172 up-regulated, 198 down-regulated) 

that distinguished PD and Control cohorts. Disparate expression profiles were visualized 

using heatmap representation and unbiased hierarchical clustering confirmed similarity of 

samples within each group (Fig. 2).  

 

Figure 3-2 Differential gene expression in living PD frontal lobe biopsies 
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PD-associated DEGs are displayed A) per gene as a volcano plot and B) per sample 

as a heat map of read values transformed to show standard deviation from the mean 

(red = down-regulation; green = up-regulation). The ordinate origin (i.e., 1.3) of the 

volcano plot corresponds to the maximum corrected p-value of significance (i.e., p = 

0.05). DEGs segregated PD from Control cohorts with 99% of fold changes between 

± 4 and a nearly equal number of up-regulated (172) and down-regulated (198) genes. 

The dendrogram above the heatmap depicts sample similarity by hierarchical 

clustering. C) Six randomly selected DEGs provided qPCR validation of RNA-Seq 

data, as indicated by the corresponding fold change values defined using these 

techniques. D) Correlation analysis revealed a strong positive linear relationship 

between qPCR and RNA-Seq data for the six genes shown in C). 

RNA-Seq data was sampled for validation using qPCR to measure transcript levels 

of six randomly selected DEGs: casein alpha S1 (CSN1S1), growth arrest and DNA 

damage inducible gamma (GADD45G), glial cell-derived neurotrophic factor (GDNF), 

serum/glucocorticoid regulated kinase 1 (SGK1), transcription factor AP-2 delta 

(TFAP2D) and zinc finger protein 36 (ZFP36). DEGs were selected arbitrarily to evaluate 

RNA-Seq accuracy across a range of expression levels and fold changes. RNA-Seq and 

qPCR results aligned for each DEG with significant linear relationships demonstrated 

between outcome measures generated using both techniques (Fig 2). No significant 

changes were found in mitochondrial genes or those associated with inheritable forms of 

PD (Supplementary Tables 3-3, 3-4), however numerous altered genes were identified with 

prominent or presumed links to PD pathogenesis and therapeutics (Fig. 3; Supplementary 

Table 3-5). Examples of notable DEGs included the down-regulated trophic signaling 

elements GDNF (-1.94-fold), fibroblast growth factor 18 (FGF18, -1.80-fold) and 

hepatocyte growth factor (HGF) receptor, c-MET (-1.90-fold). PD samples had 

significantly elevated levels of the pro-apoptotic cytokine, tumor necrosis factor-related 

apoptosis-inducing ligand (TRAIL; +1.61-fold; also called tumor necrosis factor 

superfamily member 10, TNFSF10) and its death receptor 4 (DR4; +1.96-fold; also called 

tumor necrosis factor receptor superfamily member 10A, TNFRSF10A). Other DEGs 

included the inflammation regulators interferon regulatory factor 8 (IRF8; +1.61-fold), NF-

kappaB inhibitor protein A (NF-κBIA; -1.84-fold), interleukin 1 receptor, type II (IL-1R2; 

-4.56-fold), and CX3C chemokine receptor 1 (CX3CR1; +1.63-fold). There were also 

significant changes in expressed levels of the coagulation cascade elements, factor 5 (F5, 

+2.02-fold) and plasminogen activator inhibitor 1 (PAI-1; -4.25-fold; also called Serpin 
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Family E Member 1, SERPINE1), as well as thyrotropin-releasing hormone (TRH; +1.92-

fold) and the ferroxidase ceruloplasmin (CP; -2.23-fold). A complete DEG list is provided 

in Supplementary Table 3-5. 

 

Figure 3-3 PD-associated DEGs reflect changes across diverse gene groups in the 

living frontal lobe 

Box plot representation of DEGs with prominent or presumed links to 

neurodegenerative disease as measured using RNA-Seq in living PD and Control 

brain samples. Shown are DEG examples of growth factors (A, B), apoptosis 

mediators (C, D) and regulators of inflammation (D), coagulation (F, G) and hormone 

production (H) in fragments per kilobase per million (FPKM) as a measure of 

expression normalized for sequencing depth and read length. Boxes represent the 

upper and lower quartile values for each group, and the median value is denoted by 

a horizontal black bar, with a crosshair to indicate the mean. Individual data points 

corresponding to values for each patient are overlaid as black points. 

3.3.3 Comparative Analysis of PD Transcriptome Datasets 

The literature review identified 6 RNA-Seq studies using human idiopathic PD 

source tissue, including cadaveric brain 11–13, whole blood 2, skin fibroblasts 5 and CSF.7 

DEG information from the CSF report was not available but the remaining studies yielded 

7 RNA-Seq datasets that were included in the current analysis. Of the 370 DEGs identified 
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in the living frontal lobe, 123 genes were newly identified and unique to this study (Tables 

3-2, Supplementary 3-6). The remaining 247 genes had been reported in at least one of the 

past studies, with 103 (42%) showing corresponding directional changes (i.e., increased or 

decreased expression) in all studies which identified that specific gene (Tables 3-2, 

Supplementary 3-7). However, many of these genes were reported only in a single study 

with 35, 6 and 2 DEGs from the current list having corresponding directional changes in 

≥2, ≥3 and ≥4 of the published datasets, respectively. Comparing the present DEG dataset 

from living brain specimens to those of other non-cadaveric studies (i.e., blood and skin) 

identified 10 genes in common with blood, and 23 with skin. Of these, only 6 (60%) and 9 

(39%) had the same directional change in expression, respectively (Supplementary Table 

3-8). There were no DEGs found in living brain that were common to both blood and skin 

datasets. 

Table 3-2 The 25 most significant DEGs uniquely identified in brain specimens from 

living PD patients 

Symbol Gene Name 

Fold Change 

(log2) 

Corrected P-

value 

ARRDC3 arrestin domain containing 3 -0.54 3.32E-04 

CCDC38 coiled-coil domain containing 38 2.01 5.53E-06 

CNTN6 contactin 6 0.67 8.37E-05 

CTAG2 cancer/testis antigen 2 -7.27 5.97E-08 

DUSP6 dual specificity phosphatase 6 0.72 1.24E-05 

F2RL3 F2R like thrombin/trypsin receptor 3 -3.06 6.08E-06 

FAM13B family with sequence similarity 13 member B -0.42 2.41E-05 

FAM212

B 
family with sequence similarity 212 member B 

-0.43 1.38E-05 

FRAT1 

frequently rearranged in advanced T-cell 

lymphomas 1 -0.70 4.01E-04 

GADD45

G 

growth arrest and DNA damage inducible 

gamma -2.00 2.97E-16 

GPX3 glutathione peroxidase 3 0.49 3.71E-07 

IDH1 isocitrate dehydrogenase) 1, cytosolic 0.43 3.20E-04 

LAMA2 laminin subunit alpha 2 0.51 1.72E-04 
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MIR3648 microRNA 3648-1 2.54 4.18E-05 

MIR3687 microRNA 3687-1 2.70 4.90E-06 

PCDH11

X 
protocadherin 11 X-linked 

-0.70 7.16E-05 

PER1 period circadian clock 1 -0.53 4.01E-04 

PLEKHO

2 
pleckstrin homology domain containing O2 

0.49 3.70E-04 

RASD1 ras related dexamethasone induced 1 -0.57 6.08E-06 

REM2 RRAD and GEM like GTPase 2 -0.97 1.22E-04 

SNAR-C3 small ILF3/NF90-associated RNA C3 8.00 1.55E-07 

SPRY4 sprouty RTK signaling antagonist 4 0.73 1.57E-06 

TFAP2D transcription factor AP-2 delta -1.85 1.49E-05 

TSHZ3 teashirt zinc finger homeobox 3 -0.67 2.90E-09 

USP2 ubiquitin specific peptidase 2 -0.62 1.31E-06 

3.4 Discussion 

This is the first known study to profile a regional CNS transcriptome in living PD patients. 

The frontal cortex was chosen based on accessibility and previous experience with safe 

biopsies in this area during DBS surgery (Fig. 3-1).20 Based on previous cadaveric studies 

of the transcriptome in the healthy brain and in PD mRNA expression in the frontal cortex 

should vary from that of other brain regions.33,34 Despite these regional variations, there is 

evidence for an underlying profile in PD that spans regions, as best evidenced by the multi-

regional study included in our comparative literature review.13 Comparing the expression 

profile in the cortex, substantia nigra and striatum they highlighted both a unique regional 

profile and a smaller shared component across regions numbering 80 genes. RNA-Seq 

identified 370 DEGs associated with PD, approximately one third of which were unique to 

the living brain and not reported in past cadaveric brain or peripheral tissue studies (Tables 

3-2, Supplementary 3-7). Moreover, 267 DEGs were either new or exhibited distinct 

directional change in the living brain relative to other source tissues. Although there were 

no expression changes in MT genes or those associated with hereditary forms of PD, the 

current DEG dataset contained a broad spectrum of gene groups and many with established 

or presumed contributions to neurodegenerative disease. 
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3.4.1 Trophic Factor and Apoptosis Signaling 

The potent neural support conferred through trophic signaling mechanisms has driven 

longstanding interest in therapeutic applications for PD.36–39 However, it remains to be 

established whether and to what extent abnormalities in these molecular pathways 

contribute to the neurodegenerative process. GDNF is one of the most widely 

investigated trophic agents in PD, recognized for robust preclinical benefits in 

dopaminergic neuron survival and regeneration. 39,40 The current study provides new 

evidence for significant GDNF deficiency in the frontal lobe of living PD patients using 

RNA-Seq (-1.94-fold) and qPCR (-2.60-fold); a finding not previously reported in PD 

transcriptomes from blood, skin or cadaveric brain (Figs. 3-2, 3-3).2,5,11–13 Other down-

regulated trophic signaling proteins included FGF18 and the HGF receptor, c-Met. 

Although less characterized in PD than GDNF, both proteins exert neuroprotection in 

preclinical models and were identified as reduced DEGs in 2 of the past 3 cadaveric PD 

cortex RNA-Seq datasets (FGF18: -2.11 and -2.39-fold; c-Met: -1.97 and -5.54-fold), but 

neither in blood nor skin. 2,5,11–13 

The known mechanisms of neuronal death in PD largely relate to the intrinsic 

(mitochondrial) apoptosis pathway whereas the role of the extrinsic pathway is less 

established. 41 TRAIL is a pro-apoptotic cytokine and principal activator of the extrinsic 

pathway through binding cell surface death receptors that trigger caspase-dependent 

programmed cell death. The abnormalities in trophic support currently found in the living 

PD frontal lobe were accompanied by heightened levels of TRAIL/TNFSF10 (+1.61-

fold) and its death receptor DR4/TNFRSF10A (+1.96-fold). TRAIL up-regulation has not 

been reported in past PD RNA-Seq datasets and the current DR4 overexpression 

corroborated similar findings in a single cadaveric PD brain study. 12 

3.4.2 Inflammation Regulators 

The inflammatory response in the brain is mediated largely by activated glial cells 

and a significant but poorly understood contribution to PD pathology. This study identified 

numerous changes in pro- and anti-inflammatory genes with prominent roles in 

neuroinflammation. For example, a key inflammatory hub is the NF-κB signaling network 
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in neurons and glial cells. 42 Under homeostatic conditions, the inhibitor protein, NF-κBIA, 

also known as IκBα, sequesters NF-κB proteins in the cytoplasm to block nuclear 

localization and render them inactive. This system is disrupted when an appropriate 

stimulus (e.g., oxidative stress) triggers IκBα degradation, freeing NF-κB to activate 

transcription of pro-inflammatory genes. 43 In the present cohort of living PD patients, 

expression of the NF-κBIA inflammatory brake was significantly reduced (-1.84-fold), 

concordant with 1 of 3 reports of cadaveric cortex RNA-Seq transcriptomes. 11–13 Other 

inflammation-related DEGs identified in the current study included the transcription factor 

IRF8 (+1.61-fold) which regulates microglial activation and pro-inflammatory phenotype 

44,45, IL-1R2 (-4.55-fold), a decoy receptor that reduces activity of the pro-inflammatory 

cytokine IL-1, and the chemokine receptor CX3CR1 (+1.63-fold) expressed in microglia 

that binds neuronal fractalkine, promotes monocyte survival and reduces microglial 

expression of pro-inflammatory genes and reactivity. 46,47 

3.4.3 Coagulation Factors and Protease Inhibitors 

There is widely conflicting evidence regarding a potential association between coronary 

artery disease or stroke, and PD. 48–51 In the present study, PD patients exhibited a 2.02-

fold increase in F5, a procoagulant molecule that, when activated, catalyzes thrombin 

production to convert soluble fibrinogen to a fibrin clot (Fig. 3-3). Mutations that produce 

chronic F5 activation (i.e., Factor V Leiden) manifest a hypercoagulable state that increases 

thrombosis and stroke risk. 52 The present data corroborates a prior report of F5 up-

regulation (+2.19-fold) in cadaveric PD cortex but notably this DEG was not identified in 

a blood RNA-Seq dataset. 2,12 

Another DEG in this group is PAI-1/SERPINE1, the principal inhibitor of tissue 

plasminogen activator (tPA). tPA converts plasminogen to the plasmin protease which 

breaks down blood clots through fibrinolysis. Elevated PAI-1 levels reduce plasmin 

activity and present a risk factor for thrombosis and atherosclerosis. 53 PAI-1-regulated 

plasmin activity also impacts other functional systems and can degrade extracellular α-

synuclein, a major component of pathological Lewy bodies, to potentially limit its prion-

like spread. 54 Additionally, PAI-1 activity affects processing of the neurotrophin, brain-

derived neurotrophic factor (BDNF). The proBDNF peptide is cleaved by plasmin to a 
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mature form that signals through the tropomyosin-related kinase type 2 (trkB) receptor to 

exert neuronal protection and stimulate neurite growth, among other functions. 55 

Uncleaved proBDNF has an opposing effect acting through the p75 nerve growth factor 

receptor to promote apoptosis. Through these various mechanisms, alterations in the PAI-

1 system have been implicated in numerous neurological disorders. 55–60 Although plasma 

PAI-1 protein has been reported elevated in PD patients, this was not an identified DEG in 

the only published blood PD RNA-Seq analysis. 2,57 In the current study, PAI-1 was 

markedly reduced (-4.25-fold) in living PD brain samples, corroborating the down-

regulation (-2.62-fold) found in one cadaveric cortex PD RNA-Seq dataset 13 but 

contrasting the up-regulation (+1.93-fold) reported in another (Fig. 3-3, Supplementary 

Table 3-7).12 It remains to be proven whether the reduced PAI-1 observed in the present 

living PD brain specimens promotes plasmin-mediated fibrinolysis, active BDNF levels 

and α-synuclein degradation. 

3.4.4 Thyrotropin Releasing Hormone (TRH) 

TRH is a central regulator of the hypothalamic-pituitary-thyroid (HPT) axis, primarily 

synthesized in the hypothalamus but found widely throughout the CNS where it confers 

diverse neuromodulatory and protective functions. 61 Sensitization of the TRH response 

has been demonstrated in PD models and patients 62–65 and the interactions between TRH 

and dopamine in the HPT axis and other CNS regions is well documented. 66 TRH or 

analogues thereof produce neurotrophic effects and significantly attenuate apoptosis in 

models of ischemia and neurodegenerative disease, including PD.62,67–70 Moreover, TRH 

can directly stimulate release of dopamine in the striatum and reduce PD-related symptoms 

in experimental models. 71 In the present study, TRH was significantly reduced (-1.92-fold) 

in the frontal lobe of living PD patients (Fig. 3-3). This gene was also reported as down-

regulated (-2.71-fold) in a single RNA-Seq study that analyzed cadaveric PD cortex. 13 

3.4.5 Ceruloplasmin (CP) 

Dysregulated cerebral iron metabolism has long been postulated to heighten oxidative 

stress associated with PD. 72 CP is a ferroxidase enzyme that facilitates iron egress from 

the cell thereby reducing the risk of iron accumulation and oxidative free radical 
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production. 73 Low CP-ferroxidase activity was identified in the substantia nigra, serum 

and CSF of patients with idiopathic PD and reduced serum CP levels has been associated 

with earlier PD onset. 74 Iron chelation to mitigate this deficiency may offer potential as a 

therapeutic strategy for PD. 74–76 Consistent with these findings, the present study 

revealed a significant reduction (-2.23-fold) in CP levels in living PD patient cortex yet 

was discordant with the CP up-regulation reported in RNA-Seq analyses using cadaveric 

cortex. 12,13 

3.5 Conclusions 

This proof-of-concept study demonstrated the feasibility of regional CNS 

transcriptome analysis and the unique, unexplored DEG composition of the frontal lobe in 

living PD patients. The data generated using small cohorts with minor variance in medical 

history was supported by numerous DEGs with known association to neurodegenerative 

disease, as well as a substantial overlap with RNA-Seq datasets from peripheral and 

cadaveric PD tissues. The emergence of DBS as a standard of surgical care in PD has 

created a broad patient population that could facilitate adequately powered and controlled 

CNS transcriptome studies. Future efforts may also be expanded to identify genomic 

mutations, epigenetic changes as well as alterations in micro- and non-coding RNA. 

Genetic analysis using living brain tissue offers new potential for molecular discovery and 

refined pursuit of disease-relevant peripheral biomarkers in PD. 
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Chapter 4  

4 Alternative splicing in the living Parkinson’s disease 
brain: probing for novel events and the development of 
a random forest classifier 

Background Parkinson’s disease (PD) is a neurodegenerative disorder with a complex 

etiology involving genetic and environmental factors. Alternative splicing (AS) is a key 

regulatory mechanism that generates diverse protein isoforms from a single gene, and 

alterations in AS have been linked to neurodegenerative diseases. AS occurs rapidly in 

vivo and has not yet been investigated in the living PD brain in humans. Samples 

obtained from the frontal cortex of patients with PD during surgery for deep-brain 

stimulation offer an invaluable opportunity to study this highly dynamic process and 

should provide new insights into disease pathophysiology. Methods RNA sequencing 

was performed on frontal cortex tissue samples from six patients with PD and five 

controls to investigate AS. SpliceSeq and DEXSeq packages were used to identify 

differentially spliced genes using two different computational approaches . Four AS 

events were validated using quantitative real-time PCR. In addition, a random forest 

classifier was trained using a previously identified 370-gene differential expression 

signature to distinguish PD samples from controls in four publicly available datasets 

(postmortem brain tissue, laser-captured dopaminergic neurons, and blood samples). 

Results SpliceSeq identified 646 significant AS events in 505 genes, whereas DEXSeq 

detected 721 AS events in 571 genes. Only 10 genes with 14 AS events overlapped with 

differentially expressed genes identified in a previous study. Four validated AS events 

showed consistent changes in PD samples compared to controls. The random forest 

classifier trained on the 370-gene signature achieved moderate accuracy in classifying PD 

samples in all four public datasets, with area under the curve (AUC) values ranging from 

0.667 to 0.875. Conclusions This study provides the first comprehensive analysis of AS 

events in the living PD brain, identifying several genes with altered splicing patterns. The 

trained random forest classifier based on the 370-gene signature showed promising 

performance in distinguishing PD samples from controls in different tissue types, 
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suggesting its potential as a diagnostic tool. Further research is required to investigate the 

functional consequences of these AS events and their role in PD pathogenesis.  
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4.1 Introduction 

Considerable progress has been made in the last 30 years on the etiology of Parkinson’s 

disease (PD) with the discovery of the causative genes LRRK2, SNCA, VPS35, Parkin, 

PINK1, and DJ-1. These monogenic causes of PD account for only 3-5% of cases, with 

an estimated 16-36% of disease risk explained collectively by approximately 90 risk 

variants, according to a recent meta-analysis of 17 genome-wide association studies.1 

Epigenetic factors impacting gene expression can also completely modify cellular 

function, although the underlying DNA may not be altered. Expression can be modulated 

directly by influencing promoter regions (i.e. downregulation by transcription factors), 

altering the accessibility of DNA for transcription through DNA methylation and splicing 

mechanisms such as nonsense-mediated decay. Alternative gene splicing(AS) is thought 

to occur in >95% of human protein-coding genes and is the primary mechanism through 

which an estimated four times as many proteins can be generated as there are genes.2 The 

transcript diversity conferred by AS plays an essential role in organismal development 

and cellular differentiation, particularly in complex eukaryotes where it is thought to have 

played a role in evolution.3 Alterations in the functioning of the complex machinery 

involved in posttranslational regulation of AS can lead to diseases such as cancer, 

muscular dystrophies, and neurodegenerative diseases.4 Mutations resulting in aberrant 

splicing of messenger RNA, which lead to altered or non-functional proteins, have been 

described in PD -associated genes PINK1, Parkin, DJ-1, and GBA.5–8  

In addition to genetic and epigenetic risk factors, environmental risks, including pesticide 

exposure, traumatic brain injury, diabetes, history of melanoma, and methamphetamine 

use, have been associated with an increased risk of PD.9 With the wide range of genetic 

and environmental factors that lead to the development of PD, disease presentation and 

progression is unsurprisingly heterogeneous. Currently, the diagnosis of PD is clinical 

and relies on a battery of symptoms, namely the motor symptoms of bradykinesia, 

tremor, and rigidity. Nonmotor symptoms, including depression, anxiety, cognitive 

issues, apathy, autonomic dysfunction, and sleep disorders, are some of the earliest to 

present, causing major decreases in quality of life for individuals with PD.10 In early PD 

(<5 years), it has been estimated that patients are diagnosed accurately just over 50% of 
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the time, a troublingly low figure that underlines the need for better diagnostic and 

prognostic tools for PD.11 A better understanding of the dynamic processes underpinning 

the development of PD, combined with advanced computational tools, could accelerate 

early diagnosis, perhaps pushing our ability to detect PD into early or prodromal stage 

disease.   

To that end, we have previously applied next-generation sequencing (NGS) technology, 

RNA sequencing (RNA-Seq), to investigate gene expression in PD in cortical tissue 

obtained from living patients during planned surgical intervention to implant a DBS 

electrode. Utilizing this approach we identified a genetic profile comprising 370 

differentially expressed genes (DEGs) compared to controls, 123 of which were unique 

and had not been previously reported.12 The current study sought to apply modern 

computational tools to perform a comprehensive unbiased assessment of AS events in the 

PD frontal cortex using the previously acquired RNA-Seq data. Differential expression 

and alternative splicing are thought to occur independantly13, therefore we hypothesize 

that AS analysis of the transcriptome found in the living brain will uncover a new layer of 

transcriptional dysregulation distinct from differential expression in PD. Building on the 

foundational work from our previous study on differential expression, we also used the 

previously identified 370-gene signature to develop a random forest classifier capable of 

distinguishing PD based on gene expression data. Random-forest classification is a 

supervised machine learning algorithm that subdivides data and builds multiple decisions 

trees using these subsets. These trees are then aggregated and used to predict an outcome, 

in this case whether the gene expression data submitted belonged to someone with PD or 

not. The expectation was that by utilizing the 370-gene profile, with 123 novel genes not 

identified in other gene expression profiling studies, our classifier would provide unique 

features that might reflect primarily the disease state changes rather than gene expression 

confounders that have plagued previous studies (e.g. late-stage disease, death, post-

mortem processing intervals, etc.). Random forest classifiers also have the added benefit 

of providing some insight into which of its features, in this case genes, were most 

informative in the decision-making process. Recognizing that both classifier 

generalizability and clinically accessible biomarkers are essential, we also applied that 

classification strategy to four other publicly available datasets in blood , post-mortem 
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cortex, and substantia nigra dopaminergic neurons. Together this work represents another 

important glimpse into the complex pathophysiology of this disorder, using tissue from 

the living PD brain as a window. The identification of alternative splicing events 

associated with PD, coupled with the continued refinement of gene expression-based 

diagnostic classifiers, has the potential to significantly advance both our understanding of 

the disease and our ability to detect and manage it in the clinic. 

4.2 Methods 

4.2.1 Tissue collection and RNA sequencing 

Ethics approval for the study was obtained from the Research Ethics Board at Western 

University, and all patients provided informed consent for study participation. Tissue 

collection and sequencing were performed as previously described.12 In brief, frontal 

cortex samples were obtained from patients with PD diagnosed on the basis of the UK 

Parkinson’s Disease Society Brain Bank Clinical Diagnostic Criteria14 and control 

samples were from patients undergoing resection of benign skullbase tumors with no 

radiological or intraoperative evidence of tumor invasion. After biopsy, tissue samples 

were immediately snap-frozen in liquid nitrogen and transferred to the laboratory for 

processing. Total RNA was extracted from individual brain biopsies and paired-end 

sequenced on the Illumina HiSeq 2500 platform to an average depth of approximately 90 

million reads per sample, generating paired-end reads of 126 bases in length.  

4.2.2 Splicing analysis using SpliceSeq and DEXSeq 

Initial processing of raw RNA-Seq data was performed as previously described to 

generate quality-controlled transcript files in FASTQ format. These files were used as 

input for two distinct differential splicing software packages for initial pipeline 

comparison, SpliceSeq(v2.1)15, and DEXseq(v.1.32.0).16,17 SpliceSeq aligns reads to a 

preconstructed gene graph representing exons and splice sites, then calculates a delta 

percent spliced in (PSI) value that compares average PSI values for each group (PD vs. 

control) for a given feature and outputs a p value calculated using a two-tailed t-test of 

unequal variance on the PSI values of individual samples. DEXSeq identifies 

differentially retained introns and splicing junctions at the exon level using generalized 
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linear models. Read count data were generated for DEXSeq with Ensembl gene 

annotation GRCh37 release 75 using htseq-count v.0.11.2 

(HTSeq, http://www.huber.embl.de/users/anders/HTSeq/doc/overview.html). The 

Overlap of alternative splicing events identified by SpliceSeq and DEXseq was analyzed 

using the ggVennDiagram package (v.1.2.3) in R(v.4.3.3).  

4.2.3 PCR validation of alternative splicing events 

Four alternative splicing events were selected for validation using quantitative real-time 

polymerase chain reaction (qPCR). Custom primers for the AS site and an adjacent stably 

expressed sequence were designed using the NCBI Primer-Blast tool(Table S1).18 cDNA 

was synthesized from RNA samples using the qScript cDNA synthesis kit (Quantabio, 

Beverly, MA, USA), and qPCR was performed with SYBR Green Master Mix (Bio-Rad, 

Mississauga, ON, Canada). 10µl reactions were run in triplicate in a 96-well plate 

following the manufacturer’s protocol for 40 cycles of annealing and extension at a 

temperature between 55 °C and 60°C adjusted to the melting temperature of the primers. 

The average cycle threshold (Ct) values for each targeted splicing event and the adjacent 

unaltered site, normalized to glyceraldehyde 3-phosphate dehydrogenase, were 

determined by regression analysis (CFX Manager v.3.1, Bio-Rad) and relative AS fold 

change obtained using the comparative ∆∆Ct method.19,20 Correlation analysis between 

qPCR and RNA-Seq fold changes was performed using a linear model regression in the 

ggplot2 package(v. 3.5.0) in R(v. 4.3.3). 

4.2.4 Random Forest analysis using differentially expressed gene 
signature 

Bulk post-mortem Broadman Area 8 or 9 tissue (GSE6871921 & GSE21628122),  laser-

capture microdissected midbrain dopaminergic neurons (GSE18262223) and blood 

(GSE16508224) datasets containing RNA-seq gene expression data with normalized 

counts were obtained from the GEO database for analysis and training of a random forest 

classifier. For the GSE216281 dataset only Braak stage V and VI samples were retained 

as cases to provide features consistent with later stage PD found in the other datasets. 

Feature counts from the 370 significant DEGs from our previous study were retained 

http://www.huber.embl.de/users/anders/HTSeq/doc/overview.html
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resulting in 312-370 features used for training each model, as some genes were not 

present in each dataset.12 Data was then imported into R (v.4.3.3) and split randomly 

using rsample, but stratified to maintain the same proportion of control and PD samples 

in the test and training data.  Test data comprised 10% of the dataset for studies with >40 

samples or >5 in smaller datasets to retain sufficient samples for testing and reduce 

overfitting of the model to small samples. A cartesian grid search was then performed 

with randomForest (v.4.7-1.1) to determine the best performing hyperparameters (e.g. 

ntree, mtry, etc.) based on the smallest aggregate training and test error. Because of 

significant variation in data collection, determination of the best classifier parameters and 

training the RF model were performed separately for each study. Model accuracy was 

evaluated with retained test data for each study(see Table 4-2 for summary). ROC curves 

showing specificity and sensitivity of the trained classifier on test samples were generated 

using pROC25(v.1.18.5). The area under the curve (AUC) of the ROCs was used to assess 

diagnostic power with values over 0.7 being considered acceptable. 

4.3 Results 

Our study included 11 participants, 6 patients with PD and 5 controls. RNA samples were 

isolated from the frontal cortex of individuals during planned surgical intervention.(for 

demographic and surgical details see12) Samples were sequenced at ~90 million reads per 

sample, sufficient depth to examine differential alternative splicing events (ASE).  This 

study builds on our previous work highlighting a unique profile of 370 DEGs in the 

living brain and examines ASEs with DEXSeq and SpliceSeq. ASEs identified by each 

pipeline were compared to each other and SpliceSeq results compared to the DEGs from 

our previous study. Four randomly selected ASEs in genes formerly identified as DEGs 

were validated by qPCR. Using the unique DEG profile, we trained a random forest 

classifier to identify PD samples based on expression data and applied the same 

technique to RNA-seq data available publicly in the GEO database. 
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4.3.1 Alternative splicing events identified by multiple analysis 
pipelines in PD 

 

Figure 4-1 Differential alternative splicing events identified in the living PD frontal 

cortex 

A) Venn diagram showing the intersection of genes with alternative splicing events 

as identified by SpliceSeq(505 genes) and DEXSeq (571 genes). SpliceSeq results B) 

as a Volcano plot of significant ASEs (p < 0.01), with dPSI on the x-axis and ASE 

significance on the y-axis. Counts of C) ASEs by chromosome and D) ASEs by 

chromosome normalized to length. E) Percentage of each type of ASE with nearly 

half being exon skipping events (40.8%). F) Overlap of genes with ASEs and 370 

DEGs identified in previous work is less than 1% (10 total). Abbreviations: ASE, 

alternative splicing event; DEG, differentially expressed gene; dPSI, delta percent 

spliced in. 
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SpliceSeq identified 646 significant ASEs in 505 unique genes (p<0.01; Fig. 4-1, B; 

Supplementary Table 4-2) and DEXSeq detected 721 ASEs in 571 known genes 

(corrected p value<0.05; Supplementary Table 4-3). SpliceSeq and DEXSeq analyses had 

76 genes in common representing 109 significant ASEs according to SpliceSeq (Fig. 4-1, 

A; Supplementary 4-4). SpliceSeq significant events spanned all chromosomes, with 

more observations of ASEs in chromosomes 1, 3, 11, 17, and 19, the last two particularly 

when normalized for chromosome length (Fig. 4-1, C-D). Of these, exon skipping was 

the most frequently observed at 40.8%, followed by alternate promoter (18.9%), alternate 

terminator (15.24%), alternate acceptor (10.37%), retained introns (5.95%), alternate 

donor (5.03%), and mutually exclusive exons (2.13%, Fig. 4-1, E). Seventeen significant 

ASEs identified by SpliceSeq had a dPSI greater than 0.2 and a magnitude - which 

represents the proportion of the overall reads occurring in the ASE region- greater than 

0.8 (Table 4-1). Notable genes with ASEs include: three members of the CDC Like 

Kinase family(CLK1, CLK3 and CLK4), a family of protein kinases involved in the 

control of RNA splicing whose dysregulation has been linked to aberrant splicing in 

neurodegenerative diseases; glucosylceramidase beta 2 (GBA2), which encodes for a 

nonlysosomal enzyme functionally related to the glucocerebrosidase GBA, a major 

genetic risk factor for PD26,27;  the epidermal growth factor receptor family members 

ErbB2 Receptor Tyrosine Kinase 2 and 3 (ERBB2/3), more commonly referred to as 

HER2 and HER3, which have been explored as predictive biomarkers for PD in vitro28,29;  

interferon regulatory factor 7 (IRF7) involved in neuroinflammatory processes; RELA, 

which codes the protein p65, a subunit of the NFκB complex involved in 

immune/inflammatory response and apoptosis; and septin 5 (SEPT5), a parkin substrate 

with growing evidence for a role in AD and PD pathogenesis.30,31  Only 10 genes with 14 

ASEs overlapped with DEGs from our previous study (Fig. 4-1, F; Supplementary Table 

4-5).  
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Table 4-1 Significant alternative splicing events identified by SpliceSeq with a dPSI 

>0.2 and magnitude >0.8 

Symbol Gene Name 
RPKM 

Controls 
RPKM 

PD 
Splice 
Type 

Exons dPSI Magnitude P-value 

ADAMTS16 

ADAM 
metallopeptidase with 

thrombospondin type 1 
motif 16 

0.29 0.31 AT 23 -0.23 0.91 2.64E-03 

APOLD1 
Apolipoprotein L 

domain containing 1 
12.74 12.38 AT 4 -0.25 1 1.79E-04 

APOLD1 
Apolipoprotein L 

domain containing 1 
12.74 12.38 AT 17 0.25 1 1.79E-04 

CLK4 CDC like kinase 4 6.58 6.8 ES 2.3:3 -0.33 0.87 9.04E-04 

FGF5 
Fibroblast growth 

factor 5 
0.37 0.35 ES 2 -0.22 0.85 1.27E-03 

FOS 
Fos proto-oncogene, 

AP-1 transcription 
factor subunit 

2.96 6.61 RI 2.3 0.21 0.8 7.04E-03 

HES2 
Hes family bHLH 

transcription factor 2 
0.01 0 AT 5 -0.62 0.8 7.95E-03 

IRF7 
Interferon regulatory 

factor 7 
0.43 0.4 RI 2.4 -0.35 0.94 4.24E-03 

IRF7 
Interferon regulatory 

factor 7 
0.43 0.4 ES 4 0.29 0.9 1.31E-03 

POU2F2 
POU class 2 homeobox 

2 
0.49 0.34 AA 5.1 0.35 1 9.67E-03 

SLC26A6 
Solute carrier family 26 

member 6 
0.92 0.93 AA 18.2 -0.36 0.81 2.61E-04 

SLC43A1 
Solute carrier family 43 

member 1 
0.42 0.4 ES 7:08 0.2 0.97 1.44E-03 

ZGLP1 
Zinc finger GATA like 

protein 1 
0.93 0.93 RI 1.4 0.29 0.98 2.03E-03 

ZNF222 Zinc finger protein 222 1.05 0.86 ES 2 -0.21 1 4.07E-03 

ZNF449 Zinc finger protein 449 1.33 1.47 RI 2.2 0.26 0.96 5.93E-03 

ZNF792 Zinc finger protein 792 0.16 0.15 AP 1 0.42 0.82 3.47E-03 

ZNF837 Zinc finger protein 837 0.33 0.35 AD 2.2 0.26 1 5.67E-03 

Abbreviations: AD, alternate donor; AP, alternate promoter; AT, alternate terminator; dPSI, delta percent 
spliced in; ES, exon skipping; RI, retained intron; RPKM, reads per kilobase of transcript per million aligned 
reads.  
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4.3.2 Quantitative PCR validation of ASEs 

 

 

Figure 4-2 Validation of alternative splicing events using qPCR 

A) Four ASEs in genes that were also identified as differentially expressed by RNA-

seq were validated by qPCR. Corresponding fold changes with both techniques 

showed a B) strong linear relationship by correlation analysis (R=0.98, p =0.018) 

with a smaller fold change detected by qPCR across all queried ASEs.  

Four ASEs were validated using qPCR: Serpin Family H Member 1 (SERPINH1), a 

serine proteinase inhibitor that plays a role in collagen biosynthesis; Fos Proto-Oncogene, 

AP-1 Transcription Factor Subunit (FOS), a transcription factor and immediate early 

gene involved in gene repression and activation in response to various cellular stimuli; 

CDC Like Kinase 1(CLK1), a kinase regulating gene splicing; and Axin 2 (AXIN2), an 

inhibitor of the Wnt signaling pathway. ASEs were selected from the 10 events that 

overlapped with DEGs in our previous study. Primers were designed to compare fold 

changes of the predicted splice sites against adjacent stably expressed sites 

(Supplementary Table 4-1). Of the four validated genes, three were exon skipping events, 

whereas one was an intron retention (FOS). At the splice sites for FOS, CLK1, and 

AXIN2, log2 fold changes were positive relative to the adjacent no-splice sites, indicating 

overexpression of the retained intron or exon in PD, consistent with the RNA-Seq 

findings. For SERPINH1, the fold change was negative, which was representative of 
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increased exon skipping, as predicted. All qPCR results confirmed the RNA-seq ASE 

findings, albeit with more modest fold changes, and demonstrated a significant linear 

relationship between the results obtained using both techniques (Fig. 4-2). 

 

4.3.3 Training a random forest classifier to identify PD signature in 
brain, neurons, and blood samples 

Table 4-2 Random Forest classification datasets, model design, and results 

Study Tissue Type Samples 
Training 

data 

Test 

data 

Model 

features 

Model 

Predicted 

Error 

(%) 

Accuracy 

(%) 

This Study 
Frontal 

cortex 
11 6 5 370 0 100.00 

GSE68719 
Post-mortem 

BA9 cortex 
73 65 8 311 18.46 87.50 

GSE216281 
Post-mortem 

BA8/9 cortex 
42 37 5 330 32.43 80.00 

GSE182622 

Laser-

captured SN 

dopaminergic 

neurons 

192 172 20 331 27.91 80.00 

GSE165082 Blood 26 20 6 350 35.00 66.67 

Abbreviations: BA, Broadman area; SN, substantia nigra 

Our RNA-seq gene expression data and four datasets available from the Gene Expression 

Omnibus database (GSE68719, GSE216281, GSE182622, GSE165082, see Table 4-2 

and methods for more details) were selected to train a random forest (RF) classifier to 

distinguish PD samples from Controls based on a gene expression signature. Datasets 

were first filtered to include only genes from the 370 genes found to be significantly 

differentially expressed in our previous study, resulting in between 312 and 370 training 

features per model. Data were then subdivided into training and test data, retaining 10% 
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of the data for datasets with more than 40 samples or at least 5 samples for the smaller 

datasets (This study and GSE165082). 

