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Dissertation Abstract 

Parkinson’s disease (PD) is a progressive debilitating neurodegenerative 

disorder affecting 2% of subjects over age 65. The major motor symptoms of PD result 

from loss of midbrain dopamine-synthesizing neurons and include resting tremor, rigidity, 

slowed movements (bradykinesia), and postural instability. Although there are known 

genetic causes, most PD cases have undetermined etiology. Thus, there is considerable 

interest in identifying biomarkers of early-stage PD to develop effective intervention 

strategies that might modify the disease course. Studies completed in this dissertation 

were designed to identify and validate such biomarkers through comprehensive analysis 

of the oral microtranscriptome in human subjects, as well as in animal and cellular PD 

models.  

A total of 300 human subjects were recruited, including 178 with PD and 122 

controls. Both groups contained subjects with comorbid or isolated conditions frequently 

associated with PD, including restless legs syndrome, dystonia, and essential tremor. 

Subjects completed questionnaires to assess risk factors, medication use, and motor 

and non-motor symptoms, and underwent formal neurological examination. 

Approximately half of the subjects also completed olfactory testing and computerized 

neuromotor, cognitive, and postural testing. Saliva samples were collected using a vial 

or swab. Levels of microRNA and microbiota were quantified using next generation 

sequencing. Saliva miRNA levels were also compared in mice expressing wildtype (WT) 

or A53T mutant copies of human alpha synuclein (SNCA), a known cause of PD. 

Performance of the mice was also assessed in motor and cognitive tasks during pre- 

and early-symptomatic stages of the model. Lastly, measurements of both extracellular 

miRNA and cellular mRNA, as well as oxidative stress and DNA damage, were 

completed in human iPSC-derived dopaminergic neurons expressing WT or A53T 

SNCA, combined with exposure to media or Paraquat, an environmental risk factor for 

PD.  

All PD subjects fell within the mild-moderate early stage category. Significant 

differences were observed for olfactory, postural, and more challenging cognitive tests. 

Profiling of salivary miRNAs revealed subsets highly-changed in early stage PD. The 

mouse and dopaminergic neuron data strongly supported the findings for two specific 

miRNAs – miR-103a-3p and miR-107 – and indicate a number of key cellular pathways 

are altered across the disease and models.   
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1.1 – Clinical Features and Pathophysiology of Parkinson’s Disease  

1.1.1 - Overview 

Over two centuries ago, British physician James Parkinson first described the 

disorder that bears his name in a detailed monograph titled “An Essay on the Shaking 

Palsy” (Parkinson, 1817).  Parkinson's disease (PD) is a debilitating neurological 

disorder that is both chronic and progressive, with an insidious onset and a long 

presymptomatic and symptomatic course. PD is the second most common 

neurodegenerative disease following Alzheimer’s, and affects approximately 1-2% of the 

population over the age of 65 years (de Rijk et al., 1997; Marras et al., 2018; Yang et al., 

2019; Z. X. Zhang & Román, 1993). In addition to aging, biological sex is an important 

risk factor, with males 1.5 times more likely to develop PD than females (Wooten et al., 

2004).  While the vast majority of cases are considered idiopathic, several genetic and 

environmental factors are associated with an increased risk of Parkinson's disease.  PD 

pathogenesis is, in fact, likely multifactorial, involving the interplay of aging, genetics, 

and environmental elements such as pesticide exposure and traumatic brain injury 

(reviewed in (Pang et al., 2019)). 

1.1.2 - Clinical presentation/progression 

PD is characterized clinically by the presence of four cardinal motor symptoms 

that progressively worsen with age: resting tremor, rigidity, akinesia/bradykinesia, and 

postural instability (Hoehn & Yahr, 1967).  Other motor symptoms include craniofacial 

(masked facial expression, speech impairment), musculoskeletal (micrographia, stooped 

posture), and gait (shuffling, freezing) abnormalities.  Although commonly described as a 

movement disorder, non-motor symptoms including autonomic dysfunction, olfactory 

loss, mood changes, sleep disturbance, and cognitive impairment are also key features 

of PD (Zesiewicz et al., 2006). Clinical studies have shown that that non-motor 

symptoms precede classic motor symptoms by years or even decades (Gaenslen et al., 

2011; Rodolfo Savica et al., 2010; Eduardo Tolosa et al., 2009), and can significantly 

impact patients’ quality of life (Kurihara et al., 2020; Prakash et al., 2016). 

Early PD can be classified into three stages (Berg et al., 2014; Marsili et al., 

2018): 1) preclinical, in which the neurodegenerative process begins without evident 

disease symptoms, 2) prodromal or premotor, in which disease symptoms are present 

but insufficient to diagnose PD, and 3) clinical, in which the classic motor signs are 

present and recognizable, and a diagnosis can be made.  The clinical symptoms 

associated with PD progression are shown in Figure 1.1.   
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Figure 1.1 Clinical symptoms associated with PD progression. Modified from Poewe 

et al and Jankovic & Tan (Jankovic & Tan, 2020; Poewe et al., 2017).  PD diagnosis 

occurs with the onset of cardinal motor symptoms typically in the sixth decade of life 

(average age of 58 years). The progression of PD is generally slow, and classic motor 

symptoms can be preceded by a long prodromal phase of years or decades which is 

characterized by the manifestation of specific non-motor symptoms.  Non-motor 

symptoms become increasingly prevalent and conspicuous over the course of the 

disease process. 