  

Figure 4-3 Receiver operating characteristic curves (ROC) of Random Forest 

classifier in the analyzed datasets 

ROC analysis of a random forest classifier applied to public transcriptomic data 

corresponding to our 370-gene DEG profile in A) our data from the living frontal 

cortex, B) BA9 postmortem bulk tissue, C) BA8/9 postmortem bulk tissue, C) 

postmortem laser microdissected dopaminergic neurons from the substantia nigra, 

and D) blood samples from patients with PD and controls. Specificity is represented 

on the x-axis, and sensitivity is plotted on the y-axis. The area under the curve 

(AUC) value represents the predictive power of the model with a score ranging from 

0 (no specificity or sensitivity) to 1 (perfect classifier). Abbreviations: BA, 

Broadman Area 
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As expected, because feature selection was guided by the gene signature from our data, 

the model predicted error for data from this study was 0% and the test set accuracy was 

100%. For GSE68719 and GSE216281, both studies of postmortem frontal cortex 

samples, model predicted errors were 18.46% and 32.43%. The Accuracy of predictions 

in the test samples was 87.50% and 80.00%. The Predicted error in substantia nigra 

dopaminergic neurons captured by laser microdissection (GSE182622) was 27.91% with 

an accuracy of 80.00% and in blood samples(GSE165082) predicted error was 35.00% 

with an accuracy of 66.67%. ROC curves, where the sensitivity or true positive rate is 

plotted on the y-axis and the specificity or false positive rate is plotted on the x-axis, were 

used to further evaluate the models. Values above 0.5 are better than chance, with 

classifiers scoring above 0.7 considered acceptable.32 The resulting area under the curve 

(AUC) metric for the classifiers using ROC analysis were all above 0.7, except for the 

blood dataset with a value of 0.667 (Fig. 4-3). 

 

4.4 Discussion 

4.4.1 Role of alternative splicing in Parkinson’s disease 

In this study, we investigated alternative splicing events in cortical brain samples from 

living patients with Parkinson’s disease using RNA-seq. Building on our previous work 

examining gene expression in rapidly frozen fresh brain tissue from the prefrontal cortex 

obtained during routine DBS surgery, this study exhibits many of the same strengths. As 

the first of its kind study, it offers the following benefits: (1) safe sampling of a brain 

region known to be affected by PD in living patients, (2) avoiding the challenges 

associated with cadaveric brain transcriptome studies and formalin fixation33, (3) 

obtaining samples not influenced by late-stage disease, death, and the related 

degeneration and inflammatory changes that may dwarf disease pathogenesis34, and (4) 

offering an acceptable mix of accessibility and proximity to disease process 

circumventing the signal-to-noise issues seen in peripheral tissue sources.35 Furthermore, 

with brain cells exhibiting pervasive alternative splicing relative to other tissues36–38,  

identification of ASEs in the frontal cortex of living patients provides a broader snapshot 

of the highly dynamic transcriptomic landscape in PD. Interestingly, our study revealed 
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that alternative splicing events largely occurred in genes that were not previously 

identified in the same samples as differentially expressed. Although related, alternative 

splicing and gene expression are thought to be largely independent processes.13 The 

results from our analysis with SpliceSeq indicate that less than 1% of the genes identified 

previously as significantly DEGs also had differential alternative splicing in PD (Fig. 4-

1F, Supplementary Table 4-5). This observation underlines the importance of examining 

alternative splicing events for a comprehensive view of the molecular alterations 

involved in Parkinson’s disease, which may not be captured by traditional differential 

expression analysis alone. 

Dysregulated alternative splicing has been implicated in various neurodegenerative 

disorders, including PD39,40. This study identified several genes related to PD with 

significant ASEs including: CLK 1,3 and 4; GBA2; ERBB2 and ERBB3; and RELA. The 

CDC-like kinases figured prominently with three of the four family members identified 

by SpliceSeq(CLK1 and CLK4 were also significant with DEXSeq). CLK1 reportedly 

plays an important role in dopaminergic neuron survival shown both in vitro and in an 

animal model of PD with CLK-1+/- mice.26,27 The authors proposed that CLK1 was 

protective by regulating autophagy and modulating microglia-mediated 

neuroinflammation. Here, CLK1 showed increased use of an alternate promoter in exon 1 

(dPSI 0.086, magnitude 0.31, p= 7.07E-03) and skipping of exon 5 in PD samples(dPSI 

0.408, magnitude 0.40, p=5.57E-05). GBA2, the nonlysosomal counterpart to GBA1(the 

well-known genetic risk factor for PD), exhibited decreased retention of intron 14.5 (dPSI 

0.058, magnitude 0.97, p= 0.0067). Despite being discovered in 1992, little is known 

about the amino acid sequence, structure, and posttranslational state of GBA2, making 

interpretation of this retained intron difficult.41 However, GBA2 loss-of-function 

mutations have been found in several neurological disorders.42–44 In addition, decreased 

levels of GBA2 in induced pluripotent stem cells from patients with PD with GBA1 

mutations, despite no change in gene expression, suggest a role for altered splicing of 

GBA2 in PD.45 ErbB signaling, mediated by human epidermal growth factor family 

receptors including ERBB2 and ERBB3, is important for the maintenance and 

development of the central nervous system. For ERBB2, exon 5 was skipped (dPSI -

0.131, magnitude 0.36, p=0.005), whereas ERBB3 had an alternate promoter ASE in 
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exon 24.1 with a more modest effect (dPSI -0.047, magnitude 0.07, p=0.002). ERBB2s 

exon 5 translates a growth factor receptor domain involved in signal transduction by 

receptor tyrosine kinases. Further research is needed to determine the impact of exon 5 

omission on signal transduction. Disruption of ErbB neurotrophin signaling has 

previously been highlighted in postmortem PD brain samples and in the 6-

hydroxydopamine rat model of PD.46 This 2005 study reported a significant decrease in 

ErbB1 and ErbB2 protein levels and its ligand EGF in brain homogenates from the 

prefrontal cortex and striatum. Perhaps altered splicing, as observed in our study, leads to 

nonsense-mediated mRNA decay in PD, resulting in diminished levels of functional 

ERBB receptors. RELA encodes the p65 protein, a subunit of the NFκB transcription 

factor complex. The NFκB complex plays an important role in cell proliferation and 

differentiation, and more importantly in the context of PD, inflammation, immune 

response, and apoptosis.47 Interestingly, we observed increased retention of intron 10.2 

(dPSI 0.086, magnitude 0.87 and p=0.008), which was the same retention observed in PD 

with dementia by Henderson-Smith and colleagues.48 They predicted that this retained 

intron would result in the overproduction of a truncated inactive protein. Further 

investigations are warranted to explore the functional consequences of the identified 

alternative splicing events in Parkinson’s disease. Elucidating the specific roles of these 

splicing events in disease pathogenesis may provide new therapeutic targets or 

biomarkers. 

4.4.2 Machine learning models as diagnostic tools for Parkinson’s 
disease 

The application of machine learning techniques to genomic data shows great promise in 

the field of Parkinson’s disease research. High-throughput sequencing technologies have 

been available for two decades and produce rich genetic and transcriptomic data with 

increased speed, accuracy, and lower cost than ever possible.49 Multiple repositories have 

also been created with transcriptomic data, including GEO50, ArrayExpress51 and the PD 

specific ParkDB52, rendering training of classifiers on large transcriptomic datasets far 

more feasible.  In the literature, machine learning approaches have already been applied 

to classification in PD, using voice recordings, movement data, handwriting and imaging 
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data, or a combination of features to distinguish known PD patients from healthy controls 

with high accuracy.53  

The choice was made to use a random forest (RF) classifier based on its reported 

robustness, resistance to noise and overfitting relative to other machine learning 

algorithms, high accuracy in classification tasks - including gene expression data 

classification54 - and ability to identify key genes through feature importance. Using the 

370 significant DEGs we had previously identified as training features, our random forest 

classifier was able to consistently distinguish between Parkinson’s disease patients and 

healthy individuals, with AUC values from ROC analysis of 0.742 or above in all but the 

blood transcriptome datasets(Figure 4-3). Comparison of these results with the literature 

is not straightforward because our classifier was trained using gene expression signature 

data from the brain, whereas the blood transcriptome has primarily been studied because 

of improved access. The correlation between the blood and brain transcriptome has been 

estimated to be between 0.25 and 0.64, depending on the study.55  Pantaleo et al. recently 

conducted a large-scale study on whole blood transcriptome in  390 early-onset PD 

samples, before the initiation of dopaminergic therapy, and 189 age-matched healthy 

controls.56 They used a combination of differential expression analysis and a random 

forest classification algorithm to select 493 genes as training features and with an 

XGBoost classification algorithm achieved a comparable AUC of 0.72. Another large 

cohort study of 205 idiopathic PD samples and 233 healthy controls, using expression 

data obtained from the analysis of blood samples by microarray, used 100 features and a 

support vector machine algorithm. This strategy achieved an AUC of 0.79 in a validation 

set of 75 samples and 0.74 in an independent test set of 70 samples. Their signature and 

SVM method were also able to distinguish between PD and combined samples of healthy 

controls and 48 samples from a variety of non-PD neurodegenerative disease samples, 

including Huntington’s disease, multiple system atrophy, and corticobasal degeneration. 

Comparatively, our RF classifier using the 370 DEG signature performed at a similar 

level with AUC values ranging from 0.667 to 1, showing robustness across multiple types 

of brain samples and blood.  
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4.4.3 Considerations and future directions 

While informative, as a proof-of-concept study, the insights gained from analyzing 11 

samples are insufficient both (a) to generalize our findings of alternative splicing more 

broadly and to determine any functional consequences without further studies and (b) to 

provide sufficient power to train a machine learning classifier capable of performing 

reproducibly across sites, heterogeneous genetic backgrounds, and varying sample 

preparation methods, among others. This is an ongoing challenge for the field of PD 

research and one acknowledged in other fields as well.57,58 This challenge was visible in 

the results obtained in the same samples analyzed by the two analysis methods we 

initially used (DEXSeq, SpliceSeq), which only shared 76 genes or 8% of genes (Fig. 4-

1, A). Ideally, for both alternative splicing and the purposes of developing clinically 

relevant and accurate diagnostic tools, using larger datasets or aggregating data from 

many sources would overcome many of the challenges presented. Issues such as low 

quality input samples, different library preparation methods, and analysis pipelines could 

be lessened by incorporating diverse patient cohorts and a better cross-section of the 

heterogeneous PD patient population.59 Furthermore, the incorporation of multiomics 

data, including epigenomics and proteomics, would enhance our understanding of PD 

and, in the case of classification, could improve accuracy and predictive power.  

4.5 Conclusions 

In conclusion, although alternative splicing occurs as a gene regulation mechanism under 

normal conditions, our study highlights  novel alternative splicing events in the living 

cortex of patients with Parkinson’s disease with consistently altered function that could 

be a result of the disease state. Alternatively, the identified aberrant transcripts could 

have a more direct impact on the functioning of downstream pathways directly 

contributing to disease onset or progression. The identification of alternative splicing 

events in genes distinct from differentially expressed genes also suggests a unique role 

for this regulatory mechanism in the disease. Furthermore, the successful application of 

machine learning classification to identify PD, using RNA-seq data guided by 

transcriptomic alterations from the living brain, demonstrates a new strategy that could 

aid in disease diagnosis and stratification. Continued research in this direction has the 
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potential to uncover novel insights into the molecular mechanisms underlying 

Parkinson’s disease and may facilitate the development of targeted therapeutic strategies. 
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5 Summary and Future Work 

This thesis investigated the potential of cortical tissue obtained during deep brain 

stimulation surgery in patients with Parkinson's disease (PD) patients as a therapeutic and 

research tool. Chapter 2 established a rodent model to evaluate brain-derived progenitor 

cells (BDPCs) as a possible autologous cell therapy, demonstrating their derivation, 

survival and tracking after brain implantation. Chapter 3 used RNA-seq to analyze gene 

expression changes in the living PD cortex for the first time, revealing novel dysregulated 

pathways. Building on this, Chapter 4 identified alternative splicing events in PD and 

developed a machine learning classifier to identify the genetic signature of PD in brain, 

neuron, and blood samples.  

5.1 Discussion and Conclusions 

Together, this thesis demonstrates that valuable insights can be gained from accessing 

living PD brain tissue, opening new avenues for understanding disease mechanisms and 

developing diagnostic tools and cell-based therapies. 

5.1.1 Chapter 2 - Establishing a rodent syngeneic graft model to 
examine the potential of novel cell-based therapeutics for 
Parkinson’s disease 

Chapter 2 describes the establishment of a rodent syngeneic graft model to examine the 

potential of brain-derived progenitor cells (BDPCs) as a cell-based therapeutic for 

Parkinson's disease. The study was designed with the aim of generating and implanting 

rat BDPCs into the striatum of syngeneic Fischer rats to approximate the intended use of 

human BDPCs as an autologous cell-based therapy for PD. Cellular engineering of those 

BDPCs to express luciferase afforded the opportunity for tracking the cell graft 

longitudinally in vivo using BLI. The key findings in this chapter were: 

1. Rodent BDPCs displayed similar characteristics to their human counterparts, 

including expression of neural progenitor and oligodendrocyte markers, and 

electrophysiological properties akin to neural progenitor cells or immature 

neurons. 
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2. Rodent BDPCs endogenously expressed and secreted important neurotrophic 

factors, suggesting they could provide trophic support to the diseased brain. 

3. Engineered rodent BDPCs could be readily tracked in vivo using bioluminescence 

imaging after transplantation into a syngeneic rat model, demonstrating survival 

and engraftment after 5 weeks. 

These findings indicate that BDPCs derived from rat brain possess comparable desirable 

properties for use as a cell-based therapy as human BDPCs derived from cortical tissue, 

including the ability to survive, integrate, and potentially provide neuroprotective support 

when transplanted. The ability to engineer these cells for BLI is particularly valuable, as 

it allows for non-invasive monitoring of graft survival and migration over time. The 

establishment of this rodent syngeneic graft model provides an important preclinical 

platform to further evaluate the therapeutic potential of autologous BDPCs, with broader 

implications for understanding disease mechanisms and developing personalized cell-

based interventions for PD patients. 

5.1.2 Chapter 3 - Expanding the search for genetic biomarkers of 
Parkinson’s disease into the living brain 

Chapter 3 of the thesis describes the use of RNA-seq to expand the search for genetic 

biomarkers of Parkinson's disease by analyzing gene expression changes in the living 

cortical tissue of patients with PD. This is the first study to perform gene expression 

analysis on cortical tissue biopsied directly from living PD patients during deep brain 

stimulation surgery, rather than relying on postmortem brain samples or peripheral 

tissues. This provided an unprecedented opportunity to interrogate the transcriptional 

landscape of the diseased brain in vivo, overcoming limitations of prior studies that had to 

make inferences about central nervous system changes based on more accessible samples. 

The key findings reported in this chapter were: 

1. Differential gene expression analysis identified a set of 370 altered genes in 

patients with PD. 
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2. Differentially expressed genes were associated with pathways with known 

associations to PD including trophic factor signaling, apoptosis, inflammation, 

coagulation, and neuroendocrine function. 

3. Our comparative analysis revealed very few consistent DEGs in the 7 RNA-Seq 

studies at the time of publication and gene expression changes in 123 DEGs never 

previously reported in other PD transcriptome studies. 

These findings provide important new insights into the molecular changes occurring 

within the living PD brain. The identification of differentially expressed genes related to 

trophic factor signaling, inflammation, and other key biological processes suggests 

potential new avenues for understanding disease mechanisms and developing targeted 

therapies. The discovery that 123 of the DEGs were unique to the living brain and that 

consistent changes in any gene across the literature were nearly non-existent, underscored 

the importance of examining the living brain using an unbiased approach in the continued 

search for clinically relevant biomarkers and therapeutic targets. The ability to directly 

interrogate gene expression in the living PD brain represents a significant advance over 

prior work, overcoming the limitations of using postmortem samples or peripheral tissues 

to infer central nervous system changes. This chapter laid the groundwork for the next 

experiments to examine the role of alternative splicing in PD and to determine the value 

of the DEG signature we discovered for training a machine learning based diagnostic 

tool.  

5.1.3 Chapter 4 - Alternative splicing in the living Parkinson’s 
disease brain: probing for novel events and the development 
of a random forest classifier 

Chapter 4 builds upon the gene expression analysis in Chapter 3 further expanding 

knowledge of the transcriptome in the living brain and taking steps towards the 

development of diagnostic tools for PD. Our approach moved beyond simply examining 

differential gene expression to also probe for changes in alternative splicing - a critical 

and understudied layer of transcriptional regulation that can have profound impacts on 

protein function and disease pathogenesis. Additionally, we leveraged the PD-associated 
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gene expression signature identified in the previous chapter to train a machine learning 

model capable of discriminating PD samples from controls, demonstrating the 

translational potential for developing novel diagnostic tools. The main findings reported 

in this chapter were: 

1. DEXSeq and SpliceSeq pipelines identified >600 statistically significant 

alternative splicing events each in the living PD frontal cortex compared to 

controls. 

2. Quantitative PCR validation confirmed four of the differentially spliced 

transcripts identified by RNA-Seq. 

3. A random forest classifier trained using the gene expression signature from 

Chapter 3, demonstrated high accuracy in distinguishing PD samples from 

controls not only in brain tissue, but also in neuron and blood-derived samples. 

These findings indicate that alternative splicing is an important and underexplored 

mechanism contributing to the transcriptional dysregulation observed in the living PD 

brain. The identification of specific splicing events associated with the disease provides 

new candidate targets for further investigation, potentially uncovering novel pathways 

and therapeutic opportunities. Moreover, the development of a robust machine learning 

classifier is an approach that has the potential to enable earlier, more accurate diagnosis 

of PD, which is crucial given the progressive nature of the disease and the need for timely 

intervention.  

5.2 Limitations 

5.2.1 Qualitative nature of Chapter 2 and lack of necessary 
controls 

One of the major limitations of this thesis lies in that much of the data presented in 

Chapter 2 is qualitative and lacks controls that limit proper interpretation of the results. 

For the immunocytochemistry experiments and for the rat brain histology, no labelling 

control was included to demonstrate that artifacts from autofluorescence were not 

responsible for the observed fluorescence. The Western blots for both lineage markers 
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and neurotrophic factors are generally poor in quality, as well as lacking negative(no 

primary/no expression), and positive controls. This work would be significantly improved 

by adding those (e.g. samples with no/known expression of target protein or sample 

buffer) and by semi-quantitative analysis of multiple replicates to estimate the relative 

protein quantities detected. The blots probing for neurotrophic factors secreted in cell 

media by BDPCs in particular would benefit from using alternative complementary 

experimental methods such as ELISA (as discussed in Chapter 2). This would permit 

accurate quantification of protein whereby allowing determination of the biological 

relevance of secreted proteins BDNF and GDNF. 

5.2.2 Syngeneic animal model limitations  

Preclinical research in animal models is exceedingly valuable for understanding human 

disease and is widely used in translational research. However, use of any animal model 

cannot fully capture the complexity and nuances in the human brain, particularly as they 

manifest in PD. Neuroanatomical and physiological differences in models such as rats 

and mice can often impact the translatability of research findings. In Chapter 2, we 

established a transplant model using Fischer-rat derived BDPCs implanted into syngeneic 

Fischer rat striatum. As a transplant model attempting to mimic an autologous therapeutic 

transplant strategy for patients with PD, we recapitulated only a few aspects of the 

anticipated therapy. Grafts were implanted into the striatum of the rats, as performed in 

many human transplant trials (see Chapter 1.3).1–3 Transplanting the BDPCs as a 

suspension into the rodent brain, while technically similar to what would be performed in 

humans, does not accurately reflect the native cellular niche and microenvironment that 

the cells would encounter in the human PD brain. The rat model we used lacked any 

underlying Parkinson's disease-related neurodegeneration that could influence the 

survival, integration, and function of the grafted cells. This does not capture the complex, 

progressive neurodegenerative milieu present in the Parkinson's disease brain that any 

grafted cells would need to contend with. In addition, without PD pathology in the rodent 

model (e.g. 6-OHDA or a genetic model4,5), we were unable to incorporate therapeutic 

intervention or measurement of any functional or behavioural outcomes, which would 

strengthen the translational relevance of any findings. In summary, while the rodent 
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syngeneic graft model provides an important proof-of-concept for the BDPC approach, 

the inherent limitations of this animal system constrain the ability to fully recapitulate the 

complex pathophysiology of Parkinson's disease or evaluate the potential of any 

envisioned therapeutic intervention. Moving forward, incorporating a more sophisticated 

experimental protocol involving: (1) injections for a toxic model, or selection of a 

disease-relevant animal model, and (2) inclusion of outcome measures, will be the 

minimum needed to rigorously evaluate the inherent therapeutic potential of BDPCs. 

5.2.3 Tissue sourcing 

The analyses in Chapters 3 and 4 were conducted on a relatively small number of bulk 

brain tissue samples obtained from living PD patients and controls which poses several 

limitations. Firstly, as a bulk tissue sample, interpretation of results is impaired by the 

lack of specificity of gene expression since the expression of all cell types is conflated. 

This can now be overcome by using single-cell RNAseq (scRNAseq), which can 

sequence at a single-cell resolution, though at significantly increased cost.6  Also of note, 

the average age at diagnosis for the PD sample group was 43.5 (SD 11.29), which is 

indicative of at least a very atypical PD sample group and likely means some of the 

patients did not have sporadic PD. As a result, the generalizability of our findings is 

impacted, though the smaller sample size already limits interpretation of our results to the 

general PD population. The limited sample size also  effectively reduced the statistical 

power to detect alterations in gene expression. Sequencing to an average depth of 

approximately ninety million reads per sample and opting for longer 125-bp paired-end 

reads offset some of the downsides of the limited sample sizes. However, the literature 

shows that detecting fold changes of 1.5 or less with fewer than 10 samples is likely to 

succeed less than half the time at a significance level of 5%.7   When analyzing splicing 

alterations this effect is amplified further with some studies suggesting up to 400 or 500 

million reads are needed to detect 85% of splicing variations.8,9 Ideally the study would 

have been performed in a larger number of age and sex-matched samples to an increased 

depth.  

Limitations in the availability of these unique samples and the resources necessary to 

process, sequence and analyze a larger cohort precluded doing so at the time the 



 

129 

experiments were conducted. Any future work will need to keep these limitations in 

mind. 

5.2.4 Aging of the comparative literature review in Chapter 3 

Due to the publication of Chapter 3 in 2020 many novel studies using RNAseq and 

scRNAseq in the context of PD have since been published, particularly as the prohibitive 

cost and lack of accessibility of RNAseq have continued to improve. Searching PubMed 

with the same terms used for that chapter for years 2021 to 2024 generated 40 results, 

many of which would have been relevant to include for an updated study. These data 

would likely be highly informative and interesting to include, particularly studies using 

scRNAseq given the limitations described in section 1.2.2. 

5.2.5 Reliance on correlative evidence and lack of mechanistic 
insights 

While this thesis identifies valuable PD-associated gene expression alterations and 

alternative splicing events, it does not provide direct experimental evidence for the 

functional roles of these changes in disease pathogenesis. Similarly, our findings 

highlight interesting transcriptional changes in the living PD brain, but the underlying 

molecular mechanisms driving these alterations are not known. Lacking further 

mechanistic studies, the correlative nature of the data limits the ability to pinpoint 

specific molecular pathways or targets for the development of novel therapeutic 

interventions. Additionally, without a clear understanding of how the identified genes and 

splicing events relate to disease pathogenesis, diagnostic tools like our random forest 

classifier lack the robustness and reliability offered by knowledge of the underlying 

biology driving the relevant gene signature. As such, for both therapeutic and diagnostic 

purposes our ability to extrapolate to the broader PD population without those insights is 

likely limited. Future studies will need to focus on establishing causal links between the 

identified molecular alterations and disease pathogenesis through functional experiments, 

both in vitro and in relevant animal models.  
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5.3 Future Directions 

By leveraging this unique tissue source, we have uncovered new layers of molecular 

complexity underlying Parkinson's disease, opening promising avenues for improving 

disease understanding, diagnosis, and the development of targeted treatments. This thesis 

includes the first exploratory studies using cortical tissue from living patients with 

Parkinson’s disease and leaves areas suitable for further research. Among those, several 

areas of future research appear to be most meaningful to advance. First, we will expand 

on the rat BDPC model from Chapter 2 to evaluate the nature of BDPCs and their 

endogenous therapeutic potential. Secondly, key genes or alternative splicing events will 

need to be selected from Chapters 3 and 4 to perform functional and mechanistic 

experiments. 

5.3.1 Determining the exact nature of BDPCs 

An important question remaining after the work included in this thesis is regarding the 

exact cell type of BDPCs. The experiments in Chapter 2 expanded on the original work 

describing BDPCs derived from the human frontal cortex with markers of progenitor 

cells, as well as neural and mesenchymal proteins, by exploring their electrophysiological 

properties. Together with BDPCs derived from rat frontal cortex, BDPCs from humans 

once again exhibited properties consistent with neural precursor cells. However, 

establishing BDPCs as a pluripotent stem cell or multipotent neural progenitor still 

requires further experimentation. The current standard for establishing pluripotency for 

the purpose of cell characterization is the generation of embryoid bodies.10  This can be 

performed in neutral (undirected) conditions without any exogenous growth factors or 

with conditions to promote differentiation into ecto-, meso- or endoderm lineages. 

Assuming the embryoid bodies can be formed, many downstream analyses can then be 

performed to confirm the “stemness” of the cells, which can be as simple as 

immunocytochemistry for pluripotency markers like SOX2 or NANOG, but would 

ideally consist of a quantitative method such as using an established qPCR panel (e.g. 

ScoreCard11) which uses a gene expression signature to establish functional pluripotency. 
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The more likely possibility is that BDPCs are not pluripotent, but more mature 

multipotent neural progenitor cells. Neural progenitors still have the ability to 

differentiate into neurons, glial cells and oligodendrocytes, and form neurospheres in 

non-adherent culture conditions. Experiments not included in this thesis were able to 

determine that BDPCs could be cultured in neural progenitor media in what qualitatively 

appeared to be neurospheres. Future experiments will need to take this one step further 

attempting to differentiate BDPCs using exogenous growth factors like fibroblast growth 

factor 8/sonic hedgehog (neurons) or ciliary neurotrophic factor (astrocytes) in 

appropriate culture conditions.12 Expression of lineage specific markers for each mature 

cell type could then be confirmed experimentally.  

5.3.2 Assess therapeutic potential of BDPCs 

In Chapter 2, we established a syngeneic transplant model in Fischer rats and 

demonstrated longitudinal tracking of genetically engineered BDPCs over a period of 

five weeks. First, we would need to refine BDPC isolation, expansion, and 

transplantation protocols to enhance graft survival, integration, and functional outcomes. 

Though we determined that larger grafts (i.e., 240k cells) did not survive long-term in 

Chapter 2, optimization of isolation and culture methods (e.g., cell passage, culture 

conditions, addition of growth factors, and cell differentiation) should be evaluated first 

to improve survival of BDPCs once transplanted.  

After optimization of the culture and transplantation protocol, we will use the 

6-hydroxydopamine toxin model of PD in rats to determine if BDPCs have any 

endogenous therapeutic potential. As our results from Chapter 2 indicate, BDNF and 

GDNF are natively expressed and secreted by both human and rat BDPCs. These NTFs, 

particularly GDNF, are among the most widely investigated trophic agents for PD with 

robust preclinical research showing protective and regenerative effects on dopaminergic 

neurons (see Chapter 1.3.4).13,14 As such, we’d like to use neuroprotective and 

neurorestorative graft protocols to determine whether BDPCs protect against 

dopaminergic cell loss and can restore motor function after a toxic insult.  Following the 

results of those experiments, strategies could then be investigated to enhance the 

therapeutic potential of BDPCs, or if they have none, genetically engineer BDPCs to 
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express other therapeutic molecules. Future in vivo studies to assess long-term survival, 

integration, and functional benefit of BDPCs will also be crucial for demonstrating safety 

and efficacy, paving the way for clinical translation as an autologous cell-based therapy 

approach for PD. 

5.3.3 Conduct validation studies based on transcriptome analysis 
findings 

In the discussions of Chapters 3 and 4 we highlighted many genes of interest related to 

PD or the processes that may be underlying disease. This is an important first step in 

improving our understanding of PD. Nonetheless, these findings are largely correlative in 

nature, requiring functional experiments to determine any causative or contributory role 

in the pathogenesis and progression of PD. In future studies, we will need to select key 

genes, perhaps focusing on a particular pathway of interest, and investigate the nature of 

their potential role in PD. For gene expression changes seen in PD this could take the 

form of in vitro experiments, modulating gene expression in cells either genetically or 

altering their protein products pharmacologically. For alternative splicing events of 

interest, engineered nuclease strategies like CRISPR or zinc-finger nucleases can be used 

to target genetic regions of interest, artificially replicating RNA-seq findings in vitro. 

Functional effects of those splicing variations can then be measured in a cell culture 

model, and further evaluation of their potential impact in PD can be assessed using an in 

vitro toxic model(e.g. 6-OHDA, rotenone or MPTP) with either differentiated or 

undifferentiated neural cell lines like SH-SY5Y or iPSCs.15 Alternatively, 3D cell models 

such as brain organoids could better replicate the interactions that control physiological 

cell function and improve translational value of any experimental results.16 ScRNAseq 

would not only address the limitations described in 1.2.2 by allowing deconvolution of 

cellular signals identifying which cells are driving any larger changes that were detected 

by bulk RNAseq, but can also advance our understanding of how each cell type may be 

contributing to or protective against PD when comparing cell-type specific gene 

expression changes against controls.  
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5.4 Significance and Overall Conclusions 

This thesis has demonstrated the power of directly accessing and interrogating the living 

brain tissue of Parkinson's disease patients to uncover valuable insights that can advance 

both our understanding of the disease and the development of new therapeutic 

approaches. We established an important preclinical platform to evaluate the potential of 

autologous BDPCs grafts as a therapeutic strategy for PD, leveraging the unique 

opportunity to study BDPCs derived from the PD cortex. Moreover, transcriptomic 

analyses of this tissue have revealed novel dysregulated pathways, alternative splicing 

events, and a gene expression signature that holds promise as a diagnostic biomarker. 

Collectively, these findings open new avenues for targeted intervention, earlier diagnosis, 

and personalized treatment of this devastating neurodegenerative disorder. As the field of 

Parkinson's research continues to evolve, the ability to directly examine the living 

diseased brain offers many advantages in helping to unraveling the complex mechanisms 

underlying the disease and translating these insights into meaningful clinical impact.  



 

134 

5.5 References 

1. Backlund EO, Granberg PO, Hamberger B, et al. Transplantation of adrenal 

medullary tissue to striatum in parkinsonism. J Neurosurg. 1985;62(2):169-173. 

doi:10.3171/jns.1985.62.2.0169 

2. Wenning GK, Odin P, Morrish P, et al. Short- and long-term survival and function 

of unilateral intrastriatal dopaminergic grafts in Parkinson’s disease. Ann Neurol. 

1997;42(1):95-107. doi:10.1002/ana.410420115 

3. Brundin P, Pogarell O, Hagell P, et al. Bilateral caudate and putamen grafts of 

embryonic mesencephalic tissue treated with lazaroids in Parkinson’s disease. 

Brain. 2000;123(7):1380-1390. doi:10.1093/brain/123.7.1380 

4. Tieu K. A guide to neurotoxic animal models of Parkinson’s disease. Cold Spring 

Harb Perspect Med. 2011;1(1):1-20. doi:10.1101/cshperspect.a009316 

5. Creed RB, Goldberg MS. New Developments in Genetic rat models of Parkinson’s 

Disease. Mov Disord. 2018;33(5):717-729. doi:10.1002/mds.27296 

6. Fiorini MR, Dilliott AA, Thomas RA, Farhan SMK. Transcriptomics of Human 

Brain Tissue in Parkinson’s Disease: a Comparison of Bulk and Single-cell RNA 

Sequencing. Mol Neurobiol. 2024;(0123456789). doi:10.1007/s12035-024-04124-

5 

7. Conesa A, Madrigal P, Tarazona S, et al. A survey of best practices for RNA-seq 

data analysis. Genome Biol. 2016;17(1):1-19. doi:10.1186/s13059-016-0881-8 

8. Liu Y, Ferguson JF, Xue C, et al. Evaluating the Impact of Sequencing Depth on 

Transcriptome Profiling in Human Adipose. PLoS One. 2013;8(6):1-10. 

doi:10.1371/journal.pone.0066883 

9. Toung JM, Morley M, Li M, Cheung VG. RNA-sequence analysis of human B-

cells. Genome Res. 2011;21:991-998. doi:10.1101/gr.116335.110.21 



 

135 

10. Allison TF, Andrews PW, Avior Y, et al. Assessment of established techniques to 

determine developmental and malignant potential of human pluripotent stem cells. 

Nat Commun. 2018;9(1):1-15. doi:10.1038/s41467-018-04011-3 

11. Tsankov AM, Akopian V, Pop R, et al. An improved ScoreCard to assess the 

differentiation potential of human pluripotent stem cells. Nat Biotechnol. 

2016;33(11):1182-1192. doi:10.1038/nbt.3387.An 

12. Dhara SK, Stice SL. Neural differentiation of human embryonic stem cells. J Cell 

Biochem. 2008;105(3):633-640. doi:10.1002/jcb.21891 

13. Paul G, Sullivan AM. Trophic factors for Parkinson’s disease: Where are we and 

where do we go from here? Eur J Neurosci. 2019;49(4):440-452. 

doi:10.1111/ejn.14102 

14. Staudt MD, Di Sebastiano AR, Xu H, et al. Advances in neurotrophic factor and 

cell-based therapies for Parkinson’s disease: A mini-review. Gerontology. 

2016;62(3):371-380. doi:10.1159/000438701 

15. Cetin S, Knez D, Gobec S, Kos J, Pišlar A. Cell models for Alzheimer’s and 

Parkinson’s disease: At the interface of biology and drug discovery. Biomed 

Pharmacother. 2022;149(March). doi:10.1016/j.biopha.2022.112924 

16. McComish SF, MacMahon Copas AN, Caldwell MA. Human Brain-Based Models 

Provide a Powerful Tool for the Advancement of Parkinson’s Disease Research 

and Therapeutic Development. Front Neurosci. 2022;16(May):1-15. 

doi:10.3389/fnins.2022.851058 

 

  



 

136 

Appendices 

Appendix A: Supplementary Figures 

 

Supplementary Figure 2-1 Representative photomicrographs (10x objective) showing 

rat BDPCs with a flat polygonal shape at subconfluence (A) and narrow spindle like 

morphology at higher confluence (B). 

 

Supplementary Figure 2-2 Average voltage clamp recordings for (A) human and (B) rat 

BDPCs shown with (C) a representation of the stimulation protocol.  
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Appendix B: Supplementary Tables 

Supplementary Table 2-1 Rodent neurotrophic factor primers 

Gene Direction Primer Sequence Predicted Product length (bases) 

BDNF-1 Forward TACCTGGATGCCGCAAACAT 
182 

 Reverse TGGCCTTTTGATACCGGGAC 

BDNF-2 Forward GTTCGAGAGGTCTGACGACG 
220 

 Reverse GACATGTTTGCGGCATCCAG 

BDNF-3 Forward GCTGAGCGTGTGTGACAGTA 
282 

 Reverse ATGAACCGCCAGCCAATTCT 

CDNF-1 Forward AAGAGGCAACCTCCGCTACT 
121 

 Reverse TGGTTGGAGATCCAAAGCCC 

CDNF-2 Forward CGAGGGCTGACTGTGAAGTA 
192 

 Reverse CTAGGATCTTGGTGGCCGAG 

CDNF-3 Forward TCCGCTACTGTAAGCAAGGTG 
119 

 Reverse GCCAGCACATGGTTGGAGAT 

GDNF-1 Forward CGCTGACCAGTGACTCCAATA 
268 

 Reverse TCGTAGCCCAAACCCAAGTC 

GDNF-2 Forward CCGGACGGGACTCTAAGATG 
104 

 Reverse GAGAAGCCTCTTACCGGCG 

GDNF-3 Forward GCCGGACGGGACTCTAAGAT 
111 

 Reverse CGCTTCGAGAAGCCTCTTAC 
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Supplementary Table 2-2 Primary Antibodies 

Antibody Vendor Product 

ID 

Host species Dilution 

BDNF Abcam (Cambridge, MA, USA) ab108383 Rabbit 

(polyclonal) 

1:100 ICC, 

1:1000 WB 

CDNF Bioss BS-

11499R 

Rabbit 

(polyclonal) 

1:100 ICC, 

1:1000 WB 

GDNF Abcam ab18956 Rabbit 

(polyclonal) 

1:100 ICC, 

1:1000 WB 

β-Actin Abcam ab49900 Mouse 

(monoclonal) 

1: ICC, 1:5000 

WB 

Nestin Proteintech 66259-2-

IG 

Mouse 

(monoclonal) 

1:100 ICC, 

1:1000 WB 

NG2 Millipore MAB5384 Mouse 

(monoclonal) 

1:500 ICC, 1:500 

WB 

CD133 Invitrogen PA5-

38014 

Rabbit 

(polyclonal) 

1:400 ICC, 1:200 

WB 

p75NTR Abcam ab38335 Rabbit 

(polyclonal) 

1:200 ICC, 

1:1000 WB 

Olig1 Millipore MAB5540 Mouse 

(monoclonal) 

1:100 ICC, 1:500 

WB 

GalC Millipore MAB342 Mouse 

(monoclonal) 

1:100 ICC, 1:500 

WB 

Iba1 Abcam ab15690 Mouse 

(monoclonal) 

1:100 ICC, 

1:1000 WB 

Fibronectin Sigma-Aldrich (St. Louis, MO, 

USA) 

F3648 Rabbit 

(polyclonal) 

1:200 ICC, 

1:2000 WB 
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Collagen III Abcam ab7778 Rabbit 

(polyclonal) 

1:200 ICC, 

1:1000 WB 

β III 

Tubulin 

Promega (Madison, WI, USA) G7121 Mouse 

(monoclonal) 

1:100 ICC, 

1:1000 WB 

GFAP Abcam ab10062 Mouse 

(monoclonal) 

1:200 ICC, 

1:1000 WB 
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Supplementary Table 3-1 qPCR primers used for DEG validation 

Gene Direction Primer Sequence 
Predicted Product 

Length (bases) 

CSN1S1 

Forward GGCACCTAATCAGAGGGTATTAAA 96 

Reverse TGATGGCACTTACAGAACTGG 
 

GADD45G 

Forward AATTGCAGCATCATATAAGC 331 

Reverse ACGCTGCGCGCCCTTATATAG 
 

GDNF 

Forward CGGACGGGACTTTAAGATGA 276 

Reverse GGAAGCACTGCCATTTGTTT 
 

SGK1 Forward CCGCTAGATTCTCCATCCCG 273 

 
Reverse GAGGAGCCGGTGTACTTCAG 

 

TFAP2D Forward CCTACGACATCAGCCAAAGAA 114 

 
Reverse CTTGCCTCGTACCCACTTAAA 

 

ZFP36 Forward GGGAGGCAATGAACCCTCTC 204 

  Reverse GCAACGGCTTTGGCTACTTG   
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Supplementary Table 3-2 RNA sequencing report 
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Supplementary Table 3-3 Expression of individual genes with causative linkage to 

Parkinson’s disease 

Gene Symbol 
Alternate 

Name 
Full Gene Name 

Mode of 

Inheritance 

Fold 

Change 

(log2) 

Adjusted 

P-value  

SNCA 
PARK1/P

ARK4 
synuclein alpha AD -0.164 0.399 

PRKN PARK2 parkin RBR E3 ubiquitin ligase AR -0.006 0.99 

UCHL1 PARK5 ubiquitin C-terminal hydrolase L1 AD 0.037 0.92 

PINK1 PARK6 PTEN induced putative kinase 1 AR 0.104 0.63 

DJ-1 PARK7 parkinsonism associated deglycase AR 0.081 0.75 

LRRK2 PARK8 leucine-rich repeat kinase 2 AD -0.021 0.98 

ATP13A2 PARK9 ATPase 13A2 AR 0.201 0.15 

GIGYF2 PARK11 GRB10 interacting GYF protein 2 AD -0.002 1.00 

HTRA2 PARK13 HtrA serine peptidase 2 AD 0.071 0.83 

PLA2G6 PARK14 phospholipase A2 group VI AR -0.06 0.88 

FBX07 PARK15 F-box protein 7 AR -0.062 0.87 

VPS35 PARK17 VPS35, retromer complex component AD 0.107 0.59 

EIF4G1 PARK18 
eukaryotic translation initiation factor 

4 gamma 1 
AD 0.069 0.76 

DNAJC6 PARK19 
DNAJ heat shock protein family 

(Hsp40) member C6 
AR -0.093 0.72 

SYNJ1 PARK20 synaptojanin 1 AR 0.005 0.99 

TMEM230 PARK21 transmembrane protein 230 AD 0.101 0.61 

CHCHD2 PARK22 
coiled-coil-helix-coiled-coil-helix 

domain containing 2 
AD 0.162 0.42 

VPS13C PARK23 vacuolar protein sorting 13 homolog C AR -0.001 1.00 

RIC3 
 

RIC3 acetylcholine receptor chaperone AD -0.061 0.84 

Abbreviations: AD, autosomal dominant; AR, autosomal recessive 
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Supplementary Table 3-4 Expression of known mitochondrial genes 

Gene 

Symbol 
Gene Name 

Fold Change 

(log2) 

Corrected P-

value  

MT-ATP6 
Mitochondrially Encoded ATP Synthase Membrane 

Subunit 6 
0.275 0.52 

MT-ATP8 
Mitochondrially Encoded ATP Synthase Membrane 

Subunit 8 
0.212 0.65 

MT-CO1 
 Mitochondrially Encoded Cytochrome C 

Oxidase I 
0.244 0.53 

MT-CO2 Mitochondrially Encoded Cytochrome C Oxidase II 0.301 0.47 

MT-CO3 
 Mitochondrially Encoded Cytochrome C 

Oxidase III 
0.258 0.57 

MT-CYB Mitochondrially Encoded Cytochrome B 0.176 0.71 

MT-ND1 
Mitochondrially Encoded NADH:Ubiquinone 

Oxidoreductase Core Subunit 1 
0.129 0.84 

MT-ND2 
Mitochondrially Encoded NADH:Ubiquinone 

Oxidoreductase Core Subunit 2 
0.228 0.60 

MT-ND3 
Mitochondrially Encoded NADH:Ubiquinone 

Oxidoreductase Core Subunit 3 
0.289 0.51 

MT-ND4 
Mitochondrially Encoded NADH:Ubiquinone 

Oxidoreductase Core Subunit 4 
0.211 0.68 

MT-ND4L 
Mitochondrially Encoded NADH:Ubiquinone 

Oxidoreductase Core Subunit 4L 
0.149 0.76 

MT-ND5 
Mitochondrially Encoded NADH:Ubiquinone 

Oxidoreductase Core Subunit 5 
0.101 0.87 

MT-ND6 
Mitochondrially Encoded NADH-Ubiquinone 

Oxidoreductase Core Subunit 6 
0.294 0.51 
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Supplementary Table 3-5 Complete dataset of DEGs identified in the frontal lobe 

transcriptome of living PD patients 

Symbol Gene Name 

Fold Change 

(log2) 

Corrected P- 

value 

A2ML1 alpha-2-macroglobulin like 1 0.68 3.10E-03 

ABI3BP ABI family member 3 binding protein -0.79 3.79E-02 

ACAT2 acetyl-CoA acetyltransferase 2 0.32 1.33E-02 

ACSBG1 acyl-CoA synthetase bubblegum family member 1 0.40 6.13E-04 

ACSL1 acyl-CoA synthetase long chain family member 1 -0.29 4.03E-02 

ACSL5 acyl-CoA synthetase long chain family member 5 0.72 3.03E-02 

ACSS1 acyl-CoA synthetase short chain family member 1 0.32 1.69E-02 

ACSS3 acyl-CoA synthetase short chain family member 3 0.44 1.43E-02 

ADGRA1 adhesion G protein-coupled receptor A1 -0.27 1.96E-02 

ADI1 acireductone dioxygenase 1 0.33 1.96E-02 

AHI1 Abelson helper integration site 1 -0.41 1.70E-02 

AHNAK2 AHNAK nucleoprotein 2 0.43 2.50E-02 

AKAP12 A-kinase anchoring protein 12 0.34 9.01E-03 

AKR1C1 aldo-keto reductase family 1 member C1 0.60 8.59E-03 

ALCAM activated leukocyte cell adhesion molecule -0.26 2.78E-02 

ALDH2 aldehyde dehydrogenase 2 family member 0.32 3.78E-02 

ALDH6A1 aldehyde dehydrogenase 6 family member A1 0.29 3.46E-02 

ALDOC aldolase, fructose-bisphosphate C 0.35 2.26E-02 

AMOT angiomotin 0.37 5.95E-04 

ANKRD22 ankyrin repeat domain 22 -3.19 1.32E-03 

ANKRD37 ankyrin repeat domain 37 0.53 4.57E-02 

APC APC regulator of WNT signaling pathway 0.33 3.46E-02 

APOLD1 apolipoprotein L domain containing 1 -1.55 1.06E-09 

AQP1 aquaporin 1 (Colton blood group) -1.23 3.24E-03 

ARRDC2 arrestin domain containing 2 -1.06 6.80E-19 

ARRDC3 arrestin domain containing 3 -0.54 3.32E-04 

ATOH8 atonal bHLH transcription factor 8 -0.62 1.49E-02 

ATP1A2 ATPase Na+/K+ transporting subunit alpha 2 0.37 9.51E-04 

ATP1B2 ATPase Na+/K+ transporting subunit beta 2 0.28 3.24E-02 

AVPR1A arginine vasopressin receptor 1A -1.25 4.47E-05 

AXL AXL receptor tyrosine kinase 0.35 5.24E-03 

BAMBI BMP and activin membrane bound inhibitor 0.61 4.81E-03 

BCOR BCL6 corepressor -0.55 1.56E-04 
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BRINP3 BMP/retinoic acid inducible neural specific 3 -0.34 7.69E-03 

BTNL9 butyrophilin like 9 0.73 2.98E-05 

C17orf102 chromosome 17 open reading frame 102 -0.45 3.78E-02 

C1orf61 chromosome 1 open reading frame 61 0.30 1.83E-03 

C1R complement C1r -0.44 4.42E-02 

C5AR2 complement component 5a receptor 2 -0.96 1.59E-02 

CA10 carbonic anhydrase 10 0.28 4.67E-02 

CA9 carbonic anhydrase 9 -1.26 4.23E-02 

CAPN9 calpain 9 -1.61 1.08E-02 

CAVIN2 caveolae associated protein 2 -0.86 2.17E-09 

CBLN2 cerebellin 2 precursor 0.33 2.72E-03 

CCBE1 collagen and calcium binding EGF domains 1 0.81 1.84E-02 

CCDC38 coiled-coil domain containing 38 2.01 5.53E-06 

CCDC85C coiled-coil domain containing 85C 0.33 2.06E-02 

CCP110 centriolar coiled-coil protein 110 -0.25 4.06E-02 

CD320 CD320 molecule 0.38 3.64E-02 

CD44 CD44 molecule (Indian blood group) -0.94 1.69E-02 

CDH20 cadherin 20 0.29 4.30E-02 

CDKN1A cyclin dependent kinase inhibitor 1A -0.68 1.59E-02 

CEBPD CCAAT enhancer binding protein delta -0.95 1.55E-09 

CHN2 chimerin 2 -0.44 4.46E-03 

CHRM1 cholinergic receptor muscarinic 1 -0.29 1.62E-02 

CHRM4 cholinergic receptor muscarinic 4 -0.44 4.40E-02 

CHST3 carbohydrate sulfotransferase 3 -0.73 1.41E-07 

CHSY1 chondroitin sulfate synthase 1 -0.45 1.62E-03 

CIART circadian associated repressor of transcription -0.59 3.00E-02 

CITED2 

Cbp/p300 interacting transactivator with Glu/Asp rich 

carboxy-terminal domain 2 0.45 3.00E-02 

CLCN5 chloride voltage-gated channel 5 0.39 2.08E-02 

CLDN5 claudin 5 -0.50 1.76E-02 

CLEC4E C-type lectin domain family 4 member E -1.67 4.53E-03 

CLK1 CDC like kinase 1 0.60 3.87E-02 

CNTN3 contactin 3 -0.65 2.12E-08 

CNTN6 contactin 6 0.67 8.37E-05 

COL13A1 collagen type XIII alpha 1 chain -0.95 3.83E-02 

COL5A1 collagen type V alpha 1 chain -0.78 1.48E-02 

COX6A1 cytochrome c oxidase subunit 6A1 0.36 6.97E-03 
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CP ceruloplasmin -1.16 1.37E-03 

CPT1A carnitine palmitoyltransferase 1A 0.38 2.79E-02 

CREB5 cAMP responsive element binding protein 5 -0.47 5.00E-03 

CSDC2 cold shock domain containing C2 0.47 3.71E-02 

CSGALN

ACT1 chondroitin sulfate N-acetylgalactosaminyltransferase 1 -0.29 1.82E-02 

CSN1S1 casein alpha s1 2.29 1.37E-04 

CSRNP1 cysteine and serine rich nuclear protein 1 -0.75 3.53E-06 

CTAG2 cancer/testis antigen 2 -7.27 5.97E-08 

CTXN3 cortexin 3 0.89 1.01E-11 

CX3CR1 C-X3-C motif chemokine receptor 1 0.70 4.45E-05 

CXADR CXADR Ig-like cell adhesion molecule -0.30 2.78E-02 

CXXC5 CXXC finger protein 5 -0.35 1.45E-03 

DACH1 dachshund family transcription factor 1 -0.42 3.48E-02 

DCSTAM

P dendrocyte expressed seven transmembrane protein -1.46 5.24E-03 

DDIT4 DNA damage inducible transcript 4 -0.67 2.55E-05 

DDR2 discoidin domain receptor tyrosine kinase 2 0.70 1.83E-03 

DPH1 diphthamide biosynthesis 1 -0.33 3.86E-02 

DUSP6 dual specificity phosphatase 6 0.72 1.24E-05 

ENAH ENAH actin regulator 0.23 4.03E-02 

EPCAM epithelial cell adhesion molecule 1.12 3.15E-02 

EYA3 EYA transcriptional coactivator and phosphatase 3 0.30 4.75E-02 

F2RL3 F2R like thrombin or trypsin receptor 3 -3.06 6.08E-06 

F5 coagulation factor V 1.02 3.46E-02 

FABP3 fatty acid binding protein 3 0.27 4.03E-02 

FABP7 fatty acid binding protein 7 0.43 1.21E-02 

FADS2 fatty acid desaturase 2 0.31 1.44E-03 

FAM13B family with sequence similarity 13 member B -0.42 2.41E-05 

FAM189B family with sequence similarity 189 member B 0.31 7.69E-03 

FAM87A family with sequence similarity 87 member A -0.88 8.37E-04 

FASN fatty acid synthase 0.24 4.06E-02 

FBLN5 fibulin 5 -0.58 3.42E-04 

FBXL19 F-box and leucine rich repeat protein 19 0.24 3.74E-02 

FBXO2 F-box protein 2 0.26 1.69E-02 

FGF18 fibroblast growth factor 18 -0.85 2.16E-02 

FGF7P3 fibroblast growth factor 7 pseudogene 3 0.40 1.48E-02 
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FOXC1 forkhead box C1 1.13 7.89E-08 

FOXF2 forkhead box F2 0.99 6.66E-05 

FOXP2 forkhead box P2 -0.53 1.46E-02 

FOXQ1 forkhead box Q1 1.39 3.23E-07 

FPR1 formyl peptide receptor 1 -0.88 1.34E-02 

FRAT1 FRAT regulator of WNT signaling pathway 1 -0.70 4.01E-04 

FREM3 FRAS1 related extracellular matrix 3 0.97 2.41E-05 

FSTL5 follistatin like 5 -0.34 2.28E-02 

FZD1 frizzled class receptor 1 0.47 7.69E-03 

GADD45G growth arrest and DNA damage inducible gamma -2.00 2.97E-16 

GALNT14 polypeptide N-acetylgalactosaminyltransferase 14 -0.45 1.82E-02 

GAP43 growth associated protein 43 0.29 1.08E-02 

GATC glutamyl-tRNA amidotransferase subunit C 0.55 6.98E-04 

GDNF glial cell derived neurotrophic factor -0.96 1.87E-02 

GNA14 G protein subunit alpha 14 0.67 2.13E-03 

GNG4 G protein subunit gamma 4 -0.38 2.53E-03 

GOLGA8S golgin A8 family member S -0.86 9.66E-03 

GPR143 G protein-coupled receptor 143 0.57 4.03E-02 

GPR37L1 G protein-coupled receptor 37 like 1 0.37 1.83E-03 

GPX3 glutathione peroxidase 3 0.49 3.71E-07 

GRAMD1

C GRAM domain containing 1C 0.31 4.75E-02 

GRASP 

general receptor for phosphoinositides 1 associated 

scaffold protein -0.41 5.45E-04 

GREM1 gremlin 1, DAN family BMP antagonist -0.49 1.60E-02 

GREM2 gremlin 2, DAN family BMP antagonist -0.44 6.95E-03 

GRIK3 glutamate ionotropic receptor kainate type subunit 3 -0.40 3.70E-04 

GRM7 glutamate metabotropic receptor 7 -0.35 1.62E-02 

H3-3B H3.3 histone B -0.33 3.23E-03 

HAS2-AS1 HAS2 antisense RNA 1 -1.24 2.45E-02 

HCN4 

hyperpolarization activated cyclic nucleotide gated 

potassium channel 4 0.52 1.45E-02 

HEG1 heart development protein with EGF like domains 1 0.38 1.34E-02 

HERC2P3 hect domain and RLD 2 pseudogene 3 0.81 1.21E-02 

HERPUD1 

homocysteine inducible ER protein with ubiquitin like 

domain 1 -0.37 2.42E-03 

HES5 hes family bHLH transcription factor 5 1.16 1.32E-03 
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HHEX hematopoietically expressed homeobox 1.42 5.96E-07 

HPCA hippocalcin -0.25 4.03E-02 

HRK harakiri, BCL2 interacting protein -0.61 3.10E-03 

HS3ST4 heparan sulfate-glucosamine 3-sulfotransferase 4 -0.50 1.82E-04 

HSPA1B heat shock protein family A (Hsp70) member 1B 0.73 1.44E-02 

HYAL2 hyaluronidase 2 -0.45 7.16E-03 

ID1 inhibitor of DNA binding 1, HLH protein 0.82 1.39E-03 

ID3 inhibitor of DNA binding 3, HLH protein 0.72 1.88E-03 

IDH1 isocitrate dehydrogenase (NADP(+)) 1 0.43 3.20E-04 

IGFL4 IGF like family member 4 -0.96 3.53E-02 

IL1R2 interleukin 1 receptor type 2 -2.19 2.76E-02 

IL1RAPL2 interleukin 1 receptor accessory protein like 2 -0.57 4.93E-02 

INKA2 inka box actin regulator 2 -0.43 1.38E-05 

IP6K3 inositol hexakisphosphate kinase 3 -0.75 3.10E-03 

IRF8 interferon regulatory factor 8 0.69 1.76E-02 

ISLR 

immunoglobulin superfamily containing leucine rich 

repeat -0.46 3.86E-02 

ISLR2 

immunoglobulin superfamily containing leucine rich 

repeat 2 -0.36 4.77E-02 

ITPR2 inositol 1,4,5-trisphosphate receptor type 2 0.42 1.67E-02 

ITPRIP inositol 1,4,5-trisphosphate receptor interacting protein -0.92 6.30E-07 

ITPRIPL2 ITPRIP like 2 0.36 4.45E-02 

JAKMIP3 Janus kinase and microtubule interacting protein 3 -0.50 2.20E-02 

KANK4 KN motif and ankyrin repeat domains 4 1.01 3.27E-03 

KCNH8 potassium voltage-gated channel subfamily H member 8 -0.72 4.23E-02 

KCNK10 

potassium two pore domain channel subfamily K 

member 10 -0.37 3.58E-02 

KCNN1 

potassium calcium-activated channel subfamily N 

member 1 0.26 4.35E-02 

KIF19 kinesin family member 19 -0.61 4.03E-02 

KLF9 Kruppel like factor 9 -0.46 1.14E-05 

KLHL14 kelch like family member 14 -0.89 6.22E-03 

KLK5 kallikrein related peptidase 5 1.06 2.95E-02 

KLK7 kallikrein related peptidase 7 1.03 1.57E-06 

KRTAP5-

AS1 KRTAP5-1/KRTAP5-2 antisense RNA 1 -0.53 8.74E-03 

L3MBTL4 L3MBTL histone methyl-lysine binding protein 4 -0.42 3.88E-02 
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LAMA2 laminin subunit alpha 2 0.51 1.72E-04 

LAMB3 laminin subunit beta 3 -0.47 2.20E-02 

LCN15 lipocalin 15 -0.96 3.52E-02 

LDLR low density lipoprotein receptor 0.47 3.58E-02 

LGALS1 galectin 1 0.36 3.83E-02 

LGR5 

leucine rich repeat containing G protein-coupled 

receptor 5 -0.59 1.52E-02 

LHFPL1 LHFPL tetraspan subfamily member 1 0.93 1.28E-02 

LIMK1 LIM domain kinase 1 0.33 1.58E-02 

LINC0008

6 small integral membrane protein 10 like 2A 0.29 3.22E-02 

LINC0044

3 long intergenic non-protein coding RNA 443 1.45 1.28E-02 

LINC0063

4 long intergenic non-protein coding RNA 634 0.44 1.67E-02 

LINC0088

3 
DPPA2 upstream binding RNA 

-0.43 5.03E-03 

LINC0092

5 
MIR9-3 host gene 

-0.42 3.59E-02 

LMCD1 LIM and cysteine rich domains 1 0.79 7.02E-03 

LMO2 LIM domain only 2 0.74 7.12E-04 

LOC10050

7351 uncharacterized -0.47 4.16E-02 

LOC10050

7534 uncharacterized 0.69 2.14E-02 

LOC10099

6609 uncharacterized 2.77 1.18E-02 

LOC10192

8358 uncharacterized -0.78 4.48E-02 

LOC10192

9555 uncharacterized -0.86 5.95E-03 

LOC44108

1 uncharacterized 2.03 1.17E-09 

LONRF1 LON peptidase N-terminal domain and ring finger 1 0.38 1.83E-03 

LPAR5 lysophosphatidic acid receptor 5 0.53 4.45E-02 

LPAR6 lysophosphatidic acid receptor 6 0.91 5.04E-08 

LRMP lymphoid restricted membrane protein -0.47 2.48E-03 
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LRP4 LDL receptor related protein 4 0.29 3.59E-02 

LRRC8C leucine rich repeat containing 8 VRAC subunit C 0.34 1.71E-02 

LRRTM2 leucine rich repeat transmembrane neuronal 2 -0.31 7.69E-03 

LRTM2 leucine rich repeats and transmembrane domains 2 -0.39 2.78E-03 

LYNX1 Ly6/neurotoxin 1 0.27 2.34E-02 

MAF MAF bZIP transcription factor 0.28 2.22E-02 

MAP4K5 mitogen-activated protein kinase kinase kinase 5 -0.47 1.04E-02 

MARCHF

1 membrane associated ring-CH-type finger 1 -0.39 9.66E-03 

MARCO macrophage receptor with collagenous structure -3.24 2.08E-05 

MARVEL

D2 MARVEL domain containing 2 0.76 4.25E-02 

MCTP2 multiple C2 and transmembrane domain containing 2 -0.62 6.87E-03 

MEF2D myocyte enhancer factor 2D -0.29 1.95E-02 

MET MET proto-oncogene, receptor tyrosine kinase -0.93 2.31E-06 

MGAM maltase-glucoamylase -1.25 1.95E-02 

MGST1 microsomal glutathione S-transferase 1 0.53 4.77E-02 

MICAL3 

microtubule associated monooxygenase, calponin and 

LIM domain containing 3 -0.25 2.58E-02 

MIR3648 microRNA 3648-1 2.54 4.18E-05 

MIR3687 microRNA 3687-1 2.70 4.90E-06 

MMD2 monocyte to macrophage differentiation associated 2 0.51 8.22E-04 

MSMO1 methylsterol monooxygenase 1 0.48 9.51E-04 

MT1F metallothionein 1F 0.56 4.72E-03 

MT1G metallothionein 1G 0.84 3.57E-05 

MTRNR2

L2 MT-RNR2 like 2 1.46 4.56E-02 

MYORG myogenesis regulating glycosidase (putative) 0.34 4.82E-03 

N4BP2L1 NEDD4 binding protein 2 like 1 -0.31 2.31E-02 

NEFH neurofilament heavy 0.59 6.52E-03 

NEFM neurofilament medium 0.53 3.63E-03 

NELL1 neural EGFL like 1 -0.46 5.95E-03 

NF2 neurofibromin 2 0.27 4.04E-02 

NFKBIA NFKB inhibitor alpha -0.88 2.29E-12 

NKAIN1 sodium/potassium transporting ATPase interacting 1 -0.51 6.87E-03 

NKX2-2 NK2 homeobox 2 0.61 1.81E-02 

NPAS4 neuronal PAS domain protein 4 2.30 3.83E-02 



 

151 

NPTX1 neuronal pentraxin 1 -0.29 1.65E-02 

NR2F1 nuclear receptor subfamily 2 group F member 1 -0.27 1.28E-02 

NUMBL NUMB like endocytic adaptor protein -0.30 1.76E-02 

OLFM2 olfactomedin 2 0.28 7.16E-03 

OLFML2B olfactomedin like 2B -0.77 2.82E-04 

OLIG2 oligodendrocyte transcription factor 2 -0.44 2.44E-02 

OPALIN 

oligodendrocytic myelin paranodal and inner loop 

protein -0.42 4.30E-02 

OPRL1 opioid related nociceptin receptor 1 -0.54 1.58E-04 

OPRM1 opioid receptor mu 1 0.42 4.24E-02 

OTOGL otogelin like -0.58 3.69E-03 

PCDH11X protocadherin 11 X-linked -0.70 7.16E-05 

PCDH17 protocadherin 17 0.27 2.20E-02 

PCF11 PCF11 cleavage and polyadenylation factor subunit -0.27 1.52E-02 

PCYT2 phosphate cytidylyltransferase 2, ethanolamine 0.28 2.20E-02 

PDE1A phosphodiesterase 1A -0.31 2.95E-02 

PDE1C phosphodiesterase 1C -0.29 3.83E-02 

PDE4B phosphodiesterase 4B -0.30 3.10E-03 

PDK4 pyruvate dehydrogenase kinase 4 -0.56 1.32E-05 

PDZRN4 PDZ domain containing ring finger 4 -0.51 1.24E-02 

PER1 period circadian regulator 1 -0.53 4.01E-04 

PHYHIPL phytanoyl-CoA 2-hydroxylase interacting protein like -0.28 1.11E-02 

PI4KAP2 phosphatidylinositol 4-kinase alpha pseudogene 2 -0.64 1.32E-02 

PIK3CG 

phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic 

subunit gamma 0.56 4.37E-02 

PLA2G3 phospholipase A2 group III 1.16 1.33E-02 

PLEKHO2 pleckstrin homology domain containing O2 0.49 3.70E-04 

PNPT1 polyribonucleotide nucleotidyltransferase 1 -0.33 3.00E-02 

POU3F2 POU class 3 homeobox 2 0.27 2.65E-02 

PPL periplakin -0.44 4.21E-04 

PPP1R15A protein phosphatase 1 regulatory subunit 15A -0.39 1.11E-02 

PPP1R3C protein phosphatase 1 regulatory subunit 3C 0.77 1.06E-09 

PREX2 

phosphatidylinositol-3,4,5-trisphosphate dependent Rac 

exchange factor 2 0.49 5.79E-03 

PRKAB2 

protein kinase AMP-activated non-catalytic subunit beta 

2 -0.29 3.71E-02 

PRR18 proline rich 18 -0.79 5.36E-07 
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PTGIS prostaglandin I2 synthase -0.73 8.80E-03 

PTK7 protein tyrosine kinase 7 (inactive) -0.61 2.55E-03 

PTPRR protein tyrosine phosphatase receptor type R -0.40 2.48E-03 

RAB3D RAB3D, member RAS oncogene family 0.38 1.45E-03 

RAPGEF6 Rap guanine nucleotide exchange factor 6 -0.36 3.71E-02 

RARA retinoic acid receptor alpha -0.37 3.53E-02 

RASD1 ras related dexamethasone induced 1 -0.57 6.08E-06 

RASL10B RAS like family 10 member B 0.37 3.83E-02 

RELL2 RELT like 2 0.34 1.73E-02 

REM2 RRAD and GEM like GTPase 2 -0.97 1.22E-04 

RETREG1 reticulophagy regulator 1 -0.26 1.76E-02 

RGS1 regulator of G protein signaling 1 -3.05 1.32E-08 

RHOB ras homolog family member B -0.32 1.45E-03 

RHOU ras homolog family member U -0.59 5.75E-05 

RPRM reprimo, TP53 dependent G2 arrest mediator homolog -0.65 2.48E-03 

RPRML reprimo like -0.47 2.66E-02 

RRN3 RRN3 homolog, RNA polymerase I transcription factor -0.29 2.48E-02 

RTN4R reticulon 4 receptor -0.33 2.26E-02 

RXFP1 relaxin family peptide receptor 1 -0.33 2.88E-03 

RYR1 ryanodine receptor 1 0.32 1.85E-02 

S100A1 S100 calcium binding protein A1 0.43 2.36E-03 

SCG2 secretogranin II -0.26 4.13E-02 

SCN4B sodium voltage-gated channel beta subunit 4 0.44 5.24E-03 

SCRG1 stimulator of chondrogenesis 1 0.56 1.31E-06 

SEMA3E semaphorin 3E -0.58 1.04E-05 

SEMA4C semaphorin 4C -0.44 6.44E-04 

SERPINE1 serpin family E member 1 -2.09 2.36E-06 

SERPINF1 serpin family F member 1 -0.36 6.87E-03 

SERPINH

1 serpin family H member 1 0.68 4.81E-03 

SETD4 SET domain containing 4 -0.35 3.78E-02 

SGK1 serum/glucocorticoid regulated kinase 1 -1.10 3.50E-23 

SH2D3C SH2 domain containing 3C -0.34 4.35E-02 

SH3TC1 SH3 domain and tetratricopeptide repeats 1 -0.59 1.08E-02 

SHANK3 SH3 and multiple ankyrin repeat domains 3 0.27 2.59E-02 

SHB SH2 domain containing adaptor protein B -0.53 1.85E-02 

SIM2 SIM bHLH transcription factor 2 1.12 3.50E-03 
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SIRPB1 signal regulatory protein beta 1 -1.94 1.97E-02 

SLA Src like adaptor -0.96 6.08E-06 

SLAIN1 SLAIN motif family member 1 -0.31 1.62E-02 

SLC15A2 solute carrier family 15 member 2 0.29 3.87E-02 

SLC19A3 solute carrier family 19 member 3 1.35 9.02E-06 

SLC22A10 solute carrier family 22 member 10 -1.03 1.96E-02 

SLC31A2 solute carrier family 31 member 2 -0.60 1.54E-03 

SLC35E2

A solute carrier family 35 member E2A -0.80 1.88E-06 

SLC35E2B solute carrier family 35 member E2B 0.58 2.17E-06 

SLC4A4 solute carrier family 4 member 4 0.38 1.83E-02 

SLC6A10P solute carrier family 6 member 10, pseudogene -1.24 2.26E-02 

SLC7A1 solute carrier family 7 member 1 0.29 4.21E-03 

SNAR-C3 small NF90 (ILF3) associated RNA C3 8.00 1.55E-07 

SNCG synuclein gamma 0.46 1.22E-04 

SORCS3 sortilin related VPS10 domain containing receptor 3 -0.29 4.77E-02 

SOX18 SRY-box transcription factor 18 1.44 9.16E-06 

SOX9 SRY-box transcription factor 9 0.29 4.03E-02 

SPACA6P-

AS SPACA6P antisense RNA 1.33 5.03E-03 

SPAG6 sperm associated antigen 6 -0.70 5.45E-03 

SPHK2 sphingosine kinase 2 0.49 5.95E-04 

SPRED2 sprouty related EVH1 domain containing 2 0.29 1.10E-02 

SPRY1 sprouty RTK signaling antagonist 1 0.55 1.99E-02 

SPRY2 sprouty RTK signaling antagonist 2 0.55 2.27E-07 

SPRY4 sprouty RTK signaling antagonist 4 0.73 1.57E-06 

SRGN serglycin -0.47 4.53E-03 

SRSF5 serine and arginine rich splicing factor 5 -0.51 2.85E-05 

SRSF6 serine and arginine rich splicing factor 6 -0.34 1.53E-03 

SSTR2 somatostatin receptor 2 -0.41 5.09E-04 

STARD8 StAR related lipid transfer domain containing 8 -0.67 5.20E-04 

STOX1 storkhead box 1 0.27 3.47E-02 

SYT15 synaptotagmin 15 0.75 7.97E-03 

TFAP2C transcription factor AP-2 gamma 1.10 4.23E-02 

TFAP2D transcription factor AP-2 delta -1.85 1.49E-05 

THEMIS thymocyte selection associated -0.51 3.83E-02 

THSD1 thrombospondin type 1 domain containing 1 0.59 4.23E-02 
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TIPARP TCDD inducible poly(ADP-ribose) polymerase -0.66 1.07E-06 

TLE4 TLE family member 4, transcriptional corepressor -0.32 3.10E-03 

TLR2 toll like receptor 2 -0.87 2.92E-02 

TMEM151

B transmembrane protein 151B 0.25 1.87E-02 

TMEM200

A transmembrane protein 200A 0.67 1.53E-02 

TMEM220

-AS1 TMEM220 antisense RNA 1 1.02 1.69E-02 

TMEM229

B transmembrane protein 229B 0.28 4.03E-02 

TMEM233 transmembrane protein 233 -0.80 1.69E-02 

TMTC2 

transmembrane O-mannosyltransferase targeting 

cadherins 2 -0.33 3.81E-02 

TNC tenascin C -1.30 3.81E-02 

TNFRSF1

0A TNF receptor superfamily member 10a 0.97 3.97E-02 

TNFSF10 TNF superfamily member 10 0.69 1.95E-02 

TOMM34 translocase of outer mitochondrial membrane 34 0.39 6.16E-04 

TPD52L1 TPD52 like 1 0.40 1.81E-03 

TRH thyrotropin releasing hormone -0.94 3.73E-02 

TRIB1 tribbles pseudokinase 1 0.48 3.10E-03 

TRIM22 tripartite motif containing 22 -0.37 4.93E-02 

TRIM29 tripartite motif containing 29 1.39 1.15E-04 

TRIM36 tripartite motif containing 36 0.27 3.58E-02 

TRMT9B tRNA methyltransferase 9B (putative) -0.40 4.81E-03 

TSHZ2 teashirt zinc finger homeobox 2 -0.55 4.49E-03 

TSHZ3 teashirt zinc finger homeobox 3 -0.67 2.90E-09 

TSPAN1 tetraspanin 1 -1.07 1.02E-02 

TSPYL2 TSPY like 2 -0.30 3.00E-02 

TUBB2B tubulin beta 2B class IIb 0.32 1.59E-02 

TUNAR TCL1 upstream neural differentiation-associated RNA 0.63 4.54E-07 

U2SURP U2 snRNP associated SURP domain containing -0.25 1.73E-02 

USP2 ubiquitin specific peptidase 2 -0.62 1.31E-06 

WHRN whirlin -0.55 2.36E-03 

ZC3H7A zinc finger CCCH-type containing 7A -0.24 3.58E-02 

ZCCHC14 zinc finger CCHC-type containing 14 -0.25 3.87E-02 
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ZDHHC22 zinc finger DHHC-type palmitoyltransferase 22 -0.28 1.59E-02 

ZFP36 ZFP36 ring finger protein -0.86 1.28E-02 

ZFP36L1 ZFP36 ring finger protein like 1 0.58 2.77E-06 

ZFP36L2 ZFP36 ring finger protein like 2 0.57 6.44E-04 

ZIC2 Zic family member 2 0.45 2.17E-02 

ZNF366 zinc finger protein 366 0.92 1.69E-02 

ZNF488 zinc finger protein 488 -0.46 1.83E-03 

ZNF711 zinc finger protein 711 -0.27 3.90E-02 
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Supplementary Table 3-6. Complete list of DEGs uniquely identified in brain 

specimens from living PD patients 

Symbol Gene Name 
Fold Change 

(log2) 

Corrected 

P-value 

ACAT2 acetyl-CoA acetyltransferase 2 0.32 1.33E-02 

ACSL5 acyl-CoA synthetase long-chain family member 5 0.72 3.03E-02 

ADI1 acireductone dioxygenase 1 0.33 1.96E-02 

AHI1 Abelson helper integration site 1 -0.41 1.70E-02 

ALDOC aldolase, fructose-bisphosphate C 0.35 2.26E-02 

ARRDC3 arrestin domain containing 3 -0.54 3.32E-04 

BAMBI BMP and activin membrane bound inhibitor 0.61 4.81E-03 

BRINP3 BMP/retinoic acid inducible neural specific 3 -0.34 7.69E-03 

C1orf61 chromosome 1 open reading frame 61 0.30 1.83E-03 

C1R complement C1r -0.44 4.42E-02 

C5AR2 complement component 5a receptor 2 -0.96 1.59E-02 

CCDC38 coiled-coil domain containing 38 2.01 5.53E-06 

CD320 CD320 molecule 0.38 3.64E-02 

CHSY1 chondroitin sulfate synthase 1 -0.45 1.62E-03 

CIART circadian associated repressor of transcription -0.59 3.00E-02 

CNTN6 contactin 6 0.67 8.37E-05 

CSDC2 cold shock domain containing C2 0.47 3.71E-02 

CTAG2 cancer/testis antigen 2 -7.27 5.97E-08 

CXADR coxsackie virus and adenovirus receptor -0.30 2.78E-02 

DCSTAMP dendrocyte expressed seven transmembrane protein -1.46 5.24E-03 

DPH1 diphthamide biosynthesis 1 -0.33 3.86E-02 

DUSP6 dual specificity phosphatase 6 0.72 1.24E-05 

EPCAM epithelial cell adhesion molecule 1.12 3.15E-02 

EYA3 EYA transcriptional coactivator and phosphatase 3 0.30 4.75E-02 

F2RL3 F2R like thrombin/trypsin receptor 3 -3.06 6.08E-06 

FAM134B family with sequence similarity 134 member B -0.26 1.76E-02 

FAM13B family with sequence similarity 13 member B -0.42 2.41E-05 

FAM189B family with sequence similarity 189 member B 0.31 7.69E-03 

FAM212B family with sequence similarity 212 member B -0.43 1.38E-05 

FAM87A family with sequence similarity 87 member A -0.88 8.37E-04 

FASN fatty acid synthase 0.24 4.06E-02 

FRAT1 
frequently rearranged in advanced T-cell lymphomas 

1 
-0.70 4.01E-04 

GADD45G growth arrest and DNA damage inducible gamma -2.00 2.97E-16 
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GALNT14 polypeptide N-acetylgalactosaminyltransferase 14 -0.45 1.82E-02 