1.1.3 - Related Movement Disorders  

Other movement disorders that have overlapping symptoms and are commonly 

misdiagnosed as PD include essential tremor (ET), multiple system atrophy (MSA), and 

progressive supranuclear palsy (PSP) (reviewed in (Eduardo Tolosa et al., 2006)).  ET is 

a symmetric, kinetic tremor thought to originate in the inferior olive and cerebellar 

circuitry, and affects the head, voice, and extremities, worsens with movement, and 

improves with alcohol consumption but does not respond to PD medications (reviewed in 

(Shanker, 2019)).  MSA and PSP are atypical parkinsonian syndromes that affect the 

basal ganglia and share clinical features with PD including akinesia, rigidity, and gait 

disorder, but have an aggressive course, and respond poorly to levodopa/carbidopa 

therapy (reviewed in (McFarland, 2016)).  Conversely, restless legs syndrome (RLS) is a 

sleep-related disorder characterized by an irresistible urge to move the legs, and similar 

to PD responds to dopamine agonists and levodopa/carbidopa, although in the absence 

of nigrostriatal degeneration (reviewed in (Garcia-Borreguero & Cano-Pumarega, 2017)).  

An association between RLS and PD has been suggested, however the data are 
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equivocal with the prevalence of RLS in patients with PD reported to range from 0% - 

50% (Alonso-Navarro et al., 2019).       

1.1.4 - Pathophysiology 

Neurochemistry and basal ganglia-thalamocortical circuits 

The primary neurochemical deficit in PD is reduced dopaminergic input from the 
SNpc cells to the striatum along the nigrostriatal pathway.  Decreased stimulation of 
postsynaptic dopamine receptors in the striatum results in dysregulation of the basal 
ganglia circuitry and subsequent motor impairment (Y. Smith & Kieval, 2000).  The basal 
ganglia are a group of subcortical nuclei that include the striatum (caudate nucleus and 
the putamen), globus pallidus, subthalamic nucleus, and substantia nigra.  Dopaminergic 
D1 and D2 receptors are highly concentrated in the dorsal striatum, and dopamine 
depletion causes an imbalance between the direct (excitatory) and indirect (inhibitory) 
circuits within the basal ganglia structures that regulate precise control of motor 
movements (Gerfen, 2000; Gerfen et al., 1990).  D1 receptors are excited by dopamine, 
and D2 receptors are inhibited by dopamine.  

The direct and indirect basal ganglia circuits (Albin et al., 1989; Alexander & 
Crutcher, 1990; DeLong, 1990) are neurochemically distinct, and have opposite effects 
on voluntary movement (reviewed in (Calabresi et al., 2014; Y. Smith et al., 1998)).  
Activation of both pathways occurs via increased input from either the motor cortex or 
the SNpc. In the direct pathway, the SNpc sends dopaminergic projections to the striatal 
D1 receptors, exciting and activating the striatum to release GABA onto the internal 
segment of the globus pallidus (GPi).  The GPi neurons are inhibitory, and release 
GABA onto the thalamus.  Nigral or cortical activation of striatal neurons inhibits the GPi 
neurons, releasing the inhibition on the thalamus, and increasing output from the 
thalamus to the motor cortex allowing for initiation of movement.  

In the indirect pathway, excitatory cortical input activates the striatum, which then 
releases GABA onto inhibitory neurons in the external segment of the globus pallidus 
(GPe). The GPe in turn sends GABAergic inhibitory projections to the subthalamic 
nucleus (STN), which projects excitatory glutamatergic neurons to the GPi.  As noted, 
GPi neurons are GABAergic and synapse on the thalamus, which itself sends glutamate 
projections to the cortex.  Disinhibition of the STN glutamatergic neurons increases their 
excitatory output to the GPi, which in turn inhibits the thalamus, decreasing its output to 
the motor cortex and consequently suppressing movement.  In contrast to cortical 
activation, SNpc activation inhibits the indirect pathway and leads to increased rather 
than decreased thalamic output.  Dopaminergic input to striatal D2 receptors inhibits the 
GABAergic striatal neurons, leading to disinhibition of GPe neurons and subsequent 
inhibition of STN excitatory neurons.  Decreased excitatory output to the GPi disinhibits 
the thalamus and increases thalamic output to the motor cortex.  The net effect of 
dopaminergic signaling in both circuits, therefore, is to facilitate movement by 
suppressing output from the GPi to the thalamus. 

In PD, progressive degeneration of SNpc neurons leads to dopamine depletion in 
the nigrostriatal pathway, disrupting the balance between the direct and indirect circuits 
at the striatal level.  The indirect pathway is no longer opposed, and the direct pathway 
is no longer facilitated, resulting in 1) excessive indirect pathway activity, disinhibition of 
the STN, and increased GPi-mediated thalamic inhibition, and 2) diminished direct 
pathway activity and subsequent disinhibition of GPi neurons and further suppression of 
the thalamus.  Over-inhibition of thalamic excitatory input to the motor cortex results in 
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parkinsonian motor impairment. The direct and indirect pathways of the basal ganglia 
motor circuits in normal and PD states are shown in Figure 1.2. 

 

 

Figure 1.2 Simplified schematic of basal ganglia motor circuits in normal and PD 

states. Adapted from Middleton and Strick