GDNF glial cell derived neurotrophic factor -0.96 1.87E-02 

GNG4 G protein subunit gamma 4 -0.38 2.53E-03 

GOLGA8S golgin A8 family member S -0.86 9.66E-03 

GPR123 adhesion G protein-coupled receptor A1 -0.27 1.96E-02 

GPR37L1 G protein-coupled receptor 37 like 1 0.37 1.83E-03 

GPX3 glutathione peroxidase 3 0.49 3.71E-07 

H3F3B H3 histone family member 3B -0.33 3.23E-03 

HAS2-AS1 HAS2 antisense RNA 1 -1.24 2.45E-02 

HERC2P3 hect domain and RLD 2 pseudogene 3 0.81 1.21E-02 

HERPUD1 
homocysteine inducible ER protein with ubiquitin 

like domain 1 
-0.37 2.42E-03 

HRK harakiri, BCL2 interacting protein -0.61 3.10E-03 

HYAL2 hyaluronoglucosaminidase 2 -0.45 7.16E-03 

IDH1 isocitrate dehydrogenase ) 1, cytosolic 0.43 3.20E-04 

KCNK10 
potassium two pore domain channel subfamily K 

member 10 
-0.37 3.58E-02 

KGFLP2 fibroblast growth factor 7 pseudogene 3 0.40 1.48E-02 

KIAA1456 tRNA methyltransferase 9B -0.40 4.81E-03 

LAMA2 laminin subunit alpha 2 0.51 1.72E-04 

LAMB3 laminin subunit beta 3 -0.47 2.20E-02 

LCN15 lipocalin 15 -0.96 3.52E-02 

LINC00086 small integral membrane protein 10 like 2A 0.29 3.22E-02 

LINC00443 long intergenic non-protein coding RNA 443 1.45 1.28E-02 

LINC00883 DPPA2 upstream binding RNA -0.43 5.03E-03 

LINC00925 MIR9-3 host gene -0.42 3.59E-02 

LMCD1 LIM and cysteine rich domains 1 0.79 7.02E-03 

LMO2 LIM domain only 2 0.74 7.12E-04 

LOC100507351 uncharacterized -0.47 4.16E-02 

LOC100507534 uncharacterized 0.69 2.14E-02 

LOC100996609 uncharacterized 2.77 1.18E-02 

LOC101928358 uncharacterized -0.78 4.48E-02 

LOC101929555 uncharacterized -0.86 5.95E-03 

LONRF1 LON peptidase N-terminal domain and ring finger 1 0.38 1.83E-03 

LRRC8C leucine rich repeat containing 8 family member C 0.34 1.71E-02 

MARVELD2 MARVEL domain containing 2 0.76 4.25E-02 

MEF2D myocyte enhancer factor 2D -0.29 1.95E-02 

MICAL3 
microtubule associated monooxygenase, calponin 

and LIM domain containing 3 
-0.25 2.58E-02 

MIR3648 microRNA 3648-1 2.54 4.18E-05 
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MIR3687 microRNA 3687-1 2.70 4.90E-06 

MMD2 monocyte to macrophage differentiation associated 2 0.51 8.22E-04 

MSMO1 methylsterol monooxygenase 1 0.48 9.51E-04 

MTRNR2L2 MT-RNR2-like 2 1.46 4.56E-02 

N4BP2L1 NEDD4 binding protein 2 like 1 -0.31 2.31E-02 

NF2 neurofibromin 2 0.27 4.04E-02 

NKAIN1 Na+/K+ transporting ATPase interacting 1 -0.51 6.87E-03 

NKX2-2 NK2 homeobox 2 0.61 1.81E-02 

NUMBL NUMB like, endocytic adaptor protein -0.30 1.76E-02 

OPRM1 opioid receptor mu 1 0.42 4.24E-02 

PCDH11X protocadherin 11 X-linked -0.70 7.16E-05 

PCF11 PCF11 cleavage and polyadenylation factor subunit -0.27 1.52E-02 

PCYT2 phosphate cytidylyltransferase 2, ethanolamine 0.28 2.20E-02 

PDZRN4 PDZ domain containing ring finger 4 -0.51 1.24E-02 

PER1 period circadian clock 1 -0.53 4.01E-04 

PHYHIPL 
phytanoyl-CoA 2-hydroxylase interacting protein 

like 
-0.28 1.11E-02 

PI4KAP2 phosphatidylinositol 4-kinase alpha pseudogene 2 -0.64 1.32E-02 

PLEKHO2 pleckstrin homology domain containing O2 0.49 3.70E-04 

PNPT1 polyribonucleotide nucleotidyltransferase 1 -0.33 3.00E-02 

PRKAB2 
protein kinase AMP-activated non-catalytic subunit 

beta 2 
-0.29 3.71E-02 

PTGIS prostaglandin I2 synthase -0.73 8.80E-03 

RAB3D RAB3D, member RAS oncogene family 0.38 1.45E-03 

RARA retinoic acid receptor alpha -0.37 3.53E-02 

RASD1 ras related dexamethasone induced 1 -0.57 6.08E-06 

REM2 RRAD and GEM like GTPase 2 -0.97 1.22E-04 

RRN3 
RRN3 homolog, RNA polymerase I transcription 

factor 
-0.29 2.48E-02 

S100A1 S100 calcium binding protein A1 0.43 2.36E-03 

SEMA4C semaphorin 4C -0.44 6.44E-04 

SETD4 SET domain containing 4 -0.35 3.78E-02 

SH2D3C SH2 domain containing 3C -0.34 4.35E-02 

SHANK3 SH3 and multiple ankyrin repeat domains 3 0.27 2.59E-02 

SIM2 single-minded family bHLH transcription factor 2 1.12 3.50E-03 

SLC22A10 solute carrier family 22 member 10 -1.03 1.96E-02 

SLC6A10P solute carrier family 6 member 10, pseudogene -1.24 2.26E-02 

SNAR-C3 small ILF3/NF90-associated RNA C3 8.00 1.55E-07 

SPACA6P-AS SPACA6P antisense RNA 1.33 5.03E-03 

SPHK2 sphingosine kinase 2 0.49 5.95E-04 
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SPRY4 sprouty RTK signaling antagonist 4 0.73 1.57E-06 

SRSF6 serine and arginine rich splicing factor 6 -0.34 1.53E-03 

STARD8 StAR related lipid transfer domain containing 8 -0.67 5.20E-04 

SYT15 synaptotagmin 15 0.75 7.97E-03 

TFAP2D transcription factor AP-2 delta -1.85 1.49E-05 

TLE4 transducin like enhancer of split 4 -0.32 3.10E-03 

TMEM220-AS1 TMEM220 antisense RNA 1 1.02 1.69E-02 

TMEM229B transmembrane protein 229B 0.28 4.03E-02 

TNFSF10 tumor necrosis factor superfamily member 10 0.69 1.95E-02 

TOMM34 translocase of outer mitochondrial membrane 34 0.39 6.16E-04 

TRIB1 tribbles pseudokinase 1 0.48 3.10E-03 

TSHZ3 teashirt zinc finger homeobox 3 -0.67 2.90E-09 

USP2 ubiquitin specific peptidase 2 -0.62 1.31E-06 

ZC3H7A zinc finger CCCH-type containing 7A -0.24 3.58E-02 

ZDHHC22 zinc finger DHHC-type containing 22 -0.28 1.59E-02 

ZNF488 zinc finger protein 488 -0.46 1.83E-03 
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Supplementary Table 3-7: Comparative analysis of published idiopathic PD 

RNA-Seq studies 

 

 Fold Change (log2)* 

 This Study 

Dumitri

u et al. 

(2016)  

Henderso

n et al. 

(2016) 

Riley et al. 

(2014) 

Riley et 

al. (2014) 

Riley et 

al. 

(2014) 

Planken et 

al. (2017) 

Infant

e et al. 

(2016) 

Gene Symbol 
Frontal 

Cortex 

Frontal 

Cortex 

Cingulate 

Cortex 

Unspecifie

d Cortex 

Substanti

a Nigra 

Striatu

m 

Skin 

Fibroblast

s 

Whole 

Blood 

A2ML1 0.68 0.48 
   

2.57 
  

ABI3BP -0.79 
 

0.68 -2.33 -1.37 1.70 
  

ACSBG1 0.40 
   

-1.02 1.19 -1.09 
 

ACSL1 -0.29 
 

0.84 
  

1.15 
  

ACSS1 0.32 
    

1.21 -0.58 
 

ACSS3 0.44 
   

-1.58 2.47 
  

AHNAK2 0.43 
    

3.11 
  

AKAP12 0.34 
     

0.56 
 

AKR1C1 0.60 
   

2.12 
   

ALCAM -0.26 
 

0.74 
     

ALDH2 0.32 
    

1.48 
  

ALDH6A1 0.29 
   

-1.80 1.73 
  

AMOT 0.37 
    

1.58 
  

ANKRD22 -3.19 
      

-1.24 

ANKRD37 0.53 0.60 
  

1.31 
   

APC 0.33 
    

1.50 
  

APOLD1 -1.55 
    

1.02 
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AQP1 -1.23 
 

0.87 4.19 
 

1.18 
  

ARRDC2 -1.06 
     

-0.88 
 

ATOH8 -0.62 0.62 
      

ATP1A2 0.37 
   

-1.06 1.72 
  

ATP1B2 0.28 
    

1.42 
  

AVPR1A -1.25 
 

1.17 
     

AXL 0.35 
    

1.33 
  

BCOR -0.55 
   

-1.39 
   

BTNL9 0.73 
    

1.28 
 

0.63 

C17orf102 -0.45 
 

-1.30 
 

-3.24 
   

CA10 0.28 
    

1.18 
  

CA9 -1.26 
 

-2.94 -1.17 
    

CAPN9 -1.61 
  

-1.19 -2.21 
   

CBLN2 0.33 
 

-0.90 
     

CCBE1 0.81 
 

-0.95 
     

CCDC85C 0.33 
    

1.01 
  

CD44 -0.25 
 

1.84 1.86 
 

5.55 
  

CDH20 -0.94 
   

-1.46 1.33 
  

CDKN1A 0.29 
    

1.74 
  

CEBPD -0.68 0.58 
 

-1.99 
    

CHN2 -0.95 
  

1.10 
    

CHRM1 -0.44 
 

-1.46 
     

CHRM4 -0.29 
 

-1.51 
 

-3.30 1.42 
  

CHST3 -0.44 
 

0.80 
     

CITED2 -0.73 
 

-0.94 
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CLCN5 0.45 
    

1.19 
  

CLDN5 0.39 
   

1.03 
 

-0.71 
 

CLEC4E -0.50 
     

-1.59 
 

CLK1 -1.67 
    

1.32 
  

CNGA4 0.60 
    

1.56 
  

CNTN3 -0.65 
 

-0.60 
  

1.17 
  

COL13A1 -0.95 -0.71 
  

-1.26 1.18 
  

COL5A1 -0.78 
    

1.56 
  

COX6A1 0.36 
     

-0.61 
 

CP -1.16 
 

0.74 1.18 
 

2.22 
  

CPT1A 0.38 
    

1.02 
  

CREB5 -0.47 
 

0.85 
 

-1.85 
 

0.64 
 

CSGALNACT

1 -0.29 
    

1.41 
  

CSN1S1 2.29 
  

2.03 
  

-2.47 
 

CSRNP1 -0.75 
  

-1.01 
    

CTXN3 0.89 
 

-1.39 
 

1.68 
   

CX3CR1 0.70 
  

1.44 -1.26 2.83 
  

CXXC5 -0.35 
   

-1.59 1.57 
  

DACH1 -0.42 
  

1.51 
    

DDIT4 -0.67 1.01 
   

2.30 -0.99 
 

DDR2 0.70 
 

1.52 
 

-2.37 3.49 
  

DFNB31 -0.55 
  

1.29 
    

ENAH 0.23 
    

1.32 
  

F5 1.02 
 

1.13 
  

1.40 
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FABP3 0.27 
   

1.27 
   

FABP7 0.43 
    

2.02 -0.67 
 

FADS2 0.31 
    

1.91 
  

FBLN5 -0.58 
    

1.85 
  

FBXL19 0.24 
 

-0.97 
  

1.12 
  

FBXO2 0.26 0.43 
   

1.78 
  

FGF18 -0.85 
 

-1.08 -1.26 
    

FOXC1 1.13 
  

-3.34 
    

FOXF2 0.99 
     

-0.87 
 

FOXP2 -0.53 
    

1.17 
  

FOXQ1 1.39 
   

1.01 
   

FPR1 -0.88 
  

1.92 -1.37 3.23 -1.26 
 

FREM3 0.97 
 

-2.02 
     

FSTL5 -0.34 
    

1.31 
  

FZD1 0.47 
  

-1.27 
 

1.76 
  

GAP43 0.29 
 

-0.78 
 

-1.01 1.31 
  

GATC 0.55 
 

0.75 
     

GNA14 0.67 
   

-1.51 
   

GPR143 0.57 
    

1.13 
  

GRAMD1C 0.31 
    

1.25 
  

GRASP -0.41 
 

-0.75 
 

1.16 
   

GREM1 -0.49 
 

0.88 
 

-1.04 
   

GREM2 -0.44 
 

-1.07 
     

GRIK3 -0.40 
    

1.65 
  

GRM7 -0.35 
 

-0.90 
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HCN4 0.52 
 

-1.31 
     

HEG1 0.38 
 

1.01 
  

1.00 
  

HES5 1.16 
   

-1.73 
 

-1.14 
 

HHEX 1.42 
    

1.18 
  

HPCA -0.25 
 

-1.02 
     

HS3ST4 -0.50 
  

1.80 
 

2.67 0.96 
 

HSPA1B 0.73 1.29 
  

1.57 -1.47 
  

ID1 0.82 
  

-1.10 1.27 
 

-1.32 
 

ID3 0.72 
    

2.47 
  

IGFL4 -0.96 
 

-0.87 
     

IL1R2 -2.19 0.92 1.61 
    

-0.69 

IL1RAPL2 -0.57 
 

-1.09 
     

IP6K3 -0.75 
 

1.07 1.18 -1.04 
   

IRF8 0.69 
  

1.30 -1.09 2.08 
  

ISLR -0.46 
  

-2.28 
    

ISLR2 -0.36 
 

-0.84 
     

ITPR2 0.42 
    

1.85 
  

ITPRIP -0.92 
  

-1.46 
 

1.23 
  

ITPRIPL2 0.36 
    

1.02 
  

JAKMIP3 -0.50 
  

1.53 -2.16 2.10 
  

KANK4 1.01 
 

0.68 
     

KCNH8 -0.72 
  

1.36 -2.88 
  

0.68 

KCNN1 0.26 
 

-0.92 
     

KIAA1161 0.34 
   

-1.38 1.31 
  

KIF19 -0.61 
  

3.12 
 

1.59 
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KLF9 -0.46 
    

1.48 
  

KLHL14 -0.89 
 

-1.08 
     

KLK5 1.06 
 

-1.59 
     

KLK7 1.03 
 

-0.80 
  

1.90 
  

KRTAP5-AS1 -0.53 
 

-1.01 
     

L3MBTL4 -0.42 
   

-1.65 
   

LDLR 0.47 
 

1.03 -1.10 
    

LGALS1 0.36 
    

1.02 -0.85 
 

LGR5 -0.59 
 

0.88 1.11 -1.79 
   

LHFPL1 0.93 
    

1.55 
  

LIMK1 0.33 
 

-0.90 
  

1.22 
  

LINC00634 0.44 
 

-0.64 
     

LOC441081 2.03 
      

-0.86 

LPAR5 0.53 
    

1.44 
  

LPAR6 0.91 
    

1.53 
  

LRMP -0.47 
    

2.52 
  

LRP4 0.29 
    

1.20 
  

LRRTM2 -0.31 
   

-1.99 
   

LRTM2 -0.39 
 

-1.32 
     

LYNX1 0.27 
    

1.14 
  

MAF 0.28 
    

1.46 
  

MAP4K5 -0.47 
   

-1.38 
   

MARCH1 -0.39 
      

-0.47 

MARCO -3.24 
  

-4.26 -1.14 2.55 -1.10 
 

MCTP2 -0.62 
    

1.45 
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MET -0.93 
 

-0.98 -2.47 -1.69 1.57 
  

MGAM -1.25 
 

1.24 
  

1.55 
  

MGST1 0.53 
    

1.75 
  

MT1F 0.56 0.82 
 

1.77 1.87 2.24 
  

MT1G 0.84 0.68 
 

1.26 1.56 2.34 -1.19 
 

NEFH 0.59 
 

-0.95 
  

1.46 
  

NEFM 0.53 
 

-0.95 
     

NELL1 -0.46 
   

-2.31 
   

NFKBIA -0.88 0.53 
   

1.48 
  

NPAS4 2.30 
  

-2.09 
 

-5.32 
  

NPTX1 -0.29 
 

-0.87 
     

NR2F1 -0.27 
   

-1.10 2.11 
  

OLFM2 0.28 
    

1.26 
  

OLFML2B -0.77 
  

-1.55 -1.07 
  

-0.56 

OLIG2 -0.44 
      

0.60 

OPALIN -0.42 
   

-1.58 
   

OPRL1 -0.54 
 

-1.03 
     

OTOGL -0.58 
 

-0.67 1.41 
    

PCDH17 0.27 
   

-1.08 1.03 
  

PDE1A -0.31 
   

-1.95 1.35 
  

PDE1C -0.29 
 

0.93 
 

-2.15 
   

PDE4B -0.30 
   

-1.19 
   

PDK4 -0.56 
   

-1.26 
   

PIK3CG 0.56 
 

1.00 
  

2.27 
  

PLA2G3 1.16 
  

-1.28 3.09 
 

-0.77 
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POU3F2 0.27 
    

1.22 
  

PPL -0.44 
 

-0.99 
  

2.79 
  

PPP1R15A -0.39 
  

-1.95 
 

-2.07 
  

PPP1R3C 0.77 
  

-1.15 
    

PREX2 0.49 
   

-1.65 
   

PRR18 -0.79 
   

-1.63 
   

PTK7 -0.61 
   

-1.06 1.62 
  

PTPRR -0.40 
 

-0.82 
 

-1.02 
   

RAPGEF6 -0.36 
   

-1.19 
   

RASL10B 0.37 
    

1.33 
  

RELL2 0.34 
 

-1.08 
  

1.67 
  

RGS1 -3.05 
   

-3.46 3.99 
  

RHOB -0.32 
   

-1.08 
 

-0.72 
 

RHOU -0.59 
 

0.77 
 

-1.47 
   

RPRM -0.65 
      

2.28 

RPRML -0.47 
 

-0.74 
     

RTN4R -0.33 
 

-1.06 
     

RXFP1 -0.33 
 

-0.58 1.44 
 

2.72 
  

RYR1 0.32 
   

-1.04 1.57 
  

SCN4B -0.26 
 

-0.95 
     

SCRG1 0.44 
    

1.77 
  

SDPR 0.56 
    

1.13 
  

SEMA3E -0.86 
  

1.15 
 

1.17 
  

SERPINE1 -0.58 
 

0.95 -1.39 
    

SERPINF1 -2.09 
 

-0.84 
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SERPINH1 -0.36 1.29 0.87 -3.15 1.57 -2.44 
  

SGK1 0.68 
 

0.66 
 

-1.51 
   

SH3TC1 -1.10 0.60 
   

1.25 
  

SHB -0.59 
  

1.06 
    

SIRPB1 -0.53 
   

-2.12 3.36 -1.10 
 

SKAP1 -1.94 
   

1.51 
   

SLA -0.96 
    

2.38 
  

SLAIN1 -0.31 
   

-1.20 
   

SLC15A2 0.29 
   

-1.12 1.53 
  

SLC19A3 1.35 0.48 
      

SLC31A2 -0.60 
   

-1.22 
   

SLC35E2 -0.80 
    

1.35 
  

SLC35E2B 0.58 
   

-1.14 
   

SLC4A4 0.38 
  

-2.44 -1.56 1.17 
  

SLC7A1 0.29 
    

1.08 
  

SNCG 0.46 
 

-0.83 
 

1.03 
   

SORCS3 -0.29 
   

-1.19 
   

SOX18 1.44 
   

1.39 
   

SOX9 0.29 
   

-1.52 1.06 
  

SPAG6 -0.70 -0.73 0.79 
  

3.15 
  

SPRED2 0.29 
   

-1.10 1.67 
  

SPRY1 0.55 
   

-1.24 
   

SPRY2 0.55 
   

-1.00 1.02 
  

SRGN -0.47 
 

0.91 
  

2.28 
  

SRSF5 -0.51 
    

1.00 
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SSTR2 -0.41 
  

-1.44 
    

STOX1 0.27 
   

-1.06 1.61 
 

0.97 

TFAP2C 1.10 0.77 
      

THEMIS -0.51 
  

2.27 
    

THSD1 0.59 
    

1.09 
  

TIPARP -0.66 
 

1.02 
     

TLR2 -0.87 
   

-1.31 2.15 
  

TMEM151B 0.25 
 

-1.10 
     

TMEM200A 0.67 
   

-1.65 2.18 
  

TMEM233 -0.80 
 

-0.83 1.81 
    

TMTC2 -0.33 
 

0.85 
 

-1.92 
   

TNC -1.30 
 

1.66 2.56 -1.70 4.44 
  

TNFRSF10A 0.97 
 

1.07 
     

TPD52L1 0.40 0.55 
   

1.27 
  

TRH -0.94 
  

-1.44 -1.89 
   

TRIM22 -0.37 
 

0.86 
  

1.38 
  

TRIM29 1.39 
  

-1.82 1.42 3.17 
  

TRIM36 0.27 
    

1.07 
  

TSHZ2 -0.55 
    

1.67 
  

TSPAN1 -1.07 
    

1.55 
  

TSPYL2 -0.30 
 

-0.69 
     

TUBB2B 0.32 
    

1.00 
  

TUNAR 0.63 
 

-1.18 
     

U2SURP -0.25 
   

-1.02 
   

ZCCHC14 -0.25 
    

1.01 
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ZFP36 -0.86 
  

-2.42 -1.16 1.70 
  

ZFP36L1 0.58 
    

2.43 
  

ZFP36L2 0.57 
    

1.62 
  

ZIC2 0.45 
  

-1.23 
    

ZNF366 0.92 
  

2.46 -1.42 1.82 
  

ZNF711 -0.27 
   

-1.26 
   

*Fold change values with corresponding direction of change compared to this study are highlighted 

as bold text.  
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Supplementary Table 3-8 DEGs identified with common directional changes within 

frontal lobe and peripheral tissues in living PD patients 
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Supplementary Table 4-1 Primers used for qPCR validation of ASEs 

 

Transcript Direction Primer Sequence 

Predicted 

Product 

Length 

(bases) 

AXIN2 AS 

(Exon 7) 

Forward GAAGCATGTCCACCACCACT 208 

Reverse TTTGGGCAAGGTACTGCCTC 
 

AXIN2 NS 

(Exons 9-10) 

Forward GGACAGGAATCATTCGGCCA 100 

Reverse ACCTGCCAGTTTCTTTGGCT 
 

CLK1 AS 

(Exon 5) 

Forward AAAGAGACCATGAAAGCCGGT 140 

Reverse TTTCCTTCGGTGACTCTTCCC 
 

CLK1 NS 

(Exons 9-11) 

Forward GTCTGACTACACAGAGGCGT 179 

Reverse GGGACCACCCTAGGGCTAAA 
 

FOS AS 

(intron 2.3) 

Forward GGTGGAACAGGTGAGGAACTCTAGC 168 

Reverse GAGTTGGGATGGAATGGGCTT  

FOS NS 

(exon 1) 

Forward CCTAACCGCCACGATGATGT 117 

Reverse TCTGCGGGTGAGTGGTAGTA  

SERPINH1 AS 

(Exon 2.2) 

Forward AGTAGAATCGTGTCGCGGCT 97 

Reverse CTCAGAGGGAGGTCAATGCC  

SERPINH1 NS 

(Exon 3) 

Forward TGGTGCACGCAAACCACT 505 

Reverse TTGGAGTGCTCGCAGTTGTA  

Abbreviations: AS, alternatively spliced; NS, Non-spliced. 
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Supplementary Table 4-2 – significant ASEs identified by SpliceSeq (p<0.01) 

Gene 

RPK

M 

Contr

ol 

RPK

M PD 

Splice 

Type 
Exons dPSI 

Magnitud

e 
P-value 

ABCC5 10.64 10.23 ES 7.3:7.4 -0.077 0.05 8.63E-03 

ABCC5 10.64 10.23 ES 24 0.018 0.95 9.05E-03 

ABCD3 12.57 12.8 ES 3 -0.021 0.35 3.74E-03 

ABCG1 5.74 4.93 AD 16.2 -0.093 0.98 3.11E-03 

ABI2 28.15 26.33 ES 5.1:5.2:5.3 0.005 1 8.74E-03 

ACAD9 9.48 9.6 AD 1.2 -0.065 0.63 4.27E-04 

ACOT8 13.03 15.06 AA 6.1 -0.031 0.81 9.49E-04 

ACSS1 12.34 16.38 ES 12.2:13:14:15.1 -0.002 1 8.30E-03 

ADAM11 16.52 15.88 AD 9.2 0.040 0.72 7.90E-03 

ADAMTS1

0 
3.11 2.86 AP 1 -0.128 0.17 2.41E-03 

ADAMTS1

6 
0.29 0.31 AT 23 -0.229 0.91 2.64E-03 

ADAMTS1

6 
0.29 0.31 AT 11.2 0.229 0.43 2.64E-03 

ADAMTS4 3.9 2.93 AT 2.4 0.070 0.06 1.47E-04 

ADAMTS4 3.9 2.93 AT 8 -0.070 0.55 1.47E-04 

ADHFE1 4.78 6.16 AA 11.1 -0.159 0.91 8.59E-03 

AFAP1 4.77 3.99 AP 2.1 -0.155 0.1 7.86E-04 

AFAP1 4.77 3.99 AP 1 0.155 0.27 7.86E-04 

AFMID 9.12 9.29 ES 5:6:10:11.1:12 -0.076 0.37 7.07E-03 

AHDC1 4.88 4.33 ES 3 0.177 0.87 2.20E-03 

AK2 10.96 11.63 AT 10 0.073 0.47 1.00E-04 

AK2 10.96 11.63 AT 8.2 -0.074 0.73 3.68E-05 

AKAP17A 4.96 4.9 ES 4.3 -0.172 0.59 7.02E-05 

AKAP17A 4.96 4.9 AD 4.2:4.3 -0.161 0.71 4.79E-03 

AKAP17A 4.96 4.9 RI 4.2 0.116 0.66 7.47E-03 

AMY2B 9.65 7.59 ES 10 -0.026 0.99 8.57E-03 

ANK3 17.65 17.45 ES 

5:6:7:8:9:10:11:12:13:14:15:16:

17:18:19:20:21:22:23:24:25:26:

27:29.1:30:31:32:33:34:35:36:3

7:38:39:40:41 

0.145 0.01 7.69E-04 

ANKH 31.86 31.69 AT 13.3 0.006 0.34 4.40E-04 

ANKH 31.86 31.69 AT 2 -0.006 0 4.39E-04 

ANKRD49 2.05 1.82 AD 2.5:2.6 -0.249 0.61 4.75E-03 

ANKRD54 6.31 6.56 ES 8 0.014 1 4.20E-03 

APBB1 111.61 106.78 AP 2 -0.030 0.32 5.02E-03 

APOL2 26.13 23.7 AP 2.1 0.090 0.25 3.80E-03 

APOL2 26.13 23.7 AP 1 -0.090 0.03 3.80E-03 

APOLD1 12.74 12.38 AT 4 -0.249 1 1.79E-04 

APOLD1 12.74 12.38 AT 17 0.249 1 1.79E-04 

ARID5A 2.94 2.25 ES 4 0.145 0.95 2.50E-03 
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ARL13B 1.87 1.77 ES 3.2 0.109 0.53 2.45E-03 

ARPC4 54.37 55.55 ES 3 -0.014 0.72 5.97E-03 

ARPP21 16.41 16.38 ES 18 -0.074 0.79 7.59E-04 

ASCC3 2.32 2.46 AT 4 0.062 0.24 1.14E-03 

ASCC3 2.32 2.46 AT 43 -0.062 1 1.14E-03 

ATAD1 27.06 27.68 AT 9 -0.004 0 9.89E-03 

ATAD1 27.06 27.68 AT 11 0.004 0.93 9.89E-03 

ATF5 2.59 2.63 AP 2.1 -0.121 0.28 1.67E-03 

ATF5 2.59 2.63 AP 1 0.121 0.14 1.67E-03 

ATMIN 13.66 12.85 AP 2 -0.019 0.02 3.41E-03 

ATP5J 76.1 86.56 AD 1.2:1.3:1.4 -0.083 0.02 8.57E-03 

ATRNL1 28.56 26.92 ES 2:3:4:5:6:7:8.1 -0.003 1 1.89E-03 

ATXN2 12.1 12.29 ES 21 -0.049 0.88 8.53E-04 

ATXN2 12.1 12.29 ES 24 -0.019 0.67 7.89E-03 

ATXN2 12.1 12.29 ES 12 0.016 0.98 8.16E-03 

ATXN7L1 1.74 1.3 ES 14 0.160 0.8 7.22E-03 

AUTS2 4.31 4.48 ES 13 0.118 1 7.59E-04 

AXIN2 3.7 3.04 ES 7 0.246 0.5 8.36E-04 

BAHD1 4.78 4.31 AP 2 -0.060 0.21 5.01E-03 

BAHD1 4.78 4.31 AP 1 0.060 0.02 5.01E-03 

BAZ2A 5.81 5.99 AP 2 0.169 0.11 6.45E-03 

BAZ2A 5.81 5.99 AP 1 -0.169 0.08 6.45E-03 

BBS1 10.3 9.88 ES 4 -0.009 1 6.86E-03 

BCAR1 10.73 9.7 ES 09:10.1 0.016 0.89 2.96E-03 

BCKDHA 10.05 10.75 AP 1 -0.119 0.21 2.45E-03 

BCKDHA 10.05 10.75 AP 2.1 0.119 0.23 2.45E-03 

BCLAF1 28.24 24.53 AA 5.1 -0.009 1 7.06E-03 

BOD1 14.56 14.05 ES 3 0.019 1 1.64E-05 

BSCL2 132.42 131.08 ES 5 -0.001 0.98 6.61E-03 

BTAF1 5.14 4.51 ES 25:26.1 -0.057 0.85 8.01E-03 

C11orf30 2.53 2.19 AT 22 -0.074 1 7.60E-05 

C11orf30 2.53 2.19 AT 4.2 0.074 0.37 7.60E-05 

C12orf10 18.03 20.41 ME 3|4 -0.074 0.21 6.07E-03 

C14orf23 1.69 1.68 AT 4 0.061 0.68 4.29E-03 

C14orf79 3.93 3.39 ES 2.4 0.032 0.76 9.99E-03 

C14orf80 2.54 3.14 AP 1 -0.036 0.05 9.73E-03 

C1orf50 4.95 5.22 RI 1.2 -0.104 0.41 7.28E-03 

C1orf63 12.07 14.33 ES 5.1:5.2:5.3 -0.439 0.2 3.76E-04 

C3orf17 7.19 6.89 AD 3.2 -0.052 0.65 9.05E-03 

C3orf38 4.68 4.83 AA 3.1 0.008 1 1.47E-03 

C5orf63 0.49 0.49 ES 4 -0.126 1 9.36E-03 

C6orf203 10.75 11.76 ES 1.2:2 -0.033 0.4 2.53E-03 

C6orf211 8.78 8.26 ES 2 0.013 0.77 4.86E-03 

C7orf63 0.74 0.73 ES 8 0.134 1 9.11E-03 
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CACNA1G 4.03 3.57 AA 31.1 0.026 0.85 7.00E-03 

CACNB2 11.66 11.49 AP 6 -0.059 0.58 2.38E-03 

CAD 2.62 2.6 ES 13 0.146 0.89 9.52E-03 

CALU 12.49 13.78 ES 2 -0.095 0.48 4.11E-03 

CAMK1 26.59 25.86 ES 11 0.003 1 3.19E-03 

CAMTA1 19.38 19.17 AT 26 -0.046 1 4.83E-03 

CAMTA1 19.38 19.17 AT 5 0.042 0.62 5.55E-03 

CARF 3.54 3.1 AA 4.1 -0.232 0.14 9.24E-03 

CASP6 0.58 0.66 ES 2:03 -0.400 0.36 3.46E-03 

CBR1 44.17 39.83 AA 3.1 0.101 0.08 9.50E-03 

CBX7 31.59 32.41 AA 5.1 -0.010 1 8.10E-03 

CBY1 5.94 6.49 ES 2 -0.089 0.64 2.27E-03 

CCBL1 5.53 5.55 ES 2:03 0.087 0.36 1.88E-04 

CCBL1 5.53 5.55 ES 3 0.141 0.13 8.77E-03 

CCDC107 7.44 7.17 RI 3.8 -0.055 1 7.56E-03 

CCDC25 20.05 20.84 ES 7 0.026 1 7.41E-03 

CCDC57 2.1 1.82 AT 22 -0.072 1 6.49E-03 

CCDC65 1.46 1.38 AT 9 -0.050 1 9.55E-03 

CCDC65 1.46 1.38 AT 8.2 0.050 1 9.55E-03 

CCDC66 2.32 2.07 ES 13 -0.094 0.97 8.46E-03 

CCDC66 2.32 2.07 AT 8 -0.134 0.11 1.51E-03 

CCDC74A 2.83 2.8 AA 3.3 0.140 0.83 4.82E-03 

CCDC74B 1.04 1.56 AA 3.3:3.4 0.187 0.98 6.42E-03 

CCL28 0.66 0.54 ES 4 -0.063 0.84 2.87E-03 

CCND3 16.11 17.26 ES 3.2:4 0.397 0.02 1.17E-03 

CCNG2 15.94 14.35 AP 2.1 -0.179 0.03 2.05E-03 

CCNG2 15.94 14.35 AP 1.1 0.179 0.05 2.05E-03 

CCNI 208.97 227.12 ME 2|3 -0.191 0 9.37E-03 

CCNT1 3.08 3.02 ES 7 0.178 0.98 4.27E-03 

CCPG1 18.23 18.15 RI 9.4 0.057 0.93 1.20E-03 

CDH24 2.34 1.84 ES 9 0.161 0.74 3.53E-03 

CDK13 6.02 5.87 AA 13.1 -0.089 1 5.07E-03 

CEP192 2.81 2.3 ES 13:14 0.044 0.59 2.94E-03 

CHD5 25.5 25.09 ES 40 0.038 0.86 1.64E-03 

CHGA 122.42 103.47 ES 6 0.015 1 8.01E-03 

CHID1 15.89 16.25 ES 4.2 0.056 0.58 7.52E-03 

CHL1 50.25 51 ES 9 0.020 0.63 7.86E-03 

CHTF18 1.4 1.18 AD 10.2 -0.149 0.73 1.42E-03 

CIRBP 92.61 84.54 AD 9.4:9.5:9.6 -0.219 0.05 6.08E-03 

CIRBP 92.61 84.54 ES 9.5:9.6 -0.271 0.18 2.79E-03 

CLK1 12.22 17.41 AP 1 0.408 0.31 7.07E-03 

CLK1 12.22 17.41 ES 5 0.087 0.4 5.57E-05 

CLK3 7.19 8.48 AP 1 0.061 0.02 7.38E-03 

CLK3 7.19 8.48 ES 5 -0.083 0.77 1.22E-05 
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CLK3 7.19 8.48 AP 2 0.083 0.12 7.38E-03 

CLK4 6.58 6.8 ES 2.3:3 0.153 0.87 9.04E-04 

CLK4 6.58 6.8 RI 2.2 -0.327 0.48 3.64E-05 

CNOT2 10.82 10.18 RI 11.3 0.010 0.88 1.11E-04 

CNOT2 10.82 10.18 ES 3.2 0.048 0.84 3.20E-03 

CNR1 7.22 6.06 AP 1.1 -0.061 0.57 3.34E-03 

CNTN1 81 77.78 AP 1 -0.045 0.41 8.21E-03 

CNTN1 81 77.78 AP 2 0.045 0.09 8.21E-03 

CNTROB 3.64 3.53 AA 18.1 -0.114 0.77 7.35E-03 

COA1 13.76 15.69 AT 7.2 0.090 0.85 5.54E-03 

COL24A1 2.13 2.17 ES 55:56:00 -0.109 0.91 5.79E-03 

COMMD4 9.73 9.72 AT 10 -0.085 0.1 3.99E-03 

COMMD4 9.73 9.72 AT 9.2 0.085 0.34 3.99E-03 

COX15 8.03 8.55 AT 10 -0.015 1 7.12E-03 

COX15 8.03 8.55 AT 9 0.015 0.9 7.12E-03 

CPEB2 10.96 10.73 ES 6 -0.024 0.95 1.74E-03 

CREBRF 8 7.23 AA 2.1 0.033 0.48 3.55E-03 

CRELD1 24 23.16 ES 10 0.013 1 5.60E-03 

CTNNA2 49.95 50.42 AP 16 0.006 0 9.27E-03 

CTNNAL1 3.06 3.15 AA 21.1 0.028 1 7.18E-03 

CX3CR1 1.4 2.66 AP 3 0.011 0.03 8.74E-03 

DAPK1 11.83 11.67 ES 24 0.016 1 5.85E-03 

DDAH1 54.19 61.05 AP 4 -0.009 0.01 4.59E-03 

DDX11 1.57 1.53 RI 29.2 0.140 0.77 6.40E-03 

DDX49 8.56 8.93 AA 10.1 0.009 0.89 8.68E-04 

DENND3 4.04 3.65 AA 2.1 -0.114 0.42 7.92E-03 

DHX32 6.04 5.45 ES 4.2 0.012 1 6.98E-03 

DIDO1 3.95 3.86 AP 1 -0.137 0.34 2.39E-03 

DIDO1 3.95 3.86 AP 2.1 0.137 0.68 2.39E-03 

DNAJC16 6.03 5.75 ES 2 0.049 0.61 3.30E-03 

DNAJC27 5.22 5.61 ES 5 -0.057 0.89 2.74E-03 

DNPH1 13.13 14.29 RI 3.2 -0.036 0.85 2.35E-03 

DPAGT1 5.23 4.96 ES 3 -0.045 0.77 8.87E-03 

DPF2 9.93 10.51 ES 7 -0.079 1 4.39E-03 

DPP8 14.83 15.14 ME 17|19 -0.008 0.13 9.13E-03 

DPP8 14.83 15.14 ES 17 -0.063 0.81 3.28E-03 

DTNA 27.64 31.38 AP 1 -0.013 0.15 8.70E-03 

DTNA 27.64 31.38 ES 31 -0.038 0.25 5.30E-03 

DYM 10.24 9.83 AA 15.1 0.030 0.72 5.42E-03 

E2F6 4.5 4.58 ES 2:03 -0.180 0.24 5.75E-03 

ECHDC2 2.32 2.34 ES 04:05.1 -0.122 0.34 3.59E-03 

EEF1D 25.22 25.92 ES 
8.3:9:10.1:10.2:11:12.1:12.2:13.

1 
0.030 1 2.43E-03 

EEF1D 25.22 25.92 ES 8.3:10.1:10.2:11:12.1:12.2:13.1 0.004 0.19 1.76E-03 

EEF1D 25.22 25.92 ES 8.3:9:10.1:10.2:11:12.2:13.1 0.162 0.04 7.57E-03 
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EEF1D 25.22 25.92 ES 8.3:9:10.1:11:12.1:12.2:13.1 0.298 0.02 9.46E-03 

EEF1E1 17.95 17.62 AT 5 -0.014 0.03 3.12E-03 

EFCAB6 0.6 0.55 ME 2|3 0.450 0.44 4.24E-03 

EML3 3.46 3.41 AP 1 -0.096 0.33 1.67E-03 

EML3 3.46 3.41 AP 2.1 0.096 0.14 1.67E-03 

EPB41L1 50.89 53.41 ME 7|3 0.159 0.04 5.53E-03 

EPS15 49.68 46.27 AP 13 -0.107 0.02 8.11E-03 

EPS15 49.68 46.27 AP 1 0.107 0.07 8.11E-03 

ERBB2 1.44 1.6 ES 5 -0.131 0.36 4.93E-03 

ERBB3 5.42 4.47 AP 24.1 -0.047 0.07 2.42E-03 

ERGIC1 12.72 12.53 ES 5 -0.012 1 4.76E-03 

ERO1LB 3.55 3.12 AT 7.2 0.040 0.17 8.16E-03 

ERO1LB 3.55 3.12 AT 16 -0.040 1 8.16E-03 

ESRRA 8.9 10.84 AP 2 -0.029 0.05 8.03E-03 

ESRRA 8.9 10.84 AP 1 0.029 0.59 8.03E-03 

F3 25.48 26.36 ES 5 0.021 1 1.58E-03 

FAAH 10.66 9.54 ES 2 0.010 0.61 5.58E-03 

FAIM 3.54 4.05 ME 4|3 -0.233 0.33 7.08E-03 

FAM131A 38.66 38.57 AP 5 0.024 0.09 7.40E-03 

FAM13A 7.37 6.53 AA 16.1 -0.074 1 6.73E-03 

FAM13C 11.31 10.3 AA 14.1 -0.094 0.91 1.64E-03 

FAM214A 4.91 4.15 AD 12.2 0.144 0.76 4.92E-04 

FAM222B 1.6 1.85 ES 08:09.1 -0.285 0.22 3.27E-03 

FAM3A 8 8.68 AA 5.2 0.044 1 5.22E-03 

FASTK 15.2 15.82 RI 5.1 -0.025 1 2.48E-03 

FASTK 15.2 15.82 AD 3.2 0.015 0.9 3.98E-03 

FDFT1 48.55 53.92 AA 8.1 0.003 1 6.84E-03 

FGF12 36.14 35.77 AP 4 0.034 0.2 6.59E-04 

FGF12 36.14 35.77 AP 2 -0.034 0.43 5.37E-04 

FGF5 0.37 0.35 ES 2 -0.217 0.85 1.27E-03 

FKBP5 13.08 10.03 AT 10.2 0.019 0.03 7.13E-03 

FKBP5 13.08 10.03 AT 13 -0.019 1 7.13E-03 

FLCN 8.84 7.39 AT 14 -0.077 1 3.94E-03 

FLCN 8.84 7.39 AT 8.2 0.077 0.42 3.94E-03 

FLJ27365 0.16 0.17 AT 8.2 -0.141 1 7.05E-03 

FLJ27365 0.16 0.17 AT 6 0.141 1 7.05E-03 

FN1 7.84 8.98 ES 40.2 -0.163 0.41 4.29E-04 

FN1 7.84 8.98 AA 40.2:40.3 -0.097 0.35 4.63E-03 

FN1 7.84 8.98 AA 40.1 0.073 0.95 5.90E-03 

FNBP1L 4.84 4.74 ES 10:11 -0.186 0.79 2.14E-03 

FNTA 20.77 20.68 AP 2 0.027 0.01 8.08E-03 

FNTA 20.77 20.68 AP 1 -0.027 0.27 8.08E-03 

FNTB 4.89 4.82 AP 4 -0.053 0.54 6.97E-03 

FNTB 4.89 4.82 AP 1 0.053 0.85 6.97E-03 
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FOLH1 8.68 6.74 ME 3|4 0.032 0.08 5.45E-03 

FOLH1 8.68 6.74 ES 4 -0.118 0.29 8.11E-04 

FOS 2.96 6.61 RI 2.3 0.211 0.8 7.04E-03 

FRS2 4.57 5.12 ES 4 -0.162 0.68 9.61E-03 

FRYL 5.14 4.84 ES 47 0.043 1 8.42E-03 

GALK1 1.96 2.12 RI 4.2 -0.092 0.98 7.64E-03 

GBA2 24.04 27.46 RI 14.5 -0.058 0.97 6.70E-03 

GDAP2 1.33 1.49 AT 13.2 -0.115 0.42 2.51E-04 

GDAP2 1.33 1.49 AT 14 0.115 0.57 2.51E-04 

GGACT 0.35 0.5 ES 2 -0.144 0.95 1.51E-03 

GMFG 3.2 3.66 ES 3.2:4 -0.047 0.74 7.28E-03 

GOLGA6L

4 
2.43 2.13 RI 6.2 -0.053 1 3.02E-04 

GPS2 17.11 17.4 RI 1.2 -0.059 0.31 9.38E-03 

GRB2 44.8 43.3 ME 5|6 0.212 0.01 1.02E-03 

GSN 34.34 31.27 AP 13 0.011 0.01 4.39E-03 

GTF2H2C 6.28 6.53 AT 9 0.003 0.01 3.39E-03 

HACL1 6.23 5.56 ES 10 0.021 0.99 7.50E-03 

HARS 43.06 42.05 AD 6.2 0.007 0.99 1.19E-03 

HENMT1 9.06 7.68 ES 5:06 -0.008 1 6.82E-03 

HES2 0.01 0 AT 5 0.617 0.8 7.95E-03 

HES2 0.01 0 AT 4.3 -0.617 0.67 7.95E-03 

HIPK3 7.63 7.53 ES 14 -0.139 0.69 7.10E-05 

HIVEP3 1.26 1.31 AA 9.1 -0.124 0.56 4.77E-03 

HMGB1 122.01 119.11 AP 3 0.006 0.01 5.78E-03 

HMGCR 24.25 28.5 ES 14 0.036 1 1.32E-04 

HNRNPUL

2 
89.31 88.77 ES 12 0.006 0.71 2.35E-03 

HOPX 41.7 51.1 ES 1.2:2 -0.036 0.03 3.17E-03 

HS1BP3 2.96 3.32 AT 3.2 0.017 0.04 9.19E-03 

HSPA14 4.9 4.27 AT 15 -0.070 0.88 5.49E-03 

HSPA14 4.9 4.27 AT 4 0.070 0.78 5.49E-03 

IFFO1 11.01 10.75 ES 7:08:09 0.150 0.2 3.86E-03 

IFNAR2 3.99 4.02 ES 9 0.099 0.87 5.00E-03 

IFRD2 2.99 2.97 RI 7.2 -0.133 0.6 7.12E-03 

IFT122 7.74 7.08 AA 25.1 -0.093 0.92 9.88E-03 

IL32 0.86 0.9 ES 1.4:1.5:1.6:1.7:1.8:1.9 0.089 0.12 4.87E-03 

ILF3 21.57 20.65 AA 14.1 -0.027 1 6.17E-03 

ILK 19.31 21.88 ES 2:03 -0.010 0.15 3.85E-03 

ILK 19.31 21.88 ES 2 -0.045 0.43 1.30E-03 

ILK 19.31 21.88 ES 3 0.043 0.9 9.60E-03 

ING4 18.1 18 AA 6.1 -0.048 0.65 8.64E-03 

INPP5J 4.9 5.22 ES 11 0.023 1 6.04E-03 

INPP5K 9.24 9.43 ES 5.1:5.2 0.032 0.82 7.70E-03 

IP6K2 12.49 10.63 AD 11.3:11.4:11.5 0.089 0.34 9.52E-03 
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IP6K3 1.48 0.83 ES 2 0.120 0.76 2.81E-03 

IRF7 0.43 0.4 RI 2.4 0.286 0.94 4.24E-03 

IRF7 0.43 0.4 ES 4 -0.348 0.9 1.31E-03 

JKAMP 16.36 16.12 ES 1.2:2.1 -0.136 0.19 5.62E-03 

JKAMP 16.36 16.12 AD 4.2 0.004 1 9.14E-03 

JMJD1C 7.07 7.17 AA 17.1 0.028 0.95 9.04E-03 

KCNJ6 1.67 1.73 AP 2 0.055 0.05 6.64E-03 

KCNJ6 1.67 1.73 AP 1 -0.055 0.84 6.64E-03 

KCNQ2 24.49 24.83 ES 9 -0.042 0.87 2.92E-03 

KDM6B 2.18 2.1 RI 22.2 0.148 0.76 5.16E-03 

KIAA1191 29.6 30.62 ES 2:04 0.194 0.07 8.13E-03 

KIAA1191 29.6 30.62 ES 2:4:5:6 0.168 0.1 4.95E-03 

KIAA1211 3.12 3.22 ES 4 0.137 0.91 9.68E-04 

KIAA1217 6.23 5.11 AP 1 0.108 0.18 2.69E-03 

KIAA1324 5.07 4.35 ES 2 0.021 0.55 7.06E-04 

KIAA1324

L 
9.25 8.07 ES 3 -0.047 0.3 9.98E-03 

KIAA2013 8.96 10.36 AT 2.2 -0.044 0.29 7.63E-03 

KIAA2013 8.96 10.36 AT 3 0.044 1 7.63E-03 

KIF12 0.55 0.61 ES 15 0.200 0.78 7.84E-03 

KIF13A 4.26 4.31 AT 41.2 -0.019 0.06 2.13E-03 

KIF1B 40.69 44.11 ES 16:17.1 -0.041 0.86 8.68E-03 

KIF21A 45.71 47.91 ES 30:32:00 -0.032 0.4 6.37E-03 

KIF22 4.8 4.42 AD 1.2:1.3 0.032 0.45 6.64E-04 

KITLG 6.67 8.18 ES 6 0.027 0.88 2.72E-03 

KLC1 217.72 201.57 ES 15:16 0.114 0.01 7.24E-03 

KMT2E 14.76 13.78 ES 26 0.127 0.61 4.31E-04 

LCORL 1.59 1.67 AT 8 -0.054 0.67 9.31E-03 

LCORL 1.59 1.67 AT 9 0.054 0.97 9.31E-03 

LDB2 33.12 34.78 ES 9.2:11.1 -0.067 0.36 4.60E-03 

LENG8 17.51 14.31 ES 1.2:2 -0.042 0.55 1.27E-03 

LEPROTL1 11.23 10.97 AP 1 0.006 0.62 9.74E-03 

LEPROTL1 11.23 10.97 AP 2 -0.006 0 9.73E-03 

LGALS1 88.66 112 ES 3 0.002 1 1.22E-03 

LIMA1 2.2 2.4 AP 4.1 0.067 0.25 7.03E-03 

LMO4 128.89 143.55 AP 1 -0.028 0.46 1.04E-03 

LMO4 128.89 143.55 AP 2 0.028 0.08 1.04E-03 

LONRF1 5.83 7.63 ES 7 -0.114 0.8 1.53E-03 

LPHN2 10.04 9.57 AP 4 -0.054 0.01 9.23E-03 

LRRC20 6.15 6.53 AP 2 0.097 0.02 5.48E-03 

LRRC20 6.15 6.53 AP 1.1 -0.032 0.35 5.48E-03 

LRRC20 6.15 6.53 ME 4|5 0.032 0.27 4.08E-03 

LTBP1 1.84 1.73 AP 1 -0.076 0.06 1.58E-03 

LTBP1 1.84 1.73 AP 5.1 0.076 0.66 1.58E-03 

LUC7L 15.17 13.11 RI 1.2 0.143 0.31 3.71E-04 
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LYRM9 15.55 11.64 RI 6.2:6.3:6.4 0.032 0.99 5.80E-03 

LYST 2.92 2.77 ES 29 -0.053 0.98 4.92E-03 

MAATS1 1.07 0.8 ES 2 0.193 0.56 1.51E-03 

MAF1 21.09 21.56 AP 1 0.017 0.46 5.04E-03 

MAF1 21.09 21.56 AP 2 -0.017 0.01 5.04E-03 

MAGOH 17.52 17.45 ES 3 -0.033 1 2.00E-03 

MAP3K9 7.29 8.38 AD 9.2 0.074 0.65 1.07E-03 

MAP4 39.01 42.87 ES 15 0.046 1 6.91E-03 

MAP4 39.01 42.87 ES 19 0.064 0.69 7.51E-03 

MAP7D2 32.55 32.63 AA 9.1 -0.026 0.7 7.69E-03 

MAPK8 17.14 16.42 ES 07:11.1 0.003 1 7.43E-03 

MAPK8 17.14 16.42 ES 08:11.1 0.021 0.19 9.25E-03 

MARK2 12.73 11.96 AP 2 -0.008 0.01 5.79E-03 

MATR3 155.37 136.93 ES 8 0.004 0.59 3.42E-03 

MATR3 155.37 136.93 AD 7.2 0.094 0.02 5.11E-03 

MBD1 9.83 9.68 RI 18.2:18.3 0.062 1 7.02E-03 

MBD4 8.88 8.43 AD 7.2 0.029 0.88 6.66E-03 

MCRS1 14.54 14.48 ES 2 0.037 0.73 3.34E-03 

MDFIC 1.36 1.47 AT 6 0.044 1 1.66E-03 

MDFIC 1.36 1.47 AT 3 -0.044 0.15 1.66E-03 

ME1 11.92 13.89 ES 2:03 0.010 0.95 4.50E-03 

MED12L 1.92 2.21 AT 44 -0.009 1 5.23E-03 

MED12L 1.92 2.21 AT 15.2 0.009 0.02 5.23E-03 

MED6 9.27 9.03 AA 5.1 -0.021 0.78 5.75E-03 

METTL21A 4.06 4.33 AA 8.1 0.066 1 9.41E-04 

METTL8 1.84 1.92 ME 3|2 0.195 0.29 4.34E-03 

MID1 1.54 1.97 AP 3.1 0.119 0.45 8.42E-03 

MINK1 30.07 30.07 ES 19 -0.022 0.49 6.51E-03 

MKRN3 0.42 0.63 AT 3 -0.122 0.47 3.20E-03 

MLLT10 3.45 2.72 AT 26 -0.077 1 3.28E-04 

MLLT10 3.45 2.72 AT 5 0.077 0.71 3.28E-04 

MON1B 6.81 7.18 AA 3.1 -0.011 0.94 6.00E-03 

MRPL48 10.08 10.11 AT 11.2 -0.012 0.01 3.67E-04 

MRPL48 10.08 10.11 AT 13 0.012 0.62 3.67E-04 

MRPL49 10.95 11.77 AA 3.1:3.2:3.3:3.4:3.5 -0.005 0.01 1.93E-03 

MRPL49 10.95 11.77 ES 3.1:3.3:3.4:3.5 -0.327 1 1.75E-03 

MRPL55 7.61 8.22 AD 1.2 -0.065 0.46 4.26E-03 

MS4A6A 0.59 0.51 RI 9.2 0.191 1 1.06E-03 

MSTO1 5.2 5.11 ES 4.2:5 0.015 0.99 3.98E-03 

MT1E 45.53 60.91 RI 2.2 -0.016 1 6.48E-03 

MTMR10 13.82 15.39 ES 8 -0.028 0.58 7.99E-03 

MUS81 5.88 5.95 AP 2 0.025 0.92 8.53E-03 

MUS81 5.88 5.95 AP 1 -0.025 0.05 8.53E-03 

MUTYH 1.2 1.3 ES 11:12:13:14:15 0.044 1 6.37E-03 
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MX1 9.79 9.49 AP 1 0.063 0.02 6.52E-03 

NAB2 13.05 11.61 ES 6 -0.010 0.94 8.00E-03 

NARFL 7.21 7.19 RI 1.2 0.181 0.06 6.02E-03 

NARG2 3.35 3.24 AA 4.1 0.084 0.89 9.40E-03 

NASP 16.74 13.25 ES 9 0.112 0.99 4.94E-04 

NBPF12 1.66 1.07 ES 24.3:25 0.205 0.58 7.15E-03 

NBPF12 1.66 1.07 ES 

29:30:31:32:33:34:35:36:37:38:

39:40:41:42:43:44:45:46:47:48:

49:50:51:52:53:54:55:56 

0.059 0.67 1.08E-03 

NDRG4 201.26 197.24 AP 2 -0.008 0.03 7.94E-03 

NDUFAF5 10.19 10.17 AA 4.1 -0.070 1 6.74E-04 

NDUFB6 38.76 41.28 ES 3 -0.180 0.02 3.97E-03 

NEDD4L 14.1 13.84 ES 25 -0.040 0.98 8.90E-03 

NEK4 7.26 7.54 ES 2.1:2.2 0.009 0.95 1.11E-04 

NFATC1 0.5 0.57 AD 10.2 0.285 0.61 3.91E-03 

NFU1 17.22 16.46 AD 1.2 0.024 0.42 6.00E-03 

NGLY1 8.21 8 ES 7 0.227 0.03 2.84E-03 

NIM1 7.61 6.99 AP 2 -0.072 0.15 1.42E-03 

NIM1 7.61 6.99 AP 1 0.072 0.3 1.42E-03 

NIN 5.37 4.54 ES 29 -0.124 0.9 8.61E-04 

NMD3 10.36 10.31 AP 1 -0.020 0.5 6.24E-03 

NMD3 10.36 10.31 AP 2.1 0.020 0.02 6.24E-03 

NPIPB3 6.74 6.72 AP 8.1 0.155 0.58 9.88E-03 

NPIPB4 3.42 2.4 AD 2.2 -0.169 0.41 4.84E-03 

NPRL3 7.57 7.43 ES 4:05 0.145 0.75 5.93E-03 

NPRL3 7.57 7.43 ES 3:04:05 0.059 0.27 4.23E-03 

NR1D2 30.52 27.56 ES 6 -0.011 0.72 2.44E-04 

NR2C2AP 2.71 2.59 ES 3 0.104 0.98 2.21E-03 

NRP1 3.87 4.53 AT 11.2 0.005 0.02 9.76E-03 

NUMA1 19.22 17.53 ES 3:04 0.112 0.01 7.14E-03 

NUP98 4.97 4.81 AT 20.2 -0.063 0.38 2.00E-03 

NUP98 4.97 4.81 AT 35 0.063 1 2.00E-03 

PACSIN1 104.65 104.2 AP 1 -0.044 0.31 1.23E-04 

PACSIN1 104.65 104.2 AP 2 0.044 0.27 1.23E-04 

PARD3 1.99 2.36 ES 20 0.098 0.64 8.20E-03 

PBRM1 4.12 3.95 ES 15 -0.106 0.72 7.68E-03 

PCBP2 94.98 92.76 ES 15 -0.056 0.97 9.26E-03 

PCBP4 22.35 20.5 AD 9.2:9.3 -0.176 0.07 6.94E-03 

PCCB 17.43 18.33 AT 19.2 -0.029 0.23 3.76E-03 

PCCB 17.43 18.33 AT 18.2 0.029 0.93 3.76E-03 

PDCD4 13.89 13.43 ES 2 0.035 0.59 4.90E-03 

PDLIM5 5.63 6.55 AT 3 -0.005 0.01 1.15E-03 

PEX5L 20.91 19.41 ME 3|4 -0.058 0.24 6.68E-03 

PFKFB3 13.66 13.91 ES 18.1 -0.187 0.45 1.11E-03 

PHF15 9.94 8.86 ES 12 0.078 0.54 1.35E-03 
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PHF20L1 7.21 6.76 AA 6.1 0.414 0.05 1.24E-03 

PIGN 2.59 2.43 ES 3 -0.202 0.38 1.28E-03 

PIKFYVE 5.82 5.73 ES 3:05 -0.129 0.09 3.83E-03 

PIKFYVE 5.82 5.73 ES 3:04 -0.311 0.18 5.27E-04 

PLD2 2.54 3.01 RI 18.2 -0.105 0.98 6.08E-03 

PLOD2 5.56 5.55 ES 15 -0.072 0.96 1.90E-03 

PLSCR1 3.52 3.32 ES 3:04 -0.869 0.04 9.85E-05 

PLSCR1 3.52 3.32 ES 3 -0.041 0.74 4.44E-03 

PODXL 7.65 8.9 ES 3 -0.075 0.88 8.85E-03 

POLK 4.66 4.65 ES 14.1:14.2 0.100 0.95 8.28E-03 

POLM 1.27 1.08 AD 9.3:9.4:9.5 0.190 0.56 5.74E-03 

POMT1 6.85 6.1 ES 2:03 0.090 0.5 2.28E-03 

POU2F2 0.49 0.34 AA 5.1 0.347 1 9.67E-03 

POU6F1 8.35 9.19 AP 6.1 -0.078 0.1 5.46E-03 

PPAP2C 5.27 4.52 AP 2 -0.040 0.04 7.59E-04 

PPAP2C 5.27 4.52 AP 1.1 0.040 0.47 7.59E-04 

PPAPDC1B 2.71 2.49 AT 7 -0.039 1 5.08E-03 

PPP1R1B 49.78 54.74 AP 1.1 -0.068 0.08 9.90E-03 

PPP1R1B 49.78 54.74 AP 2.1 0.068 0.03 9.90E-03 

PPP1R7 55.4 55.57 ES 2 0.010 0.55 3.80E-03 

PPP1R8 11.55 11.38 ES 4 0.004 1 2.65E-03 

PPP2R4 61.2 63.8 ES 3.1:4:5 -0.057 0.04 8.04E-03 

PPP2R4 61.2 63.8 ES 3.1 -0.085 0.04 1.38E-03 

PPWD1 6.12 6.33 ES 2 -0.041 0.53 9.66E-03 

PRDM15 1.13 1.23 ES 2:3:4:5:7:8 0.088 0.12 4.58E-03 

PRKAR1A 120.52 114.31 AP 3.1 -0.002 0 2.97E-03 

PRKCG 25.42 27.93 RI 19.2 -0.006 0.63 6.37E-04 

PRPF4 6.69 6.87 AA 2.1 -0.048 0.76 1.63E-03 

PRRX1 1.82 1.91 ES 4 -0.122 0.86 2.89E-03 

PRRX1 1.82 1.91 AT 5 -0.032 1 6.55E-03 

PRRX1 1.82 1.91 AT 3.2 0.032 0.59 6.55E-03 

PSEN2 6.35 6.51 AD 13.3 -0.014 0.68 3.93E-03 

PTPN13 4.5 4.73 ES 21 -0.074 0.71 2.51E-03 

PTPN5 30.82 25.83 AP 5.1 0.011 0.01 2.90E-03 

PTPRA 50.18 47.4 ES 22:23 0.005 1 5.09E-03 

PTPRU 5.65 4.41 AA 31.1 -0.020 0.99 2.54E-04 

PYCR1 2.2 2.39 ME 6|7 -0.109 0.29 1.93E-03 

QKI 69.27 68.82 AT 9 -0.013 0.14 6.18E-03 

QKI 69.27 68.82 AT 8.7 0.013 1 6.18E-03 

QPCTL 3.13 3.17 ES 3 0.018 1 7.01E-03 

RABGEF1 5.05 4.44 ES 5 -0.058 0.22 9.63E-03 

RABGGTA 6.53 6.52 RI 1.2:1.3 0.064 0.43 3.86E-03 

RABL5 10.47 11.38 ES 3.2 -0.035 0.98 2.12E-03 

RAP1GDS1 41.53 43.42 ES 5 0.005 0.31 5.87E-03 
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RASGRP2 5.73 6.44 AP 1 0.081 0.14 5.52E-03 

RBFOX2 23.11 21.33 AP 1 -0.107 0.23 5.99E-04 

RBFOX2 23.11 21.33 AP 3 0.107 0.29 5.99E-04 

RBM23 13.74 13.05 ES 4 -0.071 0.79 7.56E-03 

RBM26 10.74 10.36 AA 13.1 -0.046 0.87 7.56E-03 

RBM39 28.99 27.25 ES 9 -0.027 0.63 1.47E-03 

RBM39 28.99 27.25 AP 2 0.003 0 9.99E-03 

RBM39 28.99 27.25 AP 1 -0.003 0.52 9.98E-03 

RBM6 13.7 11.37 AA 3.1 0.048 0.65 3.34E-03 

RC3H1 1.53 1.56 AA 18.1 -0.188 0.81 6.92E-03 

RELA 5.53 5.3 RI 10.2 0.086 0.87 8.03E-03 

RGL3 0.65 0.69 AT 21 -0.135 0.62 5.77E-03 

RGL3 0.65 0.69 AT 20 0.135 0.98 5.77E-03 

RHOC 14.72 18.21 ES 4 0.015 1 3.24E-03 

RHOT2 12.59 12.26 ES 3 0.007 1 8.66E-03 

RIOK2 5.05 5.42 AT 8.2 -0.031 0.03 9.72E-03 

RIOK2 5.05 5.42 AT 10 0.031 0.59 9.72E-03 

RIPK2 2.61 2.37 ES 3 0.175 0.61 1.63E-03 

RLTPR 16.27 15.5 ES 36 -0.064 0.83 5.43E-03 

RNF10 39.54 39.16 AA 10.1 -0.022 1 1.77E-03 

RNF146 13.63 12.94 ES 5.1 -0.079 1 3.34E-03 

RNF220 41.77 41.51 AT 17 -0.013 1 5.78E-03 

RNF220 41.77 41.51 AT 10.2 0.013 0.1 5.78E-03 

RNMTL1 5.2 5.21 ES 2 0.050 1 4.38E-03 

RPAIN 16.17 15.53 ME 4|5 0.134 0.29 9.18E-03 

RPAIN 16.17 15.53 ES 5 -0.068 0.24 8.34E-03 

RPGRIP1L 2.86 2.5 AT 28 0.067 0.86 5.39E-03 

RPGRIP1L 2.86 2.5 AT 4 -0.105 0.53 4.42E-03 

RPL17 142.11 128.87 AA 3.2:3.3 0.035 0.53 6.85E-03 

RPL17-

C18orf32 
5.06 4.85 ES 6 -0.065 0.67 4.69E-03 

RPRD2 9.38 8.78 ES 4 -0.139 0.94 2.44E-04 

RPS3 116.41 119.78 ES 4.1:4.2:4.3 -0.325 0 6.39E-03 

RPS6KB1 7.17 6.57 RI 14.2 0.018 0.75 5.63E-03 

RPS6KL1 7.39 6.84 ES 9 0.160 0.13 5.36E-03 

RPS7 103.97 107.42 AA 2.1 -0.005 0.4 2.96E-03 

RRNAD1 4.04 3.84 AA 2.1:2.2 -0.021 0.53 9.00E-03 

RRNAD1 4.04 3.84 ES 2.1 -0.036 0.8 5.35E-03 

RUNX1T1 2.78 3.09 ES 3.2:5:6.2:6.3 0.684 0.03 9.98E-03 

S100B 109.57 134.39 ES 3 0.011 1 9.43E-03 

SAP30BP 22.44 22.07 AT 5 0.020 0.02 4.01E-03 

SAP30BP 22.44 22.07 AT 14 -0.020 0.52 4.01E-03 

SART3 11.54 10.56 ES 7 -0.036 0.73 8.42E-05 

SCAF11 5.2 5.47 AT 18 0.057 1 8.95E-03 

SCD 123.99 144.17 ES 5 0.002 1 8.25E-03 
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SCMH1 5.09 5.18 ES 6 0.119 0.33 5.31E-03 

SCNN1D 2.23 2.32 ES 1.5 -0.143 0.26 2.94E-03 

SDC4 19.17 22.15 ES 2 0.013 0.79 4.68E-03 

SEC22A 3.27 3.33 ES 3.2:4:5 -0.950 0.02 4.61E-05 

SEC22A 3.27 3.33 AA 3.1 0.013 0.98 1.67E-03 

SEC31A 16.09 15.92 AA 5.1 -0.058 0.43 3.59E-03 

SEMA6D 7.19 6.62 ES 22 0.159 0.66 4.14E-03 

SEMA6D 7.19 6.62 ES 23.1:23.2 0.146 0.59 1.53E-03 

SEMA6D 7.19 6.62 AA 21.1 -0.140 0.98 4.76E-04 

SEPT5 181.4 194.47 AA 11.1 0.004 0.96 1.74E-03 

SERPINH1 1.15 2.21 ES 2.2 -0.358 0.57 4.64E-03 

SEZ6L2 48.39 47.59 ES 15 -0.041 1 6.57E-03 

SGCE 13.21 13.83 ES 10 0.063 1 3.78E-03 

SGK1 30.56 11.59 AP 6.1 0.118 0.73 3.74E-03 

SGK1 30.56 11.59 AP 1 -0.102 0.28 8.10E-04 

SGK2 2.12 1.65 AA 7.1 -0.105 0.72 8.81E-03 

SH2D6 0.11 0.12 AA 22.1 -0.130 1 9.13E-03 

SIRPA 110.41 101.22 AD 9.2 -0.011 0.7 8.36E-03 

SKP1 299.56 299.63 ES 3 -0.004 0.52 2.77E-03 

SLC25A46 21.96 21.27 ES 8 -0.009 1 3.80E-03 

SLC26A6 0.92 0.93 AA 18.2 -0.363 0.81 2.61E-04 

SLC29A3 1.52 1.28 ES 3 0.150 0.85 6.94E-03 

SLC35A3 2.84 2.88 ES 3 0.161 0.46 8.72E-03 

SLC43A1 0.42 0.4 ES 7:08 0.204 0.97 1.44E-03 

SLC52A2 2.86 3.01 AD 1.2:1.3 0.327 0.08 2.43E-03 

SLC7A6 2.17 2.05 RI 13.2 -0.096 1 4.63E-03 

SLC9A3R1 18.76 23.41 AP 1 0.008 0.96 4.64E-03 

SLC9A3R1 18.76 23.41 AP 2.1 -0.008 0.01 4.64E-03 

SLCO4A1 2.22 2.09 RI 8.4 -0.199 1 4.56E-04 

SLMAP 8.17 7.82 AP 16 -0.075 0.01 4.38E-03 

SLMAP 8.17 7.82 AP 1 0.068 0.18 7.81E-03 

SMARCA2 39.39 42.05 AP 1 0.097 0.12 8.76E-03 

SMARCD3 33.72 37.88 AD 7.2 0.002 0.8 8.60E-03 

SMEK1 7.91 7.5 AD 7.2 -0.130 0.74 2.37E-03 

SNAP47 24.52 24.8 AP 2 0.054 0.14 9.87E-03 

SNAP47 24.52 24.8 AP 1 -0.054 0.01 9.87E-03 

SNRPF 14.55 15.57 AT 7 0.017 0.01 9.11E-04 

SNRPN 248.68 230.9 AP 3 -0.024 0.04 4.45E-03 

SNURF 66.71 86.46 ES 6 0.003 1 6.86E-03 

SNX27 11.47 12.36 AA 12.1 0.056 0.94 5.42E-03 

SORBS1 16.53 16.43 ES 32.1:32.2:33 0.044 0.8 8.64E-03 

SP110 1.53 1.39 ES 20 -0.295 0.14 8.02E-03 

SPARCL1 789.54 892.29 ES 11 0.000 1 5.68E-03 

SPATA6L 0.83 0.7 ES 3 -0.293 0.47 3.93E-03 
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SPATA7 5.59 5.49 ES 7:08 -0.038 0.52 9.37E-03 

SPECC1 11.31 12 AT 10 -0.092 0.25 9.49E-05 

SPECC1 11.31 12 AT 18 0.092 0.61 9.49E-05 

SPEG 3.35 3.32 AT 16 -0.044 1 1.70E-04 

SPEG 3.35 3.32 AT 48 0.044 1 1.70E-04 

SPHK2 9.7 13.57 AP 1.1 0.072 0.1 3.46E-04 

SPHK2 9.7 13.57 AP 3.1 -0.072 0.68 3.46E-04 

SREBF2 51.77 54.98 ES 10 -0.008 0.73 8.31E-03 

SRP19 12.56 11.31 AA 5.1 -0.056 0.98 8.23E-03 

SRP68 32.58 33.18 ES 1.2:2.2 -0.314 0.02 5.14E-03 

SRSF1 32.77 32.45 AA 3.3:3.4 0.256 1 7.98E-03 

SRSF1 32.77 32.45 ES 3.3 0.134 0.19 5.22E-03 

SRSF1 32.77 32.45 AD 3.2:3.3 0.027 0.07 4.29E-04 

SRSF2 31.14 28.79 RI 2.6 -0.012 1 1.88E-03 

SSR2 25.51 26.77 ES 4.1:5:6.1:6.2 -0.178 0.02 1.73E-03 

STAT3 11.66 11.82 AA 2.1:2.2 0.074 0.36 3.63E-03 

STK24 27.51 29.18 AP 1 0.149 0.26 2.43E-03 

STK24 27.51 29.18 AP 2 -0.149 0.15 2.43E-03 

STOML2 21.93 22.96 ES 6 0.002 1 2.99E-03 

STRAP 78.62 76.97 ES 10 -0.001 1 8.22E-03 

STX5 8.66 8.4 AA 12.1 0.015 1 9.62E-03 

STX8 17.74 17.94 ES 3:04 -0.022 1 5.14E-03 

SULF1 2.84 2.48 AP 1 -0.149 0.12 9.25E-03 

SULF1 2.84 2.48 AP 2 0.149 0.36 9.25E-03 

SUPT20H 4.46 3.87 ES 26 -0.156 0.98 2.14E-03 

SYBU 27.87 24.03 AP 1 0.060 0.16 3.58E-05 

TAF1D 14.4 15.69 AA 8.1 0.161 0.44 1.54E-03 

TAF5L 3.51 3.71 AT 4.2 0.026 0.39 7.05E-04 

TAOK2 17.32 17.62 AT 19 -0.031 0.65 7.94E-03 

TAOK2 17.32 17.62 AT 16.3 0.031 0.49 7.94E-03 

TATDN3 7.6 7.14 AT 10.2 0.017 1 2.62E-03 

TATDN3 7.6 7.14 AT 6.2 -0.017 0.03 2.62E-03 

TBC1D3 2.26 1.86 AD 18.2 0.040 0.68 7.47E-03 

TBC1D3F 2.41 2.2 AD 11.2 0.042 0.78 8.72E-03 

TBXAS1 1.42 1.45 AP 5.1 -0.153 0.25 8.08E-03 

TBXAS1 1.42 1.45 AP 1 0.153 0.13 8.08E-03 

TCEA1 23.55 23.47 ES 3.2 -0.035 0.73 7.41E-03 

THAP9 1.21 1.07 ES 5 -0.959 0.09 1.73E-04 

THNSL2 4.02 3.2 ES 10 0.290 0.69 5.60E-03 

THNSL2 4.02 3.2 ES 7:08:10 0.053 0.1 2.39E-03 

TIA1 9.01 7.48 ES 5:06 -0.256 0.3 6.77E-03 

TIA1 9.01 7.48 ES 6 -0.139 0.34 7.27E-03 

TMEM107 3.41 3.34 ES 2:3.2:3.4 -0.126 0.42 2.14E-03 

TMEM131 6.39 6.15 ES 30 0.027 1 9.36E-03 
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TMEM184

B 
22.88 23.2 ES 4.1:4.2:5 -0.015 0.04 2.33E-03 

TMEM184

B 
22.88 23.2 ES 4.1:4.2 -0.288 0.58 9.81E-04 

TMEM234 1.63 1.99 RI 5.2:5.3 0.140 1 7.68E-04 

TMPO 6.54 5.9 ES 6:07:08 -0.114 0.97 1.42E-03 

TNIK 9.82 11.34 ES 22 -0.125 0.64 1.41E-04 

TNPO2 38.29 39.82 AP 4 -0.026 0.1 4.12E-03 

TNRC6A 7.15 7.11 ES 13 0.156 0.92 1.58E-03 

TRAPPC4 16.07 16.98 ES 3.1:3.2 0.017 1 3.99E-03 

TRMU 7.84 7.23 AA 6.1:6.2 -0.069 0.84 3.30E-03 

TRO 16.2 14.18 ES 3 -0.015 1 3.63E-03 

TRPC4AP 26.15 24.13 AA 9.1 -0.061 0.59 6.00E-03 

TSC2 12.01 11.48 ES 5 0.006 0.89 5.78E-04 

TTC18 0.55 0.46 ES 25 0.152 1 5.50E-03 

TTC18 0.55 0.46 AA 15.1 0.071 0.79 4.08E-03 

TTC39A 1.74 1.91 AA 10.1 0.106 0.67 7.71E-03 

UBE2D3 44.87 48.83 AP 3.1 -0.067 0.13 1.40E-03 

UBE2D3 44.87 48.83 AP 2.1 0.056 0.06 3.98E-03 

UBE3A 24.51 24.84 ES 5.1:5.2 0.128 0.29 9.35E-05 

UBR2 5.39 4.93 ES 43 0.018 1 3.25E-03 

UCHL5 21.45 20.59 ES 13.2 -0.178 0.07 3.27E-03 

USHBP1 0.53 0.74 RI 3.2 -0.282 0.76 1.98E-03 

USP35 4.49 4.38 AP 1 0.082 0.72 9.81E-03 

USP35 4.49 4.38 AP 4.1 -0.082 0.14 9.81E-03 

USP45 1.93 1.84 AT 22 -0.067 1 5.98E-03 

USP53 3.65 3.23 ES 13 -0.036 0.8 7.12E-03 

USPL1 5.62 5.52 ES 2 0.167 0.54 8.84E-03 

UTP23 4.94 4.64 ES 2.2:4:5.1 -0.348 0.06 8.22E-04 

VDAC2 79.93 80.76 ES 7 -0.007 0.85 1.58E-03 

WDR20 4.35 4.82 AT 8 -0.032 0.35 2.06E-03 

WDR33 6.3 5.74 RI 6.2 0.090 1 7.18E-03 

WDR45B 21.88 21.9 ES 3 -0.010 0.96 3.73E-03 

WFIKKN2 0.14 0.08 AP 1 0.489 0.48 9.38E-03 

WFIKKN2 0.14 0.08 AP 2 -0.489 0.4 9.38E-03 

YPEL4 17.76 15.71 RI 1.4:1.5 0.065 0.6 5.87E-03 

YWHAE 385.44 394.62 ES 4:05 0.002 1 4.56E-04 

ZBTB45 3.73 4.43 AP 1.1 -0.071 0.32 8.84E-03 

ZBTB45 3.73 4.43 AP 2 0.071 0.66 8.84E-03 

ZGLP1 0.93 0.93 RI 1.4 0.290 0.98 2.03E-03 

ZKSCAN3 0.79 0.89 ES 3 0.178 0.94 3.32E-03 

ZNF138 1.45 1.37 ES 4.1:4.2:5 -0.257 0.56 8.93E-04 

ZNF177 1.27 1.32 AA 18.3 -0.113 0.96 1.69E-03 

ZNF189 3.22 3.23 ES 2 0.132 0.37 6.20E-03 

ZNF189 3.22 3.23 AA 3.1 -0.121 0.92 1.68E-03 
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ZNF197 2.92 2.97 ES 3 -0.111 0.61 2.91E-03 

ZNF222 1.05 0.86 ES 2 -0.212 1 4.07E-03 

ZNF233 1.72 1.52 AT 7.2 0.048 1 3.43E-03 

ZNF233 1.72 1.52 AT 6 -0.048 0.24 3.43E-03 

ZNF236 2.04 2.13 AP 1 -0.141 0.13 7.97E-03 

ZNF236 2.04 2.13 AP 2 0.141 0.35 7.97E-03 

ZNF263 3.01 3.19 ES 3:4:5.1:6 0.175 0.93 9.73E-03 

ZNF286A 1.95 2.43 RI 1.2:1.3 -0.116 0.5 5.76E-03 

ZNF3 3.68 3.76 AP 3 0.081 0.09 2.86E-03 

ZNF3 3.68 3.76 AP 1 -0.081 0.51 2.86E-03 

ZNF329 4.24 4.05 ES 3:04 0.102 0.14 8.60E-03 

ZNF346 4.29 4.36 ES 04:05.1 0.055 1 7.52E-03 

ZNF346 4.29 4.36 ES 5.1:5.2:6.2 0.187 0.88 1.84E-03 

ZNF346 4.29 4.36 ES 5.1:5.2:6.1:6.2 0.013 0.22 5.97E-03 

ZNF385B 10.6 9.63 AP 7 0.012 0.01 1.15E-03 

ZNF397 4.06 4.26 AT 6 -0.029 0.45 5.19E-03 

ZNF418 1.6 1.4 ES 03:04.1 -0.145 0.5 3.79E-04 

ZNF449 1.33 1.47 RI 2.2 0.264 0.96 5.93E-03 

ZNF462 2.24 2.3 AA 5.2 0.081 0.68 7.52E-03 

ZNF507 3.05 3.03 ES 6 0.023 0.98 3.15E-03 

ZNF544 4.27 4.42 ES 7.1:7.2:9:10.1 0.153 0.2 3.89E-03 

ZNF550 1.83 1.55 ES 5.1:5.2 0.279 0.73 1.21E-03 

ZNF570 1.85 1.9 AP 2.1 0.090 0.39 2.46E-03 

ZNF570 1.85 1.9 ES 3 -0.123 0.91 1.79E-03 

ZNF570 1.85 1.9 AP 1.1 0.123 0.17 2.46E-03 

ZNF606 1.59 1.53 AT 3.2 -0.014 0.08 8.48E-03 

ZNF608 2.94 2.78 ES 9 -0.304 0.7 7.97E-03 

ZNF615 1.32 1.5 ES 7.1:7.2 -0.239 0.59 4.84E-04 

ZNF667 4.21 3.23 ES 9 0.322 0.98 1.59E-03 

ZNF667 4.21 3.23 ME 11|9 0.023 0.06 1.08E-03 

ZNF714 1.84 2.09 ES 5:6.1:6.2 0.095 0.5 8.08E-03 

ZNF76 5.27 4.8 AA 12.1:12.2 0.122 0.52 6.34E-03 

ZNF76 5.27 4.8 RI 12.4 0.092 1 2.13E-03 

ZNF792 0.16 0.15 AP 3.1 -0.425 0.65 3.47E-03 

ZNF792 0.16 0.15 AP 1 0.425 0.82 3.47E-03 

ZNF814 0.75 0.81 AT 4.2 -0.044 1 5.45E-03 

ZNF836 1.69 1.67 AT 5 -0.114 0.98 5.06E-03 

ZNF836 1.69 1.67 AT 4.2 0.114 0.61 5.06E-03 

ZNF837 0.33 0.35 AD 2.2 0.263 1 5.67E-03 

ZNF846 2.49 2.16 ES 2.1:2.2:3.1:3.2:4.1:4.2 0.614 0.06 7.26E-03 

ZSCAN18 25.45 22.1 AA 9.1 -0.033 0.86 9.38E-03 
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Abbreviations: AD, alternate donor; AP, alternate promoter; AT, alternate terminator, dPSI, delta percent 

spliced in; ES, exon skipping; RI, retained intron; RPKM, reads per kilobase of transcript per million 

aligned reads 
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Supplementary Table 4-3 – significant ASEs identified by DEXSeq (p<0.05) 

Gene 
RPKM 

Control 

RPKM 

PD 

Fold 

Change 

(log2) 

Ensemble Transcript(s) 
Corrected 

P-value 

AATK 20.00 14.14 -1.03 ENST00000326724 2.04E-02 

ABCA2 6.91 9.37 0.88 
ENST00000464876, ENST00000398207, 

ENST00000476211 
2.43E-02 

ABCA2 6.91 9.37 0.88 
ENST00000464876, ENST00000398207, 

ENST00000476211 
2.43E-02 

ABCA8 18.32 20.86 0.39 

ENST00000269080, ENST00000586292, 

ENST00000430352, ENST00000589980, 

ENST00000586539 

2.96E-02 

ABHD17A 33.44 35.54 0.19 ENST00000292577, ENST00000250974 2.14E-02 

ABHD17B 7.93 10.34 0.77 ENST00000377041 1.40E-02 

ABLIM1 18.10 20.59 0.38 
ENST00000369266, ENST00000428430, 

ENST00000369253, ENST00000392952 
5.47E-03 

ACSL5 4.39 1.82 -2.55 ENST00000369410 1.64E-02 

ADAM28 10.47 7.43 -1.00 ENST00000523236 1.56E-02 

ADAP1 

COX19 
50.83 43.91 -0.50 ENST00000344111 2.56E-08 

ADIRF 

AGAP11 

FAM25A 

BMS1P3 

15.95 13.49 -0.49 
ENST00000437689, ENST00000444431, 

ENST00000433214 
3.33E-02 

ADPRH 0.75 3.27 4.24 ENST00000465513 2.80E-02 

AGBL3 4.67 1.94 -2.53 
ENST00000435976, ENST00000436302, 

ENST00000275763, ENST00000458078 
4.99E-03 

AHCTF1 20.88 18.60 -0.34 
ENST00000470300, ENST00000326225, 

ENST00000391829, ENST00000366508 
1.63E-02 

AHCTF1 20.88 18.60 -0.34 
ENST00000470300, ENST00000326225, 

ENST00000391829, ENST00000366508 
1.63E-02 

AHDC1 19.93 23.50 0.49 ENST00000374011 7.66E-03 

AKAP17A 15.09 12.51 -0.55 ENST00000381261, ENST00000474361 3.22E-03 

AKAP9 4.49 2.23 -2.02 ENST00000493453 4.69E-02 
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ALDH4A1 

IFFO2 

TAS1R2 

18.57 20.84 0.34 
ENST00000375341, ENST00000290597, 

ENST00000432718 
2.94E-02 

ANKDD1

A 

PLEKHO2 

20.32 24.81 0.60 
ENST00000323544, ENST00000502574, 

ENST00000437723 
1.80E-02 

ANKDD1A 

PLEKHO2 
22.94 27.57 0.56 

ENST00000323544, ENST00000502574, 

ENST00000437723 
9.04E-03 

ANKDD1A 

PLEKHO2 
21.54 25.95 0.56 

ENST00000323544, ENST00000502574, 

ENST00000437723 
1.34E-03 

ANKDD1A 

PLEKHO2 
51.70 59.89 0.53 ENST00000323544 2.86E-05 

ANKDD1A 

PLEKHO2 
15.67 13.90 -0.35 

ENST00000395720, ENST00000395723, 

ENST00000487867, ENST00000488082, 

ENST00000357698, ENST00000380230 

1.65E-02 

ANKDD1A 

PLEKHO2 
16.81 15.09 -0.32 

ENST00000395720, ENST00000395723, 

ENST00000487867, ENST00000488082, 

ENST00000357698, ENST00000380230 

9.96E-03 

ANKDD1A 

PLEKHO2 
21.17 18.79 -0.36 ENST00000487867 1.70E-05 

ANKDD1A 

PLEKHO2 
19.82 17.49 -0.37 

ENST00000487867, ENST00000380230, 

ENST00000395723, ENST00000357698 
9.92E-04 

ANKDD1A 

PLEKHO2 
41.77 38.77 -0.24 

ENST00000487867, ENST00000380230, 

ENST00000357698 
6.77E-04 

ANKRD32 8.11 11.06 0.90 ENST00000450932 3.51E-02 

ANKRD42 7.55 10.19 0.87 ENST00000533342, ENST00000393392 3.95E-03 

AP2M1 36.98 39.82 0.24 
ENST00000292807, ENST00000382456, 

ENST00000461733 
5.68E-03 

AP2M1 26.68 29.23 0.28 ENST00000292807, ENST00000382456 3.57E-03 

AP3B2 9.76 16.02 1.45 ENST00000535385 4.10E-02 

APC 

SRP19 

ZRSR1 

27.20 22.82 -0.53 

ENST00000503445, ENST00000512790, 

ENST00000506997, ENST00000515755, 

ENST00000505459, ENST00000282999, 

ENST00000445150, ENST00000515463 

5.78E-03 

APC SRP19 

ZRSR1 
32.15 27.65 -0.47 

ENST00000520401, ENST00000503445, 

ENST00000512790, ENST00000506997, 

ENST00000506987, ENST00000515755, 

9.72E-03 
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ENST00000505459, ENST00000282999, 

ENST00000509024, ENST00000445150 

APC SRP19 

ZRSR1 
33.37 28.56 -0.49 

ENST00000515755, ENST00000512790, 

ENST00000503445, ENST00000520401, 

ENST00000506987, ENST00000506997, 

ENST00000505459, ENST00000282999, 

ENST00000509024, ENST00000445150, 

ENST00000515463 

5.85E-03 

APC SRP19 

ZRSR1 
38.60 33.74 -0.43 

ENST00000512790, ENST00000520401, 

ENST00000506987, ENST00000515755, 

ENST00000505459, ENST00000504696, 

ENST00000282999, ENST00000509024, 

ENST00000445150, ENST00000515463 

2.73E-03 

APC SRP19 

ZRSR1 
10.97 7.09 -1.27 ENST00000445150, ENST00000515755 1.78E-02 

APC SRP19 

ZRSR1 
11.67 7.85 -1.15 ENST00000445150 3.06E-02 

APC SRP19 

ZRSR1 
13.99 9.13 -1.25 ENST00000282999 6.75E-03 

APC SRP19 

ZRSR1 
48.98 44.00 -0.37 

ENST00000504696, ENST00000520401, 

ENST00000506987, ENST00000505459, 

ENST00000282999, ENST00000515463 

2.60E-02 

APC SRP19 

ZRSR1 
48.05 43.04 -0.37 

ENST00000515463, ENST00000506987, 

ENST00000504696, ENST00000282999, 

ENST00000505459 

2.94E-02 

APC SRP19 

ZRSR1 
33.02 28.81 -0.43 

ENST00000505459, ENST00000282999, 

ENST00000515463 
3.68E-02 

APC SRP19 

ZRSR1 
35.44 30.67 -0.46 ENST00000505459, ENST00000282999 3.56E-02 

APH1A 12.23 8.15 -1.18 ENST00000486720 4.61E-03 

APH1A 10.72 7.58 -1.01 ENST00000461320, ENST00000486308 2.20E-04 

APH1A 11.76 8.25 -1.03 ENST00000486308 1.34E-03 

APOL2 18.03 15.06 -0.53 ENST00000358502 4.26E-03 

APOL2 18.50 15.47 -0.53 ENST00000358502, ENST00000489186 2.32E-03 

APOL2 19.40 16.71 -0.44 
ENST00000358502, ENST00000484830, 

ENST00000489186 
3.34E-03 

APOLD1 

DDX47 
89.76 63.65 -1.45 ENST00000356591, ENST00000326765 6.16E-06 
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APOLD1 

DDX47 
17.71 10.72 -1.47 ENST00000356591 1.12E-02 

APOLD1 

DDX47 
28.52 29.00 0.05 

ENST00000541537, ENST00000358007, 

ENST00000534843, ENST00000540583, 

ENST00000426619, ENST00000544400, 

ENST00000544032, ENST00000352940, 

ENST00000545038, ENST00000542123, 

ENST00000544497 

2.74E-04 

APOLD1 

DDX47 
33.25 33.78 0.05 

ENST00000541537, ENST00000358007, 

ENST00000534843, ENST00000540583, 

ENST00000426619, ENST00000544400, 

ENST00000544032, ENST00000352940, 

ENST00000545038, ENST00000542123, 

ENST00000544497 

3.25E-10 

APOLD1 

DDX47 
31.62 32.39 0.08 

ENST00000541537, ENST00000544400, 

ENST00000534843, ENST00000545038, 

ENST00000426619, ENST00000358007, 

ENST00000544032, ENST00000352940, 

ENST00000542123, ENST00000544497 

8.79E-12 

APOLD1 

DDX47 
36.02 36.82 0.07 

ENST00000541537, ENST00000534843, 

ENST00000545038, ENST00000426619, 

ENST00000358007, ENST00000542832, 

ENST00000544032, ENST00000352940, 

ENST00000392155 

3.25E-10 

APOLD1 

DDX47 
29.79 30.55 0.08 

ENST00000541537, ENST00000534843, 

ENST00000545038, ENST00000426619, 

ENST00000358007, ENST00000542832, 

ENST00000544032, ENST00000352940 

7.04E-07 

APOLD1 

DDX47 
29.36 30.53 0.12 

ENST00000541537, ENST00000544400, 

ENST00000534843, ENST00000545038, 

ENST00000426619, ENST00000358007, 

ENST00000542832, ENST00000544032, 

ENST00000352940, ENST00000542123 

1.91E-11 

APOLD1 

DDX47 
23.70 24.66 0.12 

ENST00000541537, ENST00000544400, 

ENST00000534843, ENST00000545038, 

ENST00000426619, ENST00000358007, 

ENST00000542832, ENST00000544032, 

ENST00000352940, ENST00000542123 

7.04E-07 

APOLD1 

DDX47 
28.40 29.62 0.13 

ENST00000541537, ENST00000358007, 

ENST00000534843, ENST00000545038, 

ENST00000544400, ENST00000542832, 

ENST00000544032, ENST00000352940, 

ENST00000542123 

1.07E-03 

APOLD1 

DDX47 
26.95 27.74 0.09 

ENST00000541537, ENST00000358007, 

ENST00000534843, ENST00000545038, 
1.86E-02 
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ENST00000544400, ENST00000542832, 

ENST00000352940, ENST00000542123 

APOLD1 

DDX47 
28.05 28.33 0.03 

ENST00000541537, ENST00000358007, 

ENST00000534843, ENST00000545038, 

ENST00000544400, ENST00000542832, 

ENST00000352940, ENST00000542123 

3.51E-02 

APOLD1 

DDX47 
27.88 28.11 0.02 

ENST00000541537, ENST00000358007, 

ENST00000534843, ENST00000545038, 

ENST00000544400, ENST00000352940, 

ENST00000542123 

2.65E-02 

APOLD1 

DDX47 
33.52 33.38 -0.01 

ENST00000358007, ENST00000541537, 

ENST00000534843, ENST00000542123, 

ENST00000545038 

1.97E-03 

APOLD1 

DDX47 
28.79 28.57 -0.02 

ENST00000541537, ENST00000358007, 

ENST00000534843, ENST00000545038, 

ENST00000544400, ENST00000535722, 

ENST00000352940, ENST00000542123 

8.34E-07 

APOLD1 

DDX47 
32.42 31.51 -0.09 

ENST00000541537, ENST00000534843, 

ENST00000545038, ENST00000358007, 

ENST00000535722, ENST00000352940, 

ENST00000542123 

6.75E-05 

APOLD1 

DDX47 
30.99 30.10 -0.09 

ENST00000534843, ENST00000545038, 

ENST00000358007, ENST00000535722, 

ENST00000352940, ENST00000542123 

8.57E-04 

APOLD1 

DDX47 
35.84 36.18 0.03 

ENST00000358007, ENST00000352940, 

ENST00000534843, ENST00000542123, 

ENST00000545038 

1.17E-04 

APOLD1 

DDX47 
44.53 45.64 0.08 

ENST00000358007, ENST00000352940, 

ENST00000534843, ENST00000545038, 

ENST00000542123 

2.47E-08 

ARHGAP4 

NAA10 

L1CAM 

9.27 4.97 -1.80 ENST00000496122 5.83E-03 

ARHGAP42 9.36 11.70 0.65 
ENST00000298815, ENST00000529535, 

ENST00000524892 
2.00E-02 

ARHGEF1 15.66 19.60 0.67 ENST00000600387 1.48E-03 

ARHGEF10 13.74 16.12 0.47 

ENST00000398560, ENST00000398564, 

ENST00000518288, ENST00000520359, 

ENST00000349830, ENST00000262112 

2.05E-02 

ARID4B 

RBM34 
8.85 5.70 -1.28 ENST00000494543, ENST00000471257 2.96E-02 
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ARRB2 4.22 7.63 1.71 ENST00000575131 6.11E-03 

ARRDC2 6.74 9.88 1.11 ENST00000595712, ENST00000600788 3.34E-02 

ARRDC2 4.51 7.21 1.36 ENST00000595712 3.01E-03 

ASCC3 17.41 13.38 -0.78 ENST00000369143 9.00E-04 

AS-LRRK1 10.09 9.33 -0.23 ENST00000558979 2.96E-02 

ASPH 13.73 16.56 0.55 

ENST00000389204, ENST00000445642, 

ENST00000517661, ENST00000517903, 

ENST00000518306, ENST00000541428, 

ENST00000522343, ENST00000522603, 

ENST00000517847, ENST00000522349, 

ENST00000522835 

2.14E-02 

ASXL1 5.27 1.68 -3.31 ENST00000470145 6.88E-04 

ATP1A2 11.62 14.10 0.57 ENST00000468587 3.06E-02 

ATP1A3 15.41 17.63 0.40 ENST00000302102, ENST00000545399 4.55E-02 

ATP6V0A2 8.61 4.39 -1.95 ENST00000534943 4.71E-04 

AXIN1 10.79 14.66 0.90 ENST00000461023 2.93E-02 

BAZ2A 4.55 7.56 1.47 

ENST00000551812, ENST00000549506, 

ENST00000379441, ENST00000179765, 

ENST00000550730 

1.47E-02 

BAZ2A 2.47 5.10 2.10 
ENST00000551812, ENST00000379441, 

ENST00000179765 
9.43E-03 

BEX2 80.61 82.11 0.08 
ENST00000372674, ENST00000372677, 

ENST00000536889 
4.79E-02 

BFAR 20.20 16.67 -0.57 ENST00000562442, ENST00000566520 2.47E-02 

BLOC1S6 

SQRDL 
10.11 6.94 -1.09 ENST00000568816 3.64E-03 

BRAF 10.25 12.99 0.69 ENST00000469930 7.57E-03 

BRD8 8.11 4.67 -1.60 ENST00000483805 3.95E-02 

BRI3 8.76 5.61 -1.29 ENST00000485422 4.93E-02 

BRINP3 18.30 20.66 0.36 ENST00000445957 4.70E-02 

BRPF3 4.69 2.15 -2.25 ENST00000527657 3.78E-02 

C11orf30 8.46 10.90 0.74 ENST00000533988 1.43E-02 
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C18orf32 

SNORD58

C 

SNORD58

A RPL17-

C18orf32 

RPL17 

SNORD58

B 

41.32 44.48 0.25 
ENST00000580387, ENST00000581305, 

ENST00000579408, ENST00000418495 
9.46E-04 

C18orf32 

SNORD58

C 

SNORD58

A RPL17-

C18orf32 

RPL17 

SNORD58

B 

42.16 45.37 0.25 

ENST00000580387, ENST00000580210, 

ENST00000418495, ENST00000579408, 

ENST00000581305 

1.71E-03 

C18orf32 

SNORD58

C 

SNORD58

A RPL17-

C18orf32 

RPL17 

SNORD58

B 

42.49 45.96 0.26 

ENST00000580387, ENST00000581305, 

ENST00000607313, ENST00000418495, 

ENST00000579408, ENST00000580210 

2.73E-03 

C1orf27 8.05 5.43 -1.14 ENST00000478571 1.47E-02 

C1orf63 25.85 30.95 0.56 
ENST00000498238, ENST00000570063, 

ENST00000568212 
1.77E-02 

C3orf14 64.34 61.47 -0.17 ENST00000494481 6.10E-03 

C3orf17 7.94 5.18 -1.24 

ENST00000496206, ENST00000472637, 

ENST00000469809, ENST00000491121, 

ENST00000496340, ENST00000460410, 

ENST00000393857 

1.12E-02 

C9orf114 44.94 42.91 -0.16 ENST00000361256 5.68E-03 

CABIN1 29.01 26.42 -0.29 
ENST00000337989, ENST00000405822, 

ENST00000398319, ENST00000263119 
2.84E-02 

CACUL1 9.96 5.79 -1.58 ENST00000481360 5.29E-06 

CACUL1 6.65 4.39 -1.20 ENST00000493518 3.68E-02 

CALU 16.60 12.24 -0.89 
ENST00000479257, ENST00000542996, 

ENST00000535623 
1.49E-04 
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CAMK2A 16.32 11.33 -1.07 ENST00000508662 4.46E-02 

CAMTA1 34.42 37.61 0.28 

ENST00000486138, ENST00000303635, 

ENST00000473578, ENST00000467404, 

ENST00000557126, ENST00000461311, 

ENST00000490738, ENST00000476163, 

ENST00000439411 

3.77E-02 

CAMTA1 29.71 32.63 0.29 

ENST00000486138, ENST00000303635, 

ENST00000473578, ENST00000557126, 

ENST00000461311, ENST00000439411 

3.64E-03 

CAMTA1 25.84 28.49 0.30 

ENST00000473578, ENST00000303635, 

ENST00000467404, ENST00000557126, 

ENST00000490738, ENST00000476163, 

ENST00000439411 

1.13E-02 

CASC3 13.55 8.52 -1.35 ENST00000579238, ENST00000577605 3.68E-02 

CASKIN2 5.83 3.30 -1.65 ENST00000581870 2.28E-02 

CASP1 

CARD16 

CARD17 

6.94 9.26 0.84 
ENST00000525374, ENST00000528513, 

ENST00000375704, ENST00000375706 
3.51E-02 

CBWD1 20.94 25.57 0.60 

ENST00000382389, ENST00000377447, 

ENST00000382447, ENST00000382393, 

ENST00000314367, ENST00000377400, 

ENST00000431099, ENST00000356521 

3.51E-02 

CBWD1 23.05 26.00 0.37 

ENST00000382389, ENST00000377447, 

ENST00000382447, ENST00000382393, 

ENST00000314367, ENST00000377400, 

ENST00000465014, ENST00000431099, 

ENST00000356521 

1.16E-02 

CCDC144

B 

FAM106A 

USP32P2 

6.12 8.80 1.05 
ENST00000457330, ENST00000285176, 

ENST00000608141, ENST00000425211 
3.06E-02 

CCDC38 5.29 3.78 -0.97 ENST00000546386 3.41E-02 

CCDC38 3.95 8.27 2.14 ENST00000344280 2.56E-03 

CCDC66 5.24 2.26 -2.42 
ENST00000422788, ENST00000472582, 

ENST00000473322 
1.96E-02 

CCDC74B 6.95 9.56 0.93 

ENST00000392984, ENST00000457413, 

ENST00000496704, ENST00000434929, 

ENST00000310463, ENST00000423263 

1.34E-02 
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CCDC74B 4.70 6.91 1.11 

ENST00000392984, ENST00000496704, 

ENST00000457413, ENST00000434929, 

ENST00000310463 

4.90E-02 

CCNL1 19.18 16.69 -0.41 
ENST00000483789, ENST00000471247, 

ENST00000474539 
8.26E-03 

CCNL2 9.15 11.60 0.69 ENST00000463260 1.93E-02 

CDK12 13.24 10.93 -0.56 ENST00000559545, ENST00000558240 3.28E-02 

CDK4 7.00 3.42 -2.07 ENST00000552254, ENST00000552388 3.24E-02 

CDK4 8.15 4.22 -1.90 ENST00000552254 1.93E-02 

CDK4 7.76 4.51 -1.57 ENST00000547853 1.11E-03 

CDK4 9.66 6.13 -1.32 ENST00000551706 2.04E-04 

CDK9 

MIR3960 
9.29 6.53 -1.02 ENST00000480353 3.17E-02 

CDKL3 

SKP1 

PPP2CA 

16.53 12.17 -0.90 

ENST00000520417, ENST00000523359, 

ENST00000517625, ENST00000522855, 

ENST00000519054 

2.03E-02 

CFLAR 54.08 50.98 -0.21 ENST00000309955 5.87E-03 

CGRRF1 8.92 6.31 -1.00 ENST00000556216 4.97E-02 

CHD1 9.45 6.36 -1.15 ENST00000505982 3.21E-04 

CHD8 5.13 2.86 -1.69 ENST00000554384 4.69E-02 

CHGA 26.20 16.39 -1.41 ENST00000553866 2.47E-02 

CHGA 70.48 71.88 0.08 
ENST00000556876, ENST00000556076, 

ENST00000216492, ENST00000553866 
4.95E-02 

CHGA 73.12 74.60 0.08 
ENST00000556876, ENST00000216492, 

ENST00000553866 
1.34E-02 

CLDN10 39.34 36.96 -0.20 ENST00000376873 1.03E-02 

CLK1 14.54 10.60 -0.92 ENST00000461981 1.37E-02 

CLK1 14.54 10.60 -0.92 ENST00000461981 1.37E-02 

CLK1 10.51 7.91 -0.83 ENST00000496205 7.57E-03 

CLK1 10.51 7.91 -0.83 ENST00000496205 7.57E-03 

CLK2 12.59 9.08 -0.95 ENST00000497188 1.88E-02 
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CLK4 

RN7SKP70 
19.88 16.07 -0.63 

ENST00000521621, ENST00000522556, 

ENST00000522749 
1.04E-03 

CLK4 

RN7SKP70 
26.82 20.39 -0.83 ENST00000521621, ENST00000522556 8.97E-10 

CLK4 

RN7SKP70 
17.07 13.95 -0.59 

ENST00000521621, ENST00000520957, 

ENST00000523013 
3.21E-04 

CLK4 

RN7SKP70 
7.77 10.60 0.90 ENST00000520957 3.64E-03 

CLK4 

RN7SKP70 
20.39 24.03 0.49 

ENST00000316308, ENST00000520199, 

ENST00000519132, ENST00000519583, 

ENST00000521621, ENST00000520878 

2.78E-02 

CLK4 

RN7SKP70 
21.29 25.24 0.51 

ENST00000521621, ENST00000316308, 

ENST00000520878, ENST00000519583, 

ENST00000520199 

1.74E-03 

CLK4 

RN7SKP70 
20.12 17.00 -0.50 

ENST00000519583, ENST00000522749, 

ENST00000521621, ENST00000520878, 

ENST00000522556, ENST00000516655 

1.23E-03 

CLK4 

RN7SKP70 
19.58 15.44 -0.70 

ENST00000521621, ENST00000522556, 

ENST00000522749, ENST00000516655 
5.29E-05 

CNDP2 13.37 8.33 -1.38 ENST00000577409, ENST00000584581 1.72E-04 

CNOT2 3.06 6.79 2.30 ENST00000551483 3.16E-06 

CNOT7 48.46 45.81 -0.19 ENST00000523917 2.13E-02 

CNOT7 48.46 45.81 -0.19 ENST00000523917 2.13E-02 

CNTN1 22.86 26.28 0.42 ENST00000552913, ENST00000547849 4.69E-02 

COASY 

NAGLU 
9.70 6.75 -1.05 ENST00000588353 3.37E-02 

COBLL1 5.87 8.59 1.10 ENST00000493868 2.12E-02 

COG1 

SSTR2 
31.28 33.09 0.18 

ENST00000299886, ENST00000582512, 

ENST00000438720, ENST00000582973 
2.92E-02 

COL5A1 1.16 3.57 3.24 ENST00000371817 2.71E-02 

COMMD4 10.42 7.88 -0.81 ENST00000567935, ENST00000480484 8.02E-03 

COMMD4 8.88 11.92 0.86 

ENST00000564068, ENST00000566843, 

ENST00000568034, ENST00000565834, 

ENST00000564587, ENST00000562310 

3.24E-02 
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COMMD4 7.10 9.58 0.87 

ENST00000565834, ENST00000567935, 

ENST00000566843, ENST00000568034, 

ENST00000562310, ENST00000564587, 

ENST00000564068 

2.92E-02 

COQ10A 8.51 6.20 -0.92 ENST00000546614, ENST00000551566 4.93E-02 

COX4I1 48.47 44.54 -0.29 
ENST00000569997, ENST00000564903, 

ENST00000568339 
4.37E-02 

COX6A1 

GATC 
17.57 13.94 -0.68 ENST00000549525 7.57E-03 

CPNE1 

NFS1 

RBM12 

8.04 4.28 -1.82 ENST00000471137, ENST00000480655 1.21E-02 

CPNE1 NFS1 

RBM12 
7.17 3.62 -1.98 ENST00000480655 4.10E-02 

CPNE1 NFS1 

RBM12 
8.30 5.06 -1.43 ENST00000480655 4.88E-02 

CPOX 

CLDND1 
20.43 12.16 -1.53 ENST00000507411 3.84E-05 

CPOX 

CLDND1 
19.92 12.85 -1.29 ENST00000513988 8.05E-04 

CREBZF 41.99 39.88 -0.17 
ENST00000490820, ENST00000398294, 

ENST00000527447, ENST00000528889 
8.31E-03 

CREG2 33.37 38.33 0.44 ENST00000495455 4.54E-02 

CSDE1 34.99 37.09 0.19 
ENST00000358528, ENST00000534699, 

ENST00000438362 
3.56E-02 

CSRNP2 12.44 14.61 0.47 ENST00000548981, ENST00000548206 2.84E-02 

CSRP1 19.39 13.22 -1.13 
ENST00000533402, ENST00000458271, 

ENST00000527573, ENST00000532313 
1.39E-03 

CSRP1 16.71 12.74 -0.80 ENST00000533402 3.24E-02 

CSRP1 19.85 14.06 -1.02 
ENST00000533402, ENST00000529975, 

ENST00000532313 
1.02E-03 

CSRP1 33.61 24.60 -0.97 
ENST00000533402, ENST00000458271, 

ENST00000532313 
9.30E-04 

CSRP1 36.68 26.77 -0.99 ENST00000533402, ENST00000532313 5.21E-05 

CSRP1 23.68 17.57 -0.89 
ENST00000533402, ENST00000532313, 

ENST00000533188 
3.84E-04 



 

200 

CSRP1 34.98 25.73 -0.96 ENST00000533402, ENST00000532313 8.19E-05 

CSRP1 29.10 21.34 -0.94 ENST00000533402, ENST00000532313 2.20E-04 

CSRP1 21.35 16.67 -0.74 ENST00000533402, ENST00000527662 3.02E-05 

CTNNA2 60.06 58.80 -0.08 

ENST00000466387, ENST00000541047, 

ENST00000343114, ENST00000496558, 

ENST00000402739, ENST00000361291, 

ENST00000540488 

4.77E-02 

CTSD 

IFITM10 
55.97 48.49 -0.51 ENST00000340134, ENST00000382123 1.21E-02 

CYB5R2 11.99 8.13 -1.13 ENST00000526084 9.73E-03 

DAAM1 5.88 9.13 1.27 ENST00000555651 9.51E-03 

DDR1 

MIR4640 
7.54 4.63 -1.41 ENST00000514534 2.00E-02 

DGCR6 24.71 26.76 0.24 

ENST00000480608, ENST00000331444, 

ENST00000608842, ENST00000483718, 

ENST00000427407 

3.25E-02 

DGCR6 33.74 25.94 -0.82 ENST00000483718 6.16E-06 

DGCR6 9.76 6.91 -1.00 
ENST00000331444, ENST00000483718, 

ENST00000413981 
3.21E-03 

DICER1-AS1 5.53 8.72 1.32 ENST00000439999 1.59E-04 

DIEXF 16.11 18.49 0.41 ENST00000457820, ENST00000491415 1.63E-03 

DMTF1 10.61 7.76 -0.91 ENST00000425406, ENST00000480982 3.24E-02 

DMTF1 22.78 16.28 -1.00 ENST00000480982 1.22E-02 

DNM2 3.31 6.07 1.75 ENST00000590806 4.53E-02 

DNMT1 

S1PR2 
6.20 3.76 -1.44 ENST00000587604 1.79E-02 

DPH1 

OVCA2 
18.22 20.60 0.37 

ENST00000572195, ENST00000571710, 

ENST00000263084, ENST00000572684 
3.06E-02 

DST 4.93 2.37 -2.12 ENST00000523943 3.28E-02 

DST 4.93 2.37 -2.12 ENST00000523943 3.28E-02 

DYNC2LI1 20.55 15.63 -0.81 ENST00000398823 2.93E-02 

E2F4 9.08 11.94 0.80 ENST00000567007 2.96E-02 
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E2F6 28.02 25.17 -0.33 
ENST00000428221, ENST00000444832, 

ENST00000381525 
2.83E-02 

EDRF1 10.22 7.12 -1.05 ENST00000368813 1.45E-02 

EEF1E1 

BLOC1S5 

TXNDC5 

BLOC1S5-

TXNDC5 

EEF1E1-

BLOC1S5 

4.76 2.22 -2.20 ENST00000460138 1.15E-02 

EIF2AK1 6.33 3.41 -1.79 ENST00000470168 2.09E-02 

EIF2AK3 7.23 2.93 -2.61 ENST00000478003 4.53E-02 

EIF2AK3 7.23 2.93 -2.61 ENST00000478003 4.53E-02 

EIF3F 66.97 61.66 -0.32 ENST00000533626 5.12E-05 

EPB41L2 30.82 33.43 0.25 

ENST00000337057, ENST00000368128, 

ENST00000527659, ENST00000529208, 

ENST00000527423, ENST00000456097, 

ENST00000530481, ENST00000527411, 

ENST00000524581 

2.77E-02 

EPHB6 9.82 16.70 1.56 ENST00000486511 3.62E-02 

ERBB2IP 13.38 11.15 -0.54 ENST00000284037 4.01E-02 

EXOC5 5.91 2.52 -2.47 ENST00000554011 1.49E-04 

FADS2 

FEN1 
45.39 38.07 -0.58 ENST00000305885 8.91E-03 

FADS2 

FEN1 
37.96 39.47 0.13 ENST00000521849, ENST00000278840 3.97E-02 

FAM115A 17.41 3.91 -4.34 ENST00000355951, ENST00000479870 5.99E-04 

FAM115A 5.04 7.80 1.26 
ENST00000355951, ENST00000392900, 

ENST00000479870 
2.28E-02 

FAM115A 3.13 6.54 2.13 ENST00000355951 1.75E-04 

FAM13C 22.99 20.72 -0.31 

ENST00000489341, ENST00000419214, 

ENST00000373868, ENST00000442566, 

ENST00000468840, ENST00000435852 

1.87E-02 

FAM211A 14.46 16.88 0.46 ENST00000409887 9.73E-03 

FAM49B 27.59 25.30 -0.26 
ENST00000522746, ENST00000517654, 

ENST00000519540, ENST00000522250, 
2.13E-02 
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ENST00000401979, ENST00000519110, 

ENST00000523509, ENST00000519824, 

ENST00000523288 

FAM49B 27.59 25.30 -0.26 

ENST00000522746, ENST00000517654, 

ENST00000519540, ENST00000522250, 

ENST00000401979, ENST00000519110, 

ENST00000523509, ENST00000519824, 

ENST00000523288 

2.13E-02 

FAM49B 72.60 70.00 -0.15 ENST00000519824 2.00E-03 

FAM49B 72.60 70.00 -0.15 ENST00000519824 2.00E-03 

FAM49B 27.80 25.49 -0.27 

ENST00000522746, ENST00000523288, 

ENST00000519110, ENST00000523509, 

ENST00000519824, ENST00000401979 

4.69E-02 

FAM49B 27.80 25.49 -0.27 

ENST00000522746, ENST00000523288, 

ENST00000519110, ENST00000523509, 

ENST00000519824, ENST00000401979 

4.69E-02 

FAM49B 28.48 26.09 -0.27 

ENST00000522746, ENST00000517654, 

ENST00000522250, ENST00000401979, 

ENST00000519110, ENST00000523509, 

ENST00000519824, ENST00000523288 

3.33E-02 

FAM49B 28.48 26.09 -0.27 

ENST00000522746, ENST00000517654, 

ENST00000522250, ENST00000401979, 

ENST00000519110, ENST00000523509, 

ENST00000519824, ENST00000523288 

3.33E-02 

FAM76B 4.45 2.15 -2.10 ENST00000540054 3.62E-02 

FAM91A1 8.46 3.28 -2.75 ENST00000518333 2.67E-03 

FANCL 5.49 8.38 1.22 ENST00000470506, ENST00000540646 3.25E-02 

FEZ1 8.35 11.51 0.94 ENST00000577924 4.34E-02 

FKBP4 10.55 12.94 0.60 ENST00000540260, ENST00000543769 3.69E-02 

FKBP5 19.84 9.71 -2.10 ENST00000542713 1.75E-06 

FLCN 

PLD6 
21.61 31.46 1.15 ENST00000466317 8.72E-03 

FLCN 

PLD6 
15.47 21.38 0.96 ENST00000389169, ENST00000466317 1.36E-03 

FNBP4 20.22 23.11 0.40 ENST00000530207 1.20E-02 

FNBP4 7.22 9.47 0.79 ENST00000530207, ENST00000363220 4.46E-02 

FNBP4 9.56 12.33 0.74 ENST00000363220 1.63E-03 
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FOS 4.24 8.54 2.03 ENST00000555242 4.42E-02 

FOS 3.61 7.39 2.07 ENST00000554617 4.42E-02 

FOS 4.58 10.01 2.27 ENST00000555347 9.73E-08 

FOS 3.74 9.33 2.64 ENST00000555347, ENST00000554617 1.00E-04 

FRYL 10.49 4.70 -2.33 ENST00000513401 1.04E-11 

FRYL 12.36 7.94 -1.29 ENST00000514783 3.34E-03 

GAB1 6.21 3.80 -1.42 ENST00000515388, ENST00000505913 2.33E-02 

GAPDH 42.82 40.61 -0.17 ENST00000496049, ENST00000229239 5.22E-03 

GAPDH 43.08 40.91 -0.17 
ENST00000396856, ENST00000496049, 

ENST00000229239 
6.65E-03 

GAPDH 28.23 25.11 -0.36 ENST00000229239 1.77E-05 

GBGT1 

RALGDS 
17.99 13.98 -0.74 ENST00000469972, ENST00000498797 2.37E-03 

GBGT1 

RALGDS 
14.44 10.50 -0.93 ENST00000469972 9.78E-04 

GBGT1 

RALGDS 
6.82 9.76 1.04 

ENST00000540636, ENST00000470431, 

ENST00000472281, ENST00000372043, 

ENST00000372040, ENST00000372038 

1.06E-02 

GCDH 8.22 4.90 -1.50 ENST00000591050 4.13E-03 

GCSH 

C16orf46 
6.66 4.21 -1.33 ENST00000564477 4.80E-02 

GIGYF1 33.00 30.46 -0.25 ENST00000275732 3.51E-02 

GIMAP5 

GIMAP1 
11.27 14.04 0.64 ENST00000464461, ENST00000307194 5.65E-03 

GIMAP5 

GIMAP1 
25.10 27.85 0.32 ENST00000307194 1.56E-02 

GIMAP5 

GIMAP1 
12.85 9.66 -0.83 ENST00000476324 1.22E-03 

GLYR1 3.52 6.39 1.72 ENST00000586095 2.49E-03 

GMPR2 14.23 11.37 -0.66 ENST00000560517 2.16E-02 
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GNAS 121.45 122.16 0.03 

ENST00000476935, ENST00000477931, 

ENST00000371095, ENST00000480232, 

ENST00000468895, ENST00000470512, 

ENST00000464624, ENST00000496934, 

ENST00000371075, ENST00000493958, 

ENST00000488546, ENST00000492907, 

ENST00000472183, ENST00000354359, 

ENST00000476196, ENST00000479025, 

ENST00000306090, ENST00000464788, 

ENST00000487862, ENST00000371102, 

ENST00000481039, ENST00000371100, 

ENST00000467321, ENST00000313949, 

ENST00000265620, ENST00000487981, 

ENST00000488652,  

ENST00000371085, ENST00000604005, 

ENST00000480975 

3.95E-02 

GNB2L1 

SNORD95 

SNORD96

A 

11.97 9.07 -0.81 ENST00000514183, ENST00000502548 4.57E-02 

GNL1 53.04 54.37 0.09 
ENST00000462708, ENST00000376621, 

ENST00000464231 
2.09E-02 

GNL1 48.66 50.41 0.12 
ENST00000462708, ENST00000376621, 

ENST00000487166 
1.04E-03 

GOLGA6L

9 

UBE2Q2P2 

3.46 1.03 -3.49 ENST00000300515 4.88E-02 

GPCPD1 24.45 26.70 0.27 
ENST00000481038, ENST00000379019, 

ENST00000481690 
3.17E-02 

GPR123 11.51 14.56 0.69 ENST00000392606 5.31E-03 

GPR56 13.62 15.94 0.46 

ENST00000456916, ENST00000566164, 

ENST00000388813, ENST00000388812, 

ENST00000538815, ENST00000568487, 

ENST00000567702, ENST00000565338, 

ENST00000563374, ENST00000568645, 

ENST00000567154, ENST00000562558, 

ENST00000568234, ENST00000564338, 

ENST00000566271, ENST00000565770, 

ENST00000563007, ENST00000562631 

2.01E-02 

GPR56 13.62 15.94 0.46 

ENST00000456916, ENST00000566164, 

ENST00000388813, ENST00000388812, 

ENST00000538815, ENST00000568487, 

ENST00000567702, ENST00000565338, 

ENST00000563374, ENST00000568645, 

ENST00000567154, ENST00000562558, 

ENST00000568234, ENST00000564338, 

2.01E-02 
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ENST00000566271, ENST00000565770, 

ENST00000563007, ENST00000562631 

GPS2 

NEURL4 
9.93 5.66 -1.63 ENST00000576485 8.74E-08 

GPX3 14.04 16.41 0.46 ENST00000388825 2.48E-02 

GSTM4 0.77 3.21 4.13 ENST00000369833 3.41E-02 

GUSBP13 5.21 3.43 -1.21 ENST00000506490 2.21E-02 

H2AFY 4.40 6.78 1.25 ENST00000512507 2.80E-02 

HBB 1.54 4.33 3.00 ENST00000475226 3.67E-02 

HDAC6 9.83 13.46 0.92 

ENST00000489352, ENST00000476625, 

ENST00000462730, ENST00000477528, 

ENST00000465269 

3.78E-03 

HECTD3 18.57 13.07 -1.03 ENST00000486132 3.95E-02 

HGS 4.47 7.08 1.33 ENST00000576393 6.57E-03 

HINT2 7.90 5.36 -1.12 ENST00000474908 9.96E-03 

HIPK3 12.76 9.28 -0.93 ENST00000303296 2.80E-02 

HK1 70.92 72.32 0.08 

ENST00000360289, ENST00000448642, 

ENST00000359426, ENST00000404387, 

ENST00000494253, ENST00000298649 

3.06E-02 

HNRNPDL 19.81 17.83 -0.31 
ENST00000502762, ENST00000295470, 

ENST00000602300, ENST00000349655 
4.88E-02 

HSPA14 28.69 32.19 0.36 ENST00000437161 4.46E-03 

HSPA8 

SNORD14

C 

SNORD14

D 

25.90 22.49 -0.43 
ENST00000527983, ENST00000453788, 

ENST00000533238, ENST00000534624 
3.01E-03 

HTR7P1 1.84 4.37 2.49 ENST00000543321 1.56E-02 

HYAL2 

TUSC2 
71.48 73.34 0.11 ENST00000232496 1.60E-02 

HYAL2 

TUSC2 
37.72 39.91 0.18 

ENST00000454201, ENST00000417867, 

ENST00000421918, ENST00000463304, 

ENST00000462137, ENST00000232496 

5.02E-03 

HYAL2 

TUSC2 
34.44 30.36 -0.40 

ENST00000395139, ENST00000447092, 

ENST00000357750, ENST00000442581 
2.77E-04 
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HYAL2 

TUSC2 
33.38 29.22 -0.42 

ENST00000395139, ENST00000447092, 

ENST00000442581, ENST00000357750, 

ENST00000481597 

1.34E-02 

HYAL2 

TUSC2 
20.32 18.12 -0.34 

ENST00000428028, ENST00000442581, 

ENST00000462137, ENST00000395139, 

ENST00000424190, ENST00000447092, 

ENST00000458018, ENST00000481597, 

ENST00000426286, ENST00000357750 

2.89E-02 

IER3IP1 

HDHD2 
12.98 10.50 -0.62 ENST00000588705 1.21E-02 

INPP5F 20.13 23.59 0.48 ENST00000361976 7.04E-07 

INPP5F 18.20 20.57 0.37 ENST00000361976 7.47E-03 

INPP5F 23.85 26.18 0.28 ENST00000361976 4.23E-03 

INPP5F 13.07 15.53 0.51 ENST00000369083, ENST00000361976 8.98E-03 

INPP5F 20.12 22.60 0.35 ENST00000361976 1.25E-02 

ITM2C 25.04 27.26 0.26 ENST00000541852, ENST00000457215 2.34E-02 

ITPKB 16.56 11.99 -0.95 ENST00000366784 4.56E-04 

JMJD1C 9.57 5.69 -1.51 ENST00000497922, ENST00000483298 9.63E-03 

JMJD1C 9.57 5.69 -1.51 ENST00000497922, ENST00000483298 9.63E-03 

JPH4 

AP1G2 
16.00 14.12 -0.37 ENST00000556152, ENST00000465445 4.10E-02 

KATNBL1 8.24 11.53 0.98 ENST00000560671 1.89E-02 

KAZN 53.65 49.09 -0.31 ENST00000376030 8.23E-03 

KCNAB2 9.00 5.59 -1.38 ENST00000378087 4.72E-02 

KCNN1 35.81 37.40 0.14 ENST00000609922, ENST00000222249 3.62E-02 

KDM5B 19.73 17.63 -0.33 ENST00000472822 4.36E-02 

KDM6A 3.60 6.05 1.50 ENST00000377967, ENST00000451692 4.87E-02 

KDM6A 3.97 7.00 1.64 
ENST00000377967, ENST00000451692, 

ENST00000433797 
1.46E-02 

KHDRBS3 32.29 28.34 -0.41 
ENST00000522578, ENST00000522079, 

ENST00000521461 
3.89E-05 

KHDRBS3 37.16 32.59 -0.42 
ENST00000522578, ENST00000522079, 

ENST00000521461 
4.28E-06 
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KIAA0408 

SOGA3 
18.60 15.67 -0.51 ENST00000487331 3.51E-02 

KIAA2013 18.83 16.30 -0.43 ENST00000376576 7.11E-03 

KIFC2 5.89 2.98 -1.97 ENST00000533114 3.37E-02 

KLC1 

APOPT1 
29.24 31.76 0.26 

ENST00000556253, ENST00000458117, 

ENST00000557079, ENST00000492189, 

ENST00000477116, ENST00000409074, 

ENST00000476323, ENST00000473127, 

ENST00000247618, ENST00000440963 

1.78E-02 

KLC1 

APOPT1 
26.71 29.13 0.27 

ENST00000458117, ENST00000557079, 

ENST00000492189, ENST00000477116, 

ENST00000409074, ENST00000476323, 

ENST00000473127, ENST00000247618, 

ENST00000440963 

9.43E-03 

KLC1 

APOPT1 
35.19 37.89 0.24 

ENST00000556253, ENST00000474271, 

ENST00000473127, ENST00000555660, 

ENST00000458117, ENST00000554876, 

ENST00000492189, ENST00000472726, 

ENST00000409074, ENST00000476323, 

ENST00000247618, ENST00000440963, 

ENST00000489117, ENST00000477116 

1.51E-02 

KLF6 3.82 0.73 -4.78 
ENST00000497571, ENST00000542957, 

ENST00000461124 
4.18E-02 

KLHL2 14.26 11.28 -0.69 ENST00000509028 9.30E-04 

LARP6 5.04 2.11 -2.52 ENST00000560052 4.88E-02 

LEMD2 9.32 12.20 0.79 ENST00000511171 9.78E-04 

LGR4 6.00 3.25 -1.77 ENST00000489910 2.09E-02 

LIMCH1 11.37 14.14 0.64 
ENST00000509454, ENST00000396595, 

ENST00000509277, ENST00000381753 
8.30E-03 

LINC00599 36.04 41.49 0.46 ENST00000518557, ENST00000517675 1.63E-08 

LINC00623 3.31 5.64 1.54 
ENST00000439332, ENST00000441423, 

ENST00000440719 
2.33E-02 

LINC02609 18.32 15.26 -0.54 ENST00000606660, ENST00000455680 9.63E-03 

LMBR1L 1.89 4.86 2.73 ENST00000551169 1.85E-03 

LMBR1L 11.20 16.06 1.06 ENST00000549587 7.29E-05 

LMNA 4.70 1.98 -2.50 ENST00000368298, ENST00000496738 8.32E-03 

https://www.genecards.org/cgi-bin/carddisp.pl?gene=LINC02609&keywords=ENSG00000233593
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LONRF1 9.66 4.99 -1.92 ENST00000534446, ENST00000526680 1.01E-10 

LRP4 9.77 6.72 -1.08 ENST00000529604 1.16E-02 

LRPPRC 4.81 2.31 -2.12 ENST00000483489 1.16E-02 

LRPPRC 4.81 2.31 -2.12 ENST00000483489 1.16E-02 

LRRC8C 

LRRC8D 
62.05 69.36 0.43 ENST00000370454 9.64E-03 

LRRC8C 

LRRC8D 
74.20 73.07 -0.06 ENST00000337338, ENST00000394593 5.73E-04 

MAD1L1 12.35 16.04 0.77 ENST00000437877 5.72E-03 

MAG 10.61 7.82 -0.89 ENST00000597162 1.34E-02 

MAGI2 4.02 1.01 -3.98 ENST00000517762 1.04E-03 

MAN2A1 8.87 6.16 -1.06 ENST00000508043 4.46E-03 

MANBA 4.14 1.27 -3.42 ENST00000514430 6.39E-03 

MAP3K12 5.86 10.56 1.71 ENST00000547020 2.65E-02 

MAP3K12 11.44 5.89 -1.93 ENST00000547020 1.01E-04 

MAP4K4 40.99 42.85 0.15 

ENST00000476609, ENST00000347699, 

ENST00000413150, ENST00000324219, 

ENST00000417294, ENST00000425019, 

ENST00000350198, ENST00000350878 

3.37E-02 

MAPK8IP2 65.17 60.21 -0.30 ENST00000399908 3.54E-03 

MAST4 5.79 8.14 0.99 

ENST00000434115, ENST00000406374, 

ENST00000470421, ENST00000490016, 

ENST00000403666, ENST00000450827 

2.59E-02 

MAT2A 27.83 18.38 -1.25 ENST00000481412 4.99E-02 

MBD5 15.27 12.44 -0.60 ENST00000404807, ENST00000416015 3.51E-02 

MEG3 11.42 15.16 0.83 ENST00000521812, ENST00000452120 3.25E-02 

MEG3 11.42 15.16 0.83 ENST00000521812, ENST00000452120 3.25E-02 

MEG3 8.39 11.68 0.96 
ENST00000455531, ENST00000524131, 

ENST00000398461, ENST00000524035 
2.18E-02 

MEG3 8.39 11.68 0.96 
ENST00000455531, ENST00000524131, 

ENST00000398461, ENST00000524035 
2.18E-02 
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MEG3 15.33 19.43 0.70 
ENST00000455531, ENST00000398461, 

ENST00000524035 
1.02E-02 

MEG3 15.33 19.43 0.70 
ENST00000455531, ENST00000398461, 

ENST00000524035 
1.02E-02 

MEG3 15.55 19.65 0.69 
ENST00000455531, ENST00000398461, 

ENST00000524035 
2.78E-02 

MEG3 15.55 19.65 0.69 
ENST00000455531, ENST00000398461, 

ENST00000524035 
2.78E-02 

METTL17 8.43 5.21 -1.40 
ENST00000554751, ENST00000554283, 

ENST00000553564 
6.22E-04 

METTL17 8.43 5.21 -1.40 
ENST00000554751, ENST00000554283, 

ENST00000553564 
6.22E-04 

MFSD1 14.25 8.69 -1.44 ENST00000465235 4.63E-03 

MFSD1 10.09 6.20 -1.41 ENST00000465235, ENST00000468409 4.10E-02 

MICAL3 8.81 11.18 0.69 ENST00000579997 3.37E-02 

MICALL2 9.06 12.00 0.82 ENST00000496184, ENST00000470807 8.23E-03 

MICALL2 18.67 21.72 0.45 ENST00000472100 4.42E-02 

MIER1 7.81 10.11 0.75 ENST00000371012 3.34E-02 

MLLT10 13.48 16.79 0.65 ENST00000377100, ENST00000377091 7.65E-04 

MLLT6 7.43 11.20 1.19 ENST00000494578 4.54E-02 

MROH8 13.07 10.85 -0.54 

ENST00000417458, ENST00000441008, 

ENST00000217333, ENST00000343811, 

ENST00000400441 

3.25E-02 

MRPL13 7.85 4.16 -1.84 ENST00000523316 4.37E-02 

MRPS24 

URGCP 

URGCP-

MRPS24 

48.02 51.14 0.22 
ENST00000603700, ENST00000418740, 

ENST00000317534 
2.50E-02 

MRPS24 

URGCP 

URGCP-

MRPS24 

45.52 48.88 0.24 
ENST00000483330, ENST00000603700, 

ENST00000418740, ENST00000317534 
7.49E-03 

MRPS24 

URGCP 

URGCP-

MRPS24 

52.12 55.63 0.23 

ENST00000483330, ENST00000603700, 

ENST00000467084, ENST00000418740, 

ENST00000317534 

3.21E-04 
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MRPS24 

URGCP 

URGCP-

MRPS24 

39.30 42.36 0.25 

ENST00000483330, ENST00000467084, 

ENST00000317534, ENST00000603700, 

ENST00000414932, ENST00000418740 

3.18E-07 

MRPS24 

URGCP 

URGCP-

MRPS24 

31.77 34.67 0.28 

ENST00000414932, ENST00000603700, 

ENST00000467084, ENST00000418740, 

ENST00000317534 

1.17E-04 

MRPS24 

URGCP 

URGCP-

MRPS24 

78.00 74.76 -0.18 

ENST00000223341, ENST00000447717, 

ENST00000453200, ENST00000443736, 

ENST00000402306, ENST00000497914, 

ENST00000336086 

4.84E-05 

MRPS24 

URGCP 

URGCP-

MRPS24 

39.57 37.00 -0.22 

ENST00000223341, ENST00000447717, 

ENST00000439702, ENST00000453200, 

ENST00000455877, ENST00000443736, 

ENST00000467410, ENST00000402306, 

ENST00000426198, ENST00000497914, 

ENST00000474376, ENST00000336086 

3.51E-02 

MRPS24 

URGCP 

URGCP-

MRPS24 

31.06 28.94 -0.22 

ENST00000223341, ENST00000447717, 

ENST00000439702, ENST00000453200, 

ENST00000443736, ENST00000402306, 

ENST00000497914, ENST00000336086 

3.68E-02 

MRPS33 8.36 5.00 -1.49 ENST00000485202, ENST00000496641 3.26E-02 

MRS2 44.15 40.43 -0.29 ENST00000378386, ENST00000274747 4.45E-02 

MSI2 7.63 9.91 0.76 ENST00000581776 2.00E-02 

MSTO1 

MSTO2P 
9.45 7.02 -0.87 ENST00000466815 6.39E-03 

MT1X 

DPPA2P4 
12.66 6.76 -1.83 ENST00000568370 4.45E-02 

MTMR10 9.90 6.70 -1.13 ENST00000568611 2.86E-02 

MTRR 9.06 6.38 -1.01 ENST00000509961 4.23E-03 

MTUS1 27.61 31.77 0.44 

ENST00000520196, ENST00000523718, 

ENST00000262102, ENST00000381862, 

ENST00000519263, ENST00000381869 

1.16E-02 

MTUS1 14.61 17.30 0.50 

ENST00000520196, ENST00000523718, 

ENST00000262102, ENST00000381862, 

ENST00000519263, ENST00000381869 

7.57E-03 

MUC20 

SDHAP2 
14.39 18.20 0.69 ENST00000414625, ENST00000445430 4.10E-02 
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LINC0096

9 

NADSYN1 5.47 3.21 -1.55 ENST00000525245, ENST00000527538 4.24E-02 

NASP 30.05 33.70 0.36 

ENST00000453748, ENST00000537798, 

ENST00000470768, ENST00000350030, 

ENST00000402363 

7.63E-03 

NBL1 

MINOS1 

MINOS1-

NBL1 

9.44 6.84 -0.93 ENST00000486890 5.68E-03 

NBPF24 2.63 4.58 1.61 
ENST00000369228, ENST00000474625, 

ENST00000470042 
4.79E-02 

NCKAP5L 7.00 10.09 1.06 ENST00000477361 4.10E-04 

NDRG1 24.67 15.48 -1.39 ENST00000519278 4.13E-02 

NDRG2 18.21 16.01 -0.38 

ENST00000556688, ENST00000557616, 

ENST00000557318, ENST00000556329, 

ENST00000554379, ENST00000554143, 

ENST00000397851, ENST00000557676, 

ENST00000397853, ENST00000555142 

4.79E-02 

NDUFA6-

AS1 
7.98 4.75 -1.51 ENST00000416037, ENST00000608491 2.92E-02 

NDUFA6-

AS1 
7.21 4.04 -1.67 

ENST00000416037, ENST00000608491, 

ENST00000439129 
2.77E-02 

NDUFA6-

AS1 
10.19 5.76 -1.65 ENST00000608288, ENST00000608491 1.67E-05 

NDUFA6-

AS1 
12.62 7.52 -1.51 ENST00000608288, ENST00000608491 1.59E-02 

NDUFA6-

AS1 
11.28 6.82 -1.46 

ENST00000417586, ENST00000608288, 

ENST00000608491 
4.88E-02 

NDUFB5 8.26 4.10 -2.03 ENST00000477177 7.81E-04 

NDUFB5 9.02 5.70 -1.33 ENST00000491054, ENST00000477177 4.05E-02 

NDUFB5 9.02 4.99 -1.72 ENST00000482604, ENST00000491054 3.68E-02 

NDUFB5 12.23 6.84 -1.69 ENST00000491054 3.97E-02 

NEB 6.14 3.79 -1.39 

ENST00000421461, ENST00000409198, 

ENST00000397345, ENST00000498015, 

ENST00000413693, ENST00000603639, 

ENST00000509223, ENST00000604864, 

ENST00000424585, ENST00000172853, 

2.30E-02 
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ENST00000434685, ENST00000427231, 

ENST00000397337 

NEMF 9.04 3.65 -2.63 ENST00000556074 6.16E-06 

NFE2L1 22.68 24.97 0.29 
ENST00000577431, ENST00000536222, 

ENST00000580050, ENST00000579537 
3.17E-02 

NFRKB 4.28 6.73 1.31 ENST00000304521, ENST00000524794 1.56E-02 

NGFRAP1 55.34 52.01 -0.22 
ENST00000299872, ENST00000372645, 

ENST00000372635 
4.05E-02 

NOC2L 2.78 5.32 1.88 ENST00000496938 4.46E-02 

NOC3L 7.66 4.35 -1.64 ENST00000463649 4.22E-05 

NONO 7.02 3.62 -1.91 ENST00000486613 7.43E-03 

NONO 6.80 3.30 -2.09 ENST00000490044 2.08E-02 

NOSTRIN 8.04 4.75 -1.53 ENST00000472260 4.47E-02 

NOSTRIN 5.52 2.69 -2.08 ENST00000486873 1.50E-02 

NOSTRIN 6.02 3.73 -1.38 ENST00000472260 3.56E-02 

NR2C1 7.32 10.71 1.11 ENST00000549617 4.75E-02 

NRXN2 6.97 4.62 -1.19 ENST00000466324 4.53E-02 

NSMAF 5.92 3.62 -1.42 ENST00000519166 3.89E-02 

NSMAF 7.59 4.78 -1.34 ENST00000519166, ENST00000524148 2.36E-02 

OAT 11.01 8.27 -0.83 ENST00000492376, ENST00000490096 3.87E-02 

ODF2L 37.86 35.97 -0.17 ENST00000359242, ENST00000294678 8.18E-03 

OSBPL7 5.38 8.39 1.29 ENST00000583167 9.46E-04 

OSBPL7 5.10 7.77 1.22 ENST00000583167, ENST00000580808 1.56E-02 

OSGEP 9.31 5.48 -1.54 ENST00000555223 2.25E-03 

OSGEP 9.31 5.48 -1.54 ENST00000555223 2.25E-03 

P2RX5 

TAX1BP3 

P2RX5-

TAX1BP3 

3.61 7.48 2.11 ENST00000549063 3.41E-03 

PACSIN1 41.12 43.89 0.22 
ENST00000486120, ENST00000538621, 

ENST00000487760 
1.34E-02 
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PALM3 22.61 25.28 0.34 ENST00000340790 1.05E-02 

PCNX 4.67 2.44 -1.88 ENST00000557428 4.80E-02 

PCSK1 59.57 61.38 0.11 
ENST00000513085, ENST00000508626, 

ENST00000311106 
1.56E-02 

PCYOX1 4.38 7.03 1.37 ENST00000505044, ENST00000414812 2.65E-02 

PDCD6IP 4.30 7.89 1.76 ENST00000489869 9.23E-05 

PDCD6IP 4.30 7.89 1.76 ENST00000489869 9.23E-05 

PDGFC 5.97 3.50 -1.54 ENST00000511985 1.48E-02 

PER1 

VAMP2 
36.73 32.51 -0.39 ENST00000317276, ENST00000581082 5.78E-03 

PER1 VAMP2 51.83 45.59 -0.44 
ENST00000317276, ENST00000581082, 

ENST00000582719 
2.01E-04 

PER1 VAMP2 29.82 25.47 -0.48 
ENST00000581082, ENST00000317276, 

ENST00000583677, ENST00000582719 
2.73E-03 

PER1 VAMP2 36.95 31.30 -0.53 

ENST00000583677, ENST00000585284, 

ENST00000317276, ENST00000581082, 

ENST00000582719 

5.78E-06 

PER1 VAMP2 38.58 32.93 -0.51 

ENST00000585284, ENST00000317276, 

ENST00000583677, ENST00000581082, 

ENST00000582719 

1.21E-05 

PER1 VAMP2 37.19 32.10 -0.47 
ENST00000581082, ENST00000317276, 

ENST00000585284, ENST00000582719 
1.95E-03 

PER1 VAMP2 31.82 28.11 -0.39 
ENST00000579098, ENST00000317276, 

ENST00000581082, ENST00000582719 
4.14E-02 

PER1 VAMP2 108.50 111.96 0.17 

ENST00000316509, ENST00000498285, 

ENST00000404970, ENST00000481878, 

ENST00000488857 

2.21E-02 

PER1 VAMP2 27.63 24.44 -0.37 

ENST00000354903, ENST00000317276, 

ENST00000578223, ENST00000581082, 

ENST00000582719, ENST00000581395 

2.02E-02 

PER1 VAMP2 27.95 24.96 -0.35 

ENST00000354903, ENST00000317276, 

ENST00000578223, ENST00000581082, 

ENST00000582719, ENST00000581395 

4.26E-02 

PER1 VAMP2 27.83 22.85 -0.60 

ENST00000354903, ENST00000317276, 

ENST00000581082, ENST00000581703, 

ENST00000582719, ENST00000577253, 

ENST00000581395, ENST00000579065 

7.50E-03 
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PER1 VAMP2 20.59 18.52 -0.32 

ENST00000354903, ENST00000317276, 

ENST00000581082, ENST00000583559, 

ENST00000578089, ENST00000582719 

2.65E-02 

PER1 VAMP2 27.24 23.63 -0.43 

ENST00000354903, ENST00000578089, 

ENST00000317276, ENST00000581082, 

ENST00000582719 

5.84E-04 

PER1 VAMP2 27.54 22.78 -0.58 

ENST00000354903, ENST00000317276, 

ENST00000581082, ENST00000581703, 

ENST00000582719, ENST00000581395, 

ENST00000579065 

1.64E-03 

PER1 VAMP2 25.35 22.67 -0.34 

ENST00000354903, ENST00000581395, 

ENST00000579065, ENST00000317276, 

ENST00000582719 

1.06E-02 

PER1 VAMP2 23.74 20.06 -0.51 

ENST00000354903, ENST00000317276, 

ENST00000581082, ENST00000582719, 

ENST00000581395, ENST00000579065 

2.57E-02 

PER1 VAMP2 26.71 23.31 -0.41 

ENST00000354903, ENST00000581395, 

ENST00000317276, ENST00000581082, 

ENST00000582719 

1.72E-02 

PER1 VAMP2 24.91 20.82 -0.54 

ENST00000354903, ENST00000317276, 

ENST00000581082, ENST00000581703, 

ENST00000582719, ENST00000581395, 

ENST00000579065 

1.41E-02 

PER1 VAMP2 25.56 21.95 -0.46 

ENST00000354903, ENST00000581395, 

ENST00000317276, ENST00000581082, 

ENST00000582719 

2.00E-02 

PER1 VAMP2 30.45 26.95 -0.38 

ENST00000354903, ENST00000317276, 

ENST00000581082, ENST00000582719, 

ENST00000581395, ENST00000585095 

1.56E-02 

PER1 VAMP2 27.44 23.82 -0.43 

ENST00000354903, ENST00000317276, 

ENST00000578223, ENST00000581082, 

ENST00000582719, ENST00000581395 

2.39E-02 

PER1 VAMP2 29.77 25.65 -0.46 

ENST00000354903, ENST00000317276, 

ENST00000581082, ENST00000582719, 

ENST00000581395, ENST00000579065 

8.71E-03 

PER1 VAMP2 27.27 23.60 -0.44 

ENST00000354903, ENST00000317276, 

ENST00000581082, ENST00000579203, 

ENST00000582719, ENST00000581395, 

ENST00000577424, ENST00000585095 

1.65E-02 

PER1 VAMP2 30.20 25.88 -0.48 

ENST00000354903, ENST00000317276, 

ENST00000581082, ENST00000578089, 

ENST00000582719, ENST00000581395 

7.33E-04 
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PEX1 10.47 7.72 -0.89 ENST00000496420 1.68E-02 

PFKFB3 25.74 23.52 -0.27 

ENST00000461744, ENST00000360521, 

ENST00000317350, ENST00000379785, 

ENST00000414237, ENST00000379782, 

ENST00000490474, ENST00000467491 

2.05E-02 

PGAP2 7.06 9.36 0.82 
ENST00000465237, ENST00000485602, 

ENST00000487112, ENST00000459679 
2.90E-02 

PI4KA 73.32 72.37 -0.05 
ENST00000572273, ENST00000494113, 

ENST00000255882 
3.68E-02 

PI4KAP2 13.77 16.84 0.59 

ENST00000479693, ENST00000360806, 

ENST00000467443, ENST00000450651, 

ENST00000462560, ENST00000480319, 

ENST00000546263 

9.78E-03 

PI4KAP2 8.73 11.62 0.83 

ENST00000479693, ENST00000360806, 

ENST00000467443, ENST00000450651, 

ENST00000462560, ENST00000480319 

2.69E-02 

PILRA 

PILRB 

PVRIG2P 

STAG3L5P 

STAG3L5P

-PVRIG2P-

PILRB 

7.63 10.83 1.02 ENST00000493091 2.30E-03 

PIP4K2A 55.54 54.02 -0.10 
ENST00000474335, ENST00000376573, 

ENST00000323883 
4.75E-02 

PKIA 84.09 81.92 -0.12 ENST00000396418 2.12E-02 

PLEC 19.53 16.66 -0.47 ENST00000532346, ENST00000528025 3.71E-02 

PLEKHM1

P 
17.83 20.03 0.35 

ENST00000582986, ENST00000397718, 

ENST00000580919, ENST00000578036, 

ENST00000440036, ENST00000584585, 

ENST00000582201 

4.05E-02 

PLOD2 8.21 4.81 -1.54 ENST00000478436 2.01E-02 

PLP1 15.98 19.94 0.66 ENST00000303958, ENST00000361621 1.07E-03 

PLXNB1 8.16 4.60 -1.66 ENST00000473996 1.21E-02 

POLDIP3 7.29 4.28 -1.54 ENST00000454057, ENST00000491021 3.16E-03 

PPA1 6.81 2.61 -2.77 ENST00000373230, ENST00000610026 3.95E-02 

PPP2R5C 10.38 5.54 -1.82 ENST00000553730 8.98E-03 
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PRDM1 4.63 2.12 -2.25 ENST00000481163, ENST00000369089 3.51E-02 

PRODH 8.49 12.01 1.01 
ENST00000491604, ENST00000482858, 

ENST00000313755, ENST00000609229 
4.31E-02 

PRODH 8.49 12.01 1.01 
ENST00000491604, ENST00000482858, 

ENST00000313755, ENST00000609229 
4.31E-02 

PRSS53 

VKORC1 
25.98 27.89 0.22 

ENST00000532364, ENST00000354895, 

ENST00000300851, ENST00000529564, 

ENST00000319788, ENST00000394975 

2.80E-02 

PSEN2 0.78 3.48 4.33 ENST00000487450, ENST00000471728 1.12E-02 

PSMC5 7.95 5.30 -1.18 ENST00000581764 4.46E-03 

PTDSS1 28.45 23.99 -0.52 ENST00000517309 1.23E-04 

PTK7 5.82 3.01 -1.90 ENST00000493339 2.68E-03 

PTPRN 9.19 12.94 1.00 ENST00000486480 2.39E-02 

PTPRN 8.58 12.73 1.15 ENST00000462351, ENST00000484986 1.47E-02 

QKI 39.41 36.52 -0.25 
ENST00000541696, ENST00000361752, 

ENST00000361758 
2.01E-02 

RAB3D 

TMEM205 
49.33 54.02 0.32 ENST00000222120 2.09E-03 

RAP1GAP2 8.01 5.21 -1.25 
ENST00000254695, ENST00000542807, 

ENST00000366401 
3.04E-03 

RAP1GAP2 8.01 5.21 -1.25 
ENST00000254695, ENST00000542807, 

ENST00000366401 
3.04E-03 

RAP1GAP2 6.46 4.06 -1.34 ENST00000254695, ENST00000366401 2.14E-02 

RAP1GAP2 6.46 4.06 -1.34 ENST00000254695, ENST00000366401 2.14E-02 

RAPGEF6 

FNIP1 
22.48 25.09 0.33 

ENST00000307968, ENST00000307954, 

ENST00000510461, ENST00000511848 
1.68E-02 

RASSF4 15.13 9.97 -1.22 ENST00000471941 1.82E-07 

RASSF4 7.53 4.82 -1.29 ENST00000428466, ENST00000471941 2.57E-02 

RASSF4 8.60 5.79 -1.15 ENST00000428466 1.30E-02 

RASSF4 11.92 9.14 -0.77 ENST00000471941 2.70E-03 

RASSF4 11.65 9.02 -0.75 ENST00000462822, ENST00000471941 7.57E-03 

RB1 11.23 14.52 0.75 ENST00000484879 2.32E-02 
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RBBP4 84.56 82.27 -0.12 ENST00000373493 1.46E-02 

RBFOX2 20.41 24.29 0.52 

ENST00000416721, ENST00000262829, 

ENST00000449924, ENST00000397305, 

ENST00000405409, ENST00000491982 

4.23E-03 

RBFOX2 20.56 23.89 0.45 

ENST00000414461, ENST00000416721, 

ENST00000491982, ENST00000449924, 

ENST00000397305, ENST00000405409, 

ENST00000262829 

1.30E-02 

RBFOX2 18.47 22.45 0.58 

ENST00000397305, ENST00000262829, 

ENST00000491982, ENST00000449924, 

ENST00000405409 

4.71E-04 

RDH11 

VTI1B 
4.50 7.32 1.41 ENST00000553578 4.46E-03 

RDH5 

BLOC1S1 
46.45 47.88 0.10 

ENST00000548556, ENST00000549147, 

ENST00000548925, ENST00000547076, 

ENST00000553100, ENST00000257899 

3.95E-02 

RELA 7.31 11.62 1.35 ENST00000525693 3.75E-02 

RFNG 9.52 11.78 0.62 ENST00000582478 4.93E-02 

RHOBTB2 6.68 3.15 -2.18 ENST00000517528 4.80E-02 

RIT1 39.26 37.69 -0.13 ENST00000368323 4.75E-02 

RLTPR 4.72 2.36 -2.00 ENST00000602321 2.89E-02 

RNF125 

RNF138 
12.01 9.38 -0.72 

ENST00000580863, ENST00000583814, 

ENST00000583384, ENST00000217740 
4.45E-02 

RNF19A 10.46 5.76 -1.73 ENST00000520071 2.04E-02 

RNH1 9.52 6.49 -1.11 ENST00000525522, ENST00000524780 4.84E-02 

RNPC3 

ACTG1P4 

AMY2B 

8.22 13.61 1.47 ENST00000533834 8.19E-05 

RPGRIP1L 20.60 24.17 0.48 ENST00000568653 1.46E-02 

RPL13A 

ALDH16A

1 

SNORD35

A 

SNORD32

A 

SNORD34 

5.51 3.20 -1.57 

ENST00000476268, ENST00000363389, 

ENST00000488946, ENST00000476300, 

ENST00000472481 

3.84E-02 
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FLT3LG 

SNORD33 

RPL37 74.60 75.52 0.05 
ENST00000274242, ENST00000504562, 

ENST00000507642, ENST00000509877 
5.47E-03 

RPLP0 6.37 3.64 -1.62 
ENST00000548495, ENST00000551783, 

ENST00000549242 
4.76E-02 

RPRD2 25.11 22.56 -0.32 ENST00000369068 1.10E-02 

RPS11 

SNORD35

B 

70.44 72.20 0.10 

ENST00000270625, ENST00000602252, 

ENST00000599167, ENST00000601216, 

ENST00000596873, ENST00000600027, 

ENST00000594493 

4.46E-03 

RPS25 19.36 13.19 -1.13 
ENST00000524864, ENST00000532567, 

ENST00000527853 
1.38E-02 

RSBN1L 5.74 3.03 -1.85 ENST00000462800 7.47E-03 

RSRC2 6.94 3.11 -2.32 ENST00000531639, ENST00000525335 1.54E-03 

RSRC2 7.78 3.51 -2.30 ENST00000531639 3.21E-04 

RSRC2 12.15 6.57 -1.79 ENST00000527173 4.47E-05 

RTDR1 5.00 7.96 1.35 ENST00000216036 3.68E-02 

RTDR1 4.21 6.95 1.45 ENST00000216036 7.50E-03 

RTKN 10.71 6.11 -1.63 ENST00000472518, ENST00000464094 9.18E-03 

RTKN 19.19 14.43 -0.84 ENST00000492013 3.94E-04 

RYK 9.38 6.04 -1.28 ENST00000473208 3.97E-02 

SAFB2 8.20 14.53 1.67 ENST00000591101 3.77E-02 

SAFB2 12.00 18.70 1.31 ENST00000591310 2.32E-02 

SAR1B 81.08 78.21 -0.16 ENST00000402673 3.06E-02 

SARM1 

TMEM199 

MIR4723 

40.51 37.29 -0.27 ENST00000457710 1.56E-02 

SART3 6.53 4.22 -1.26 ENST00000547528 4.77E-02 

SART3 6.53 4.22 -1.26 ENST00000547528 4.77E-02 

SCHIP1 

IQCJ 

IQCJ-

SCHIP1 

29.33 20.30 -1.12 ENST00000482885 4.42E-02 
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SCHIP1 IQCJ 

IQCJ-SCHIP1 
20.82 14.40 -1.09 ENST00000482885, ENST00000472483 5.65E-03 

SCRG1 33.28 31.05 -0.22 ENST00000296506 2.06E-02 

SEMA6D 12.86 15.58 0.56 

ENST00000358066, ENST00000559064, 

ENST00000560006, ENST00000537942, 

ENST00000389432, ENST00000558014 

1.94E-03 

SEMA6D 11.71 14.08 0.54 

ENST00000558014, ENST00000358066, 

ENST00000559064, ENST00000537942, 

ENST00000389432 

3.98E-02 

SEPT3 6.72 9.35 0.96 ENST00000449288 1.95E-02 

SEPW1 16.53 14.34 -0.42 
ENST00000593892, ENST00000601048, 

ENST00000509570 
4.45E-02 

SEPW1 16.53 14.34 -0.42 
ENST00000593892, ENST00000601048, 

ENST00000509570 
4.45E-02 

SERPINH1 5.41 2.54 -2.19 

ENST00000528760, ENST00000532356, 

ENST00000524558, ENST00000525611, 

ENST00000530284, ENST00000533603, 

ENST00000533449 

3.95E-03 

SERPINH1 5.41 2.54 -2.19 

ENST00000528760, ENST00000532356, 

ENST00000524558, ENST00000525611, 

ENST00000530284, ENST00000533603, 

ENST00000533449 

3.95E-03 

SETD5 9.10 5.35 -1.54 ENST00000488236 3.84E-07 

SETD6 8.55 11.07 0.75 ENST00000491587 4.50E-02 

SFSWAP 7.18 10.51 1.11 ENST00000539506 4.46E-03 

SFSWAP 5.72 9.00 1.31 ENST00000539506 1.22E-03 

SGK1 18.08 25.01 0.97 
ENST00000533224, ENST00000524929, 

ENST00000367858 
4.44E-05 

SGK1 14.46 19.84 0.94 

ENST00000461976, ENST00000484353, 

ENST00000367858, ENST00000524387, 

ENST00000531575 

5.85E-04 

SGK1 14.33 18.97 0.83 ENST00000524929, ENST00000367858 7.70E-03 

SGK1 15.20 20.30 0.86 

ENST00000461976, ENST00000524929, 

ENST00000367858, ENST00000484353, 

ENST00000460769 

6.10E-03 

SGK1 15.44 22.12 1.07 
ENST00000461976, ENST00000533224, 

ENST00000524929, ENST00000367858 
2.52E-05 
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SGK1 14.98 19.79 0.82 ENST00000367858 2.84E-02 

SGK1 13.96 18.86 0.89 

ENST00000460769, ENST00000533224, 

ENST00000461976, ENST00000524929, 

ENST00000367858 

2.68E-04 

SGK1 13.55 18.53 0.92 
ENST00000460769, ENST00000524929, 

ENST00000461976, ENST00000367858 
1.22E-03 

SGSM3 12.90 17.72 0.93 ENST00000478085 1.43E-03 

SH3BP2 48.61 46.77 -0.13 
ENST00000442312, ENST00000503393, 

ENST00000356331 
2.06E-02 

SH3BP2 48.61 46.77 -0.13 
ENST00000442312, ENST00000503393, 

ENST00000356331 
2.06E-02 

SH3KBP1 44.60 42.43 -0.17 

ENST00000379726, ENST00000541422, 

ENST00000379716, ENST00000397821, 

ENST00000379698 

1.89E-02 

SH3TC2-DT 3.78 7.32 1.91 ENST00000507318 9.73E-03 

SHANK2 7.64 11.36 1.15 ENST00000409530 3.62E-02 

SLC1A3 5.63 2.83 -1.99 ENST00000506178 3.06E-03 

SLC1A3 6.71 3.76 -1.68 ENST00000502864 1.22E-03 

SLC35E2B 28.68 24.59 -0.47 
ENST00000234800, ENST00000378662, 

ENST00000481276 
2.57E-02 

SLC35E2B 30.97 28.77 -0.23 
ENST00000234800, ENST00000378662, 

ENST00000481276 
4.02E-02 

SLC38A3 6.60 3.40 -1.92 ENST00000417851 1.46E-02 

SLC48A1 39.18 35.52 -0.32 ENST00000442892, ENST00000442218 4.84E-02 

SLC6A8 16.57 8.44 -1.97 ENST00000476466 5.84E-04 

SLC6A8 16.57 8.44 -1.97 ENST00000476466 5.84E-04 

SLC6A8 15.86 9.16 -1.60 ENST00000466243 4.46E-02 

SLC6A8 15.86 9.16 -1.60 ENST00000466243 4.46E-02 

SLCO1A2 23.48 16.71 -1.02 ENST00000480394 8.55E-03 

SLCO4A1 11.08 8.08 -0.92 ENST00000497209 3.68E-02 

SMEK1 16.58 14.16 -0.47 

ENST00000428424, ENST00000554574, 

ENST00000555029, ENST00000555462, 

ENST00000554943, ENST00000555470 

1.64E-02 
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SMEK1 16.10 13.56 -0.51 

ENST00000555029, ENST00000555462, 

ENST00000554943, ENST00000554574, 

ENST00000428424 

7.67E-03 

SMG1P1 

NPIPB5 
11.73 9.62 -0.58 

ENST00000545375, ENST00000541154, 

ENST00000543407 
4.25E-02 

SMG1P1 

NPIPB5 
12.66 9.67 -0.79 

ENST00000415654, ENST00000431681, 

ENST00000309865, ENST00000546168, 

ENST00000378955 

6.57E-03 

SMG1P2 11.10 18.42 1.49 ENST00000566127 3.37E-02 

SNRNP40 7.50 3.89 -1.90 ENST00000489853 1.92E-04 

SNRPA1 9.54 6.55 -1.09 ENST00000559686 2.15E-02 

SNRPN 

SNURF 

SNHG14 

46.91 41.56 -0.41 
ENST00000553597, ENST00000400097, 

ENST00000400098, ENST00000400100 
3.37E-02 

SNRPN 

SNURF 

SNHG14 

27.14 21.91 -0.65 ENST00000553597, ENST00000400097 4.79E-03 

SNRPN 

SNURF 

SNHG14 

40.80 36.46 -0.37 
ENST00000553597, ENST00000400097, 

ENST00000400098, ENST00000400100 
2.73E-03 

SP3 24.62 22.29 -0.30 ENST00000310015, ENST00000455789 4.88E-02 

SPECC1 19.50 16.52 -0.49 

ENST00000582226, ENST00000395525, 

ENST00000584527, ENST00000395522, 

ENST00000395529 

1.09E-03 

SPECC1 19.50 16.52 -0.49 

ENST00000582226, ENST00000395525, 

ENST00000584527, ENST00000395522, 

ENST00000395529 

1.09E-03 

SPECC1 30.86 25.58 -0.58 ENST00000395529 1.49E-08 

SPECC1 30.86 25.58 -0.58 ENST00000395529 1.49E-08 

SPECC1 14.98 11.88 -0.68 ENST00000395522, ENST00000395529 1.12E-04 

SPECC1 14.98 11.88 -0.68 ENST00000395522, ENST00000395529 1.12E-04 

SPEG 23.93 21.66 -0.30 

ENST00000475921, ENST00000462545, 

ENST00000498378, ENST00000464989, 

ENST00000396695, ENST00000396698, 

ENST00000396689, ENST00000396688 

1.30E-02 

SPG20 8.74 6.09 -1.05 ENST00000482146 7.47E-03 
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SPHK2 20.23 17.29 -0.47 

ENST00000245222, ENST00000340932, 

ENST00000601712, ENST00000598088, 

ENST00000600537 

1.26E-03 

SPHK2 19.55 22.46 0.42 
ENST00000599029, ENST00000443164, 

ENST00000599748 
1.34E-03 

SPHK2 14.54 16.97 0.46 ENST00000599748, ENST00000443164 2.92E-02 

SPHK2 20.57 23.29 0.37 
ENST00000599748, ENST00000599029, 

ENST00000443164, ENST00000598574 
2.09E-03 

SPHK2 19.87 16.62 -0.53 

ENST00000340932, ENST00000245222, 

ENST00000601712, ENST00000426514, 

ENST00000600537, ENST00000598088 

8.55E-03 

SPOP 12.62 9.88 -0.71 

ENST00000509079, ENST00000503676, 

ENST00000507970, ENST00000347630, 

ENST00000508805, ENST00000514121, 

ENST00000505581 

3.04E-03 

SPP1 11.53 7.37 -1.30 
ENST00000513981, ENST00000504310, 

ENST00000509659, ENST00000509334 
4.97E-02 

SPP1 9.85 6.00 -1.44 ENST00000505146 3.50E-02 

SRSF5 47.73 45.58 -0.16 

ENST00000557154, ENST00000394366, 

ENST00000553548, ENST00000554465, 

ENST00000556184, ENST00000557435, 

ENST00000553635, ENST00000553369, 

ENST00000553521, ENST00000451983 

8.10E-04 

SRSF5 48.50 46.26 -0.16 

ENST00000394366, ENST00000556184, 

ENST00000557154, ENST00000554465, 

ENST00000557435, ENST00000553635, 

ENST00000553369, ENST00000557460, 

ENST00000451983, ENST00000553521, 

ENST00000553548 

6.67E-04 

SRSF5 49.09 47.00 -0.15 

ENST00000557154, ENST00000394366, 

ENST00000553548, ENST00000556184, 

ENST00000554465, ENST00000557435, 

ENST00000553635, ENST00000556587, 

ENST00000553369, ENST00000557460, 

ENST00000553521, ENST00000451983 

3.54E-03 

SRSF5 45.13 43.18 -0.15 

ENST00000394366, ENST00000553548, 

ENST00000557154, ENST00000554465, 

ENST00000557435, ENST00000553635, 

ENST00000553369, ENST00000553521, 

ENST00000451983 

9.46E-04 

SSBP1 

TAS2R6 
12.64 6.35 -2.00 

ENST00000461433, ENST00000468267, 

ENST00000496622 
2.69E-02 
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SSBP1 

TAS2R6 
9.02 4.40 -2.08 ENST00000469123, ENST00000465167 8.19E-03 

SSBP1 

TAS2R6 
6.98 3.08 -2.37 ENST00000469123 3.21E-03 

SSX2IP 9.98 4.51 -2.31 ENST00000460500 1.47E-02 

STARD3NL 6.96 11.45 1.45 ENST00000471550 3.14E-02 

STARD3NL 6.96 11.45 1.45 ENST00000471550 3.14E-02 

STAT2 8.15 5.37 -1.21 ENST00000557156 1.90E-03 

STK24 15.06 18.89 0.67 ENST00000376547 4.61E-03 

STT3A 

CHEK1 
2.21 4.73 2.20 ENST00000533778, ENST00000524737 3.71E-02 

SYN1 71.63 73.25 0.09 ENST00000340666, ENST00000295987 1.47E-02 

SYT1 12.92 15.40 0.52 ENST00000551304 1.46E-02 

SYT17 

ITPRIPL2 
10.71 13.58 0.70 ENST00000562274 1.28E-02 

TAF10 36.91 33.20 -0.34 ENST00000526743 2.14E-02 

TAF1C 11.55 8.90 -0.76 
ENST00000570270, ENST00000562330, 

ENST00000565279 
3.37E-02 

TAF1C 13.50 10.39 -0.77 ENST00000570270, ENST00000562330 7.57E-03 

TAF1D 

SNORA32 

SNORA1 

SNORA25 

SNORA18 

SNORA8 

SNORA40 

MIR1304 

SNORD5 

33.82 30.61 -0.31 

ENST00000448108, ENST00000534770, 

ENST00000527068, ENST00000323981, 

ENST00000532235, ENST00000526015, 

ENST00000527169 

1.23E-03 

TANC1 8.78 5.05 -1.60 ENST00000470074 1.84E-05 

TAOK2 42.07 44.35 0.18 
ENST00000566552, ENST00000416441, 

ENST00000543033, ENST00000308893 
3.08E-02 

TBC1D24 

AMDHD2 

ATP6V0C 

35.20 32.96 -0.21 
ENST00000569874, ENST00000293970, 

ENST00000564879, ENST00000567020 
3.69E-02 

TBCD 10.84 15.63 1.07 ENST00000571796, ENST00000576677 2.74E-04 
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TBCD 14.03 19.53 0.98 ENST00000576677 1.63E-02 

TBX2 7.88 10.14 0.73 ENST00000477081 3.62E-02 

TCF25 

TUBB3 

MC1R 

48.31 46.64 -0.12 

ENST00000566751, ENST00000263347, 

ENST00000263346, ENST00000562184, 

ENST00000562256 

4.94E-02 

TCF25 

TUBB3 

MC1R 

47.76 46.11 -0.12 

ENST00000263347, ENST00000263346, 

ENST00000562256, ENST00000568412, 

ENST00000566751, ENST00000568409, 

ENST00000562184 

4.33E-02 

TCF25 

TUBB3 

MC1R 

46.87 45.20 -0.12 

ENST00000263347, ENST00000263346, 

ENST00000562256, ENST00000568412, 

ENST00000566751, ENST00000568409, 

ENST00000562184, ENST00000563636 

2.89E-02 

TENC1 16.33 18.60 0.39 

ENST00000552403, ENST00000379902, 

ENST00000546602, ENST00000552570, 

ENST00000451358, ENST00000314250, 

ENST00000549311, ENST00000549700, 

ENST00000551302, ENST00000549498, 

ENST00000314276 

2.27E-02 

TENC1 6.54 9.77 1.16 ENST00000552403 3.89E-02 

TFRC 4.83 2.18 -2.30 ENST00000464011 3.92E-02 

TFRC 4.83 2.18 -2.30 ENST00000464011 3.92E-02 

THOC2 7.59 5.05 -1.18 ENST00000497887, ENST00000496830 1.02E-02 

THOC2 7.59 5.05 -1.18 ENST00000497887, ENST00000496830 1.02E-02 

TIE1 8.00 4.08 -1.95 ENST00000538015 3.74E-07 

TIE1 8.00 4.08 -1.95 ENST00000538015 3.74E-07 

TM9SF1 

NEDD8 

IPO4 

MDP1 

CHMP4A 

NEDD8-

MDP1 

15.26 12.66 -0.55 ENST00000531406 2.41E-03 

TM9SF1 

NEDD8 IPO4 

MDP1 

CHMP4A 

NEDD8-

MDP1 

12.50 10.28 -0.57 ENST00000396854 2.77E-02 
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TMBIM1 54.45 52.58 -0.12 

ENST00000465082, ENST00000396809, 

ENST00000445635, ENST00000258412, 

ENST00000444881 

4.71E-03 

TMEM132A 9.98 12.61 0.68 ENST00000537110 8.70E-03 

TMEM184

B 
6.33 3.41 -1.79 ENST00000436674, ENST00000466117 2.65E-02 

TMEM234 7.41 9.72 0.79 ENST00000466796, ENST00000373593 3.41E-02 

TMEM70 

RPS20P21 
24.05 18.80 -0.74 ENST00000312184, ENST00000466859 3.94E-04 

TMEM70 

RPS20P21 
18.10 14.22 -0.71 ENST00000312184 3.71E-02 

TMX1 3.14 5.95 1.84 ENST00000555574 3.14E-02 

TNNT2 

LAD1 
20.07 22.30 0.32 

ENST00000360372, ENST00000421663, 

ENST00000367315, ENST00000476888, 

ENST00000367317, ENST00000367318, 

ENST00000458432, ENST00000460780, 

ENST00000367322, ENST00000236918, 

ENST00000491504, ENST00000367320, 

ENST00000509001 

7.65E-04 

TNNT2 LAD1 25.88 27.88 0.23 

ENST00000360372, ENST00000421663, 

ENST00000367320, ENST00000476888, 

ENST00000367322, ENST00000367318, 

ENST00000458432, ENST00000460780, 

ENST00000367317, ENST00000509001, 

ENST00000479297, ENST00000491504, 

ENST00000367315, ENST00000236918 

1.10E-02 

TNNT2 LAD1 25.37 27.23 0.22 

ENST00000360372, ENST00000421663, 

ENST00000476888, ENST00000367315, 

ENST00000438742, ENST00000367317, 

ENST00000367318, ENST00000458432, 

ENST00000460780, ENST00000367322, 

ENST00000236918, ENST00000479297, 

ENST00000491504, ENST00000367320, 

ENST00000509001 

2.00E-02 

TNNT2 LAD1 28.63 30.63 0.21 

ENST00000360372, ENST00000421663, 

ENST00000476888, ENST00000367320, 

ENST00000438742, ENST00000367322, 

ENST00000367318, ENST00000367317, 

ENST00000460780, ENST00000458432, 

ENST00000509001, ENST00000479297, 

ENST00000491504, ENST00000367315, 

ENST00000236918 

2.50E-02 
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TNNT2 LAD1 21.09 5.99 -3.68 

ENST00000360372, ENST00000515042, 

ENST00000476888, ENST00000367317, 

ENST00000367318, ENST00000460780, 

ENST00000236918, ENST00000491504, 

ENST00000509001 

1.78E-02 

TNNT2 LAD1 23.93 16.47 -1.12 

ENST00000360372, ENST00000421663, 

ENST00000367315, ENST00000438742, 

ENST00000476888, ENST00000515042, 

ENST00000367318, ENST00000367317, 

ENST00000460780, ENST00000458432, 

ENST00000367322, ENST00000509001, 

ENST00000479297, ENST00000491504, 

ENST00000367320, ENST00000236918 

2.08E-05 

TNNT2 LAD1 24.27 17.71 -0.94 

ENST00000360372, ENST00000421663, 

ENST00000367320, ENST00000438742, 

ENST00000476888, ENST00000515042, 

ENST00000367318, ENST00000367317, 

ENST00000460780, ENST00000458432, 

ENST00000367315, ENST00000367322, 

ENST00000236918, ENST00000491504, 

ENST00000479297, ENST00000466570, 

ENST00000509001 

2.91E-05 

TNNT2 LAD1 22.62 18.17 -0.66 

ENST00000360372, ENST00000421663, 

ENST00000367315, ENST00000438742, 

ENST00000367322, ENST00000515042, 

ENST00000367318, ENST00000458432, 

ENST00000460780, ENST00000367317, 

ENST00000236918, ENST00000479297, 

ENST00000491504, ENST00000367320, 

ENST00000466570, ENST00000509001 

6.22E-04 

TNPO2 45.03 47.70 0.20 ENST00000450764 1.21E-02 

TNPO2 45.03 47.70 0.20 ENST00000450764 1.21E-02 

TNRC6A 16.49 19.72 0.53 
ENST00000395799, ENST00000462400, 

ENST00000568750, ENST00000491718 
7.47E-03 

TPGS2 13.03 10.67 -0.58 ENST00000590652 1.64E-02 

TREX2 

HAUS7 
13.26 10.89 -0.58 

ENST00000491286, ENST00000437046, 

ENST00000330912, ENST00000421080, 

ENST00000435662, ENST00000370212, 

ENST00000484394 

2.00E-02 

TRIP6 5.79 3.35 -1.58 ENST00000463125 2.12E-02 

TTC37 15.05 10.43 -1.07 ENST00000506007 3.37E-02 

TTLL4 13.39 10.43 -0.73 ENST00000480929, ENST00000491899 2.00E-02 
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TTLL4 8.94 6.25 -1.04 ENST00000480929 3.42E-02 

TUBA1B 11.55 9.25 -0.65 ENST00000547476 4.87E-02 

TUBB4A 102.87 102.04 -0.04 

ENST00000264071, ENST00000595324, 

ENST00000598006, ENST00000540257, 

ENST00000601640, ENST00000598635, 

ENST00000594290, ENST00000597686, 

ENST00000596926, ENST00000596291, 

ENST00000601152 

1.21E-02 

TULP3 

RHNO1 
4.43 2.03 -2.25 ENST00000540184 2.55E-02 

TXNIP 5.85 3.11 -1.83 ENST00000488537 9.51E-03 

TYK2 9.79 13.41 0.92 ENST00000534228 6.77E-04 

UBB 118.08 116.82 -0.06 
ENST00000578649, ENST00000302182, 

ENST00000535788 
9.43E-03 

UBE2E2 14.45 8.84 -1.44 ENST00000427371, ENST00000396703 2.87E-03 

UBXN6 7.36 3.76 -1.95 ENST00000587009, ENST00000588238 2.09E-02 

UHRF2 13.81 10.20 -0.88 ENST00000479000, ENST00000485617 6.84E-04 

UNC13B 15.28 18.74 0.60 
ENST00000378496, ENST00000396787, 

ENST00000378495 
3.51E-02 

UNC45A 6.47 10.03 1.27 ENST00000487875 3.24E-02 

UQCRB 70.39 71.26 0.05 

ENST00000287022, ENST00000519322, 

ENST00000518406, ENST00000521036, 

ENST00000521948, ENST00000517603, 

ENST00000523920, ENST00000518876 

1.29E-02 

UQCRB 70.39 71.26 0.05 

ENST00000287022, ENST00000519322, 

ENST00000518406, ENST00000521036, 

ENST00000521948, ENST00000517603, 

ENST00000523920, ENST00000518876 

1.29E-02 

USP14 17.12 10.76 -1.36 ENST00000578942 4.48E-02 

USP4 

C3orf62 
26.99 23.84 -0.38 ENST00000343010, ENST00000479673 3.94E-04 

VDAC2 10.20 7.61 -0.85 

ENST00000535553, ENST00000498394, 

ENST00000470745, ENST00000475142, 

ENST00000468285, ENST00000472137 

7.42E-03 

VSTM2A 1.35 4.15 3.25 ENST00000466888 1.05E-02 
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WAC 64.77 63.13 -0.10 

ENST00000354911, ENST00000439676, 

ENST00000375664, ENST00000375646, 

ENST00000345541, ENST00000347934, 

ENST00000480474 

3.73E-02 

WASF1 47.48 45.91 -0.11 

ENST00000392588, ENST00000392589, 

ENST00000359451, ENST00000265601, 

ENST00000392587, ENST00000444391, 

ENST00000447287 

3.62E-02 

WDR33 23.83 21.68 -0.29 ENST00000436787, ENST00000322313 2.43E-02 

WDR33 24.30 22.06 -0.29 
ENST00000409658, ENST00000436787, 

ENST00000393006, ENST00000322313 
1.04E-02 

WDR53 3.52 1.06 -3.45 ENST00000425888 2.47E-02 

WHSC1L1 5.81 9.59 1.46 ENST00000525081 4.99E-03 

WSB1 11.12 14.32 0.74 ENST00000487603 1.36E-02 

XPO1 9.51 5.16 -1.77 ENST00000481073 3.89E-02 

YPEL4 4.58 7.28 1.34 ENST00000544993, ENST00000524669 7.70E-03 

ZC3H11A 

ZBED6 
26.37 29.61 0.36 

ENST00000550078, ENST00000545588, 

ENST00000495527 
2.65E-02 

ZC3H11A 

ZBED6 
30.05 35.48 0.52 ENST00000550078 2.33E-02 

ZMYM6 

ZMYM6N

B 

12.62 10.06 -0.66 ENST00000417456 1.46E-02 

ZNF200 11.75 9.53 -0.61 ENST00000575285 3.51E-02 

ZNF200 11.75 9.53 -0.61 ENST00000575285 3.51E-02 

ZNF211 6.64 8.91 0.85 ENST00000347302, ENST00000240731 4.55E-02 

ZNF211 6.69 8.97 0.85 
ENST00000541801, ENST00000391703, 

ENST00000347302, ENST00000240731 
4.80E-02 

ZNF211 6.68 9.09 0.89 ENST00000347302 1.43E-02 

ZNF263 19.39 15.10 -0.74 ENST00000575332 8.57E-04 

ZNF263 9.79 7.47 -0.78 ENST00000575332, ENST00000574674 3.06E-02 

ZNF263 12.12 8.79 -0.93 ENST00000574674, ENST00000575332 2.52E-05 

ZNF263 12.80 15.34 0.53 ENST00000573578, ENST00000219069 5.47E-03 
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ZNF287 5.98 3.68 -1.40 ENST00000461555 4.10E-02 

ZNF512B 

SOX18 
16.21 26.13 1.43 ENST00000340356 3.94E-04 

ZNF512B 

SOX18 
8.51 14.25 1.50 ENST00000340356, ENST00000450537 4.60E-04 

ZNF512B 

SOX18 
11.73 18.07 1.27 ENST00000340356 3.51E-02 

ZNF568 24.41 21.77 -0.35 ENST00000415168 1.98E-03 

ZNF626 

ZNF737 
33.31 28.00 -0.54 ENST00000427401 7.04E-07 

ZNF644 11.54 14.02 0.57 ENST00000479798 1.94E-02 

ZNF681 3.81 6.06 1.35 ENST00000402377, ENST00000528059 2.65E-02 

ZNF76 6.92 12.40 1.70 ENST00000498555, ENST00000229405 4.23E-04 

ZNF76 5.58 9.61 1.57 ENST00000229405 4.11E-02 

ZNF777 36.99 38.80 0.15 ENST00000247930 1.22E-02 

ZNF841 

ZNF432 
30.57 33.27 0.27 ENST00000221315, ENST00000594154 1.44E-02 

ZNF890P 13.63 10.59 -0.74 ENST00000530367 2.53E-02 

ZNF91 40.47 35.88 -0.39 ENST00000596528 8.98E-03 

ZNRF1 3.08 5.76 1.81 ENST00000566244 1.78E-02 

ZNRF1 41.27 38.14 -0.26 ENST00000568844, ENST00000335325 1.16E-02 

ZSCAN25 6.28 3.76 -1.49 ENST00000485586, ENST00000481424 1.43E-02 

ZSCAN30 10.26 7.85 -0.78 ENST00000586922 1.93E-02 

Abbreviations: ASE, alternative splicing event; RPKM, reads per kilobase per million mapped reads 
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Supplementary Table 4-4 – significant ASEs in genes identified by DEXSeq and 

SpliceSeq methods (p<0.01)* 

Gene 

Symbol 

RPKM 

Control 

RPKM 

PD 

Splice 

Type 

Exons dPSI Magnitude P-value 

AHDC1 4.88 4.33 ES 3 0.177 0.87 2.20E-

03 

AHDC1 4.88 4.33 ES 3 0.177 0.87 2.20E-

03 

AKAP17A 4.96 4.90 ES 4.3 -0.172 0.59 7.02E-

05 

AKAP17A 4.96 4.90 AD 4.2:4.3 -0.161 0.71 4.79E-

03 

AKAP17A 4.96 4.90 RI 4.2 0.116 0.66 7.47E-

03 

AMY2B 9.65 7.59 ES 10 -0.026 0.99 8.57E-

03 

APOL2 26.13 23.70 AP 1 0.090 0.03 3.80E-

03 

APOL2 26.13 23.70 AP 2.1 -0.090 0.25 3.80E-

03 

APOLD1 12.74 12.38 AT 4 -0.249 1.00 1.79E-

04 

APOLD1 12.74 12.38 AT 17 0.249 1.00 1.79E-

04 

ASCC3 2.32 2.46 AT 43 0.062 1.00 1.14E-

03 

ASCC3 2.32 2.46 AT 4 -0.062 0.24 1.14E-

03 

BAZ2A 5.81 5.99 AP 1 0.169 0.08 6.45E-

03 

BAZ2A 5.81 5.99 AP 2 -0.169 0.11 6.45E-

03 
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C11orf30 2.53 2.19 AT 22 -0.074 1.00 7.60E-

05 

C11orf30 2.53 2.19 AT 4.2 0.074 0.37 7.60E-

05 

C1orf63 12.07 14.33 ES 5.1:5.2:5.3 -0.439 0.20 3.76E-

04 

C3orf17 7.19 6.89 AD 3.2 -0.052 0.65 9.05E-

03 

CALU 12.49 13.78 ES 2 -0.095 0.48 4.11E-

03 

CAMTA1 19.38 19.17 AT 26 -0.046 1.00 4.83E-

03 

CAMTA1 19.38 19.17 AT 5 0.042 0.62 5.55E-

03 

CCDC66 2.32 2.07 AT 8 -0.094 0.11 1.51E-

03 

CCDC66 2.32 2.07 ES 13 -0.134 0.97 8.46E-

03 

CCDC74B 1.04 1.56 AA 3.3:3.4 0.187 0.98 6.42E-

03 

CHGA 122.42 103.47 ES 6 0.015 1.00 8.01E-

03 

CLK1 12.22 17.41 ES 5 0.408 0.40 5.57E-

05 

CLK1 12.22 17.41 AP 1 0.087 0.31 7.07E-

03 

CLK4 6.58 6.80 RI 2.2 0.153 0.48 3.64E-

05 

CLK4 6.58 6.80 ES 2.3:3 -0.327 0.87 9.04E-

04 

CNOT2 10.82 10.18 RI 11.3 0.010 0.88 1.11E-

04 
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CNOT2 10.82 10.18 ES 3.2 0.048 0.84 3.20E-

03 

CNTN1 81.00 77.78 AP 1 -0.045 0.41 8.21E-

03 

CNTN1 81.00 77.78 AP 2 0.045 0.09 8.21E-

03 

COMMD4 9.73 9.72 AT 10 -0.085 0.10 3.99E-

03 

COMMD4 9.73 9.72 AT 9.2 0.085 0.34 3.99E-

03 

CTNNA2 49.95 50.42 AP 16 0.006 0.00 9.27E-

03 

E2F6 4.50 4.58 ES 2:03 -0.180 0.24 5.75E-

03 

EEF1E1 17.95 17.62 AT 5 -0.014 0.03 3.12E-

03 

FAM13C 11.31 10.30 AA 14.1 -0.094 0.91 1.64E-

03 

FKBP5 13.08 10.03 AT 13 0.019 1.00 7.13E-

03 

FKBP5 13.08 10.03 AT 10.2 -0.019 0.03 7.13E-

03 

FLCN 8.84 7.39 AT 14 -0.077 1.00 3.94E-

03 

FLCN 8.84 7.39 AT 8.2 0.077 0.42 3.94E-

03 

FOS 2.96 6.61 RI 2.3 0.211 0.80 7.04E-

03 

FRYL 5.14 4.84 ES 47 0.043 1.00 8.42E-

03 

GPS2 17.11 17.40 RI 1.2 -0.059 0.31 9.38E-

03 
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HIPK3 7.63 7.53 ES 14 -0.139 0.69 7.10E-

05 

HSPA14 4.90 4.27 AT 15 -0.070 0.88 5.49E-

03 

HSPA14 4.90 4.27 AT 4 0.070 0.78 5.49E-

03 

JMJD1C 7.07 7.17 AA 17.1 0.028 0.95 9.04E-

03 

KIAA2013 8.96 10.36 AT 2.2 -0.044 0.29 7.63E-

03 

KIAA2013 8.96 10.36 AT 3 0.044 1.00 7.63E-

03 

KLC1 217.72 201.57 ES 15:16 0.114 0.01 7.24E-

03 

LONRF1 5.83 7.63 ES 7 -0.114 0.80 1.53E-

03 

MLLT10 3.45 2.72 AT 26 -0.077 1.00 3.28E-

04 

MLLT10 3.45 2.72 AT 5 0.077 0.71 3.28E-

04 

MSTO1 5.20 5.11 ES 4.2:5 0.015 0.99 3.98E-

03 

MTMR10 13.82 15.39 ES 8 -0.028 0.58 7.99E-

03 

NASP 16.74 13.25 ES 9 0.112 0.99 4.94E-

04 

PACSIN1 104.65 104.20 AP 1 -0.044 0.31 1.23E-

04 

PACSIN1 104.65 104.20 AP 2 0.044 0.27 1.23E-

04 

PFKFB3 13.66 13.91 ES 18.1 -0.187 0.45 1.11E-

03 
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PLOD2 5.56 5.55 ES 15 -0.072 0.96 1.90E-

03 

PSEN2 6.35 6.51 AD 13.3 -0.014 0.68 3.93E-

03 

QKI 69.27 68.82 AT 9 -0.013 0.14 6.18E-

03 

QKI 69.27 68.82 AT 8.7 0.013 1.00 6.18E-

03 

RBFOX2 23.11 21.33 AP 1 -0.107 0.23 5.99E-

04 

RBFOX2 23.11 21.33 AP 3 0.107 0.29 5.99E-

04 

RELA 5.53 5.30 RI 10.2 0.086 0.87 8.03E-

03 

RLTPR 16.27 15.50 ES 36 -0.064 0.83 5.43E-

03 

RPGRIP1L 2.86 2.50 AT 4 0.067 0.53 4.42E-

03 

RPGRIP1L 2.86 2.50 AT 28 -0.105 0.86 5.39E-

03 

RPL17 142.11 128.87 AA 3.2:3.3 0.035 0.53 6.85E-

03 

RPL17-

C18orf32 

5.06 4.85 ES 6 -0.065 0.67 4.69E-

03 

RPRD2 9.38 8.78 ES 4 -0.139 0.94 2.44E-

04 

SART3 11.54 10.56 ES 7 -0.036 0.73 8.42E-

05 

SEMA6D 7.19 6.62 AA 21.1 0.159 0.98 4.76E-

04 

SEMA6D 7.19 6.62 ES 23.1:23.2 0.146 0.59 1.53E-

03 
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SEMA6D 7.19 6.62 ES 22 -0.140 0.66 4.14E-

03 

SERPINH1 1.15 2.21 ES 2.2 -0.358 0.57 4.64E-

03 

SGK1 30.56 11.59 AP 1 0.118 0.28 8.10E-

04 

SGK1 30.56 11.59 AP 6.1 -0.102 0.73 3.74E-

03 

SKP1 299.56 299.63 ES 3 -0.004 0.52 2.77E-

03 

SLCO4A1 2.22 2.09 RI 8.4 -0.199 1.00 4.56E-

04 

SMEK1 7.91 7.50 AD 7.2 -0.130 0.74 2.37E-

03 

SNRPN 248.68 230.90 AP 3 -0.024 0.04 4.45E-

03 

SNURF 66.71 86.46 ES 6 0.003 1.00 6.86E-

03 

SPECC1 11.31 12.00 AT 10 -0.092 0.25 9.49E-

05 

SPECC1 11.31 12.00 AT 18 0.092 0.61 9.49E-

05 

SPEG 3.35 3.32 AT 16 -0.044 1.00 1.70E-

04 

SPEG 3.35 3.32 AT 48 0.044 1.00 1.70E-

04 

SPHK2 9.70 13.57 AP 3.1 0.072 0.68 3.46E-

04 

SPHK2 9.70 13.57 AP 1.1 -0.072 0.10 3.46E-

04 

SRP19 12.56 11.31 AA 5.1 -0.056 0.98 8.23E-

03 
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STK24 27.51 29.18 AP 2 0.149 0.15 2.43E-

03 

STK24 27.51 29.18 AP 1 -0.149 0.26 2.43E-

03 

TAF1D 14.40 15.69 AA 8.1 0.161 0.44 1.54E-

03 

TAOK2 17.32 17.62 AT 19 -0.031 0.65 7.94E-

03 

TAOK2 17.32 17.62 AT 16.3 0.031 0.49 7.94E-

03 

TMEM184B 22.88 23.20 ES 4.1:4.2 -0.015 0.58 9.81E-

04 

TMEM184B 22.88 23.20 ES 4.1:4.2:5 -0.288 0.04 2.33E-

03 

TMEM234 1.63 1.99 RI 5.2:5.3 0.140 1.00 7.68E-

04 

TNPO2 38.29 39.82 AP 4 -0.026 0.10 4.12E-

03 

TNRC6A 7.15 7.11 ES 13 0.156 0.92 1.58E-

03 

VDAC2 79.93 80.76 ES 7 -0.007 0.85 1.58E-

03 

WDR33 6.30 5.74 RI 6.2 0.090 1.00 7.18E-

03 

YPEL4 17.76 15.71 RI 1.4:1.5 0.065 0.60 5.87E-

03 

ZNF263 3.01 3.19 ES 3:4:5.1:6 0.175 0.93 9.73E-

03 

ZNF76 5.27 4.80 RI 12.4 0.122 1.00 2.13E-

03 

ZNF76 5.27 4.80 AA 12.1:12.2 0.092 0.52 6.34E-

03 
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Abbreviations: AD, alternate donor; AP, alternate promoter; ASE, alternative splicing 

event; AT, alternate terminator; DEGs, differentially expressed genes; dPSI, delta percent 

spliced in; ES, exon skipping; RI, retained intron; RPKM, reads per kilobase of transcript 

per million aligned reads  

*data shown comprises 146 ASEs identified by SpliceSeq in the seventy-six genes found 

to be alternatively spliced by both analysis methods 
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Supplementary Table 4-5 – ASEs identified by SpliceSeq in significant DEGs from 

Chapter 3 

 

Gene 

RPKM 

Control 

RPKM 

PD 

Splice 

Type Exons dPSI Magnitude P-value 

ACSS1 12.34 16.38 ES 
12.2:13:

14:15.1 
-0.002 1.00 8.30E-03 

APOLD1 12.74 12.38 AT 4 -0.249 1.00 1.79E-04 

APOLD1 12.74 12.38 AT 17 0.249 1.00 1.79E-04 

CLK1 12.22 17.41 ES 5 0.408 0.40 5.57E-05 

CLK1 12.22 17.41 AP 1 0.087 0.31 7.07E-03 

CX3CR1 1.40 2.66 AP 3 0.011 0.03 8.74E-03 

IP6K3 1.48 0.83 ES 2 0.120 0.76 2.81E-03 

LGALS1 88.66 112.00 ES 3 0.002 1.00 1.22E-03 

LONRF1 5.83 7.63 ES 7 -0.114 0.80 1.53E-03 

SERPINH1 1.15 2.21 ES 2.2 -0.358 0.57 4.64E-03 

SGK1 30.56 11.59 AP 1 0.118 0.28 8.10E-04 

SGK1 30.56 11.59 AP 6.1 -0.102 0.73 3.74E-03 

SPHK2 9.70 13.57 AP 3.1 0.072 0.68 3.46E-04 

SPHK2 9.70 13.57 AP 1.1 -0.072 0.10 3.46E-04 

Abbreviations: AD, alternate donor; AP, alternate promoter; ASE, alternative splicing event; AT, alternate 

terminator; DEGs, differentially expressed genes; dPSI, delta percent spliced in; ES, exon skipping; RI, 

retained intron; RPKM, reads per kilobase of transcript per million aligned reads 
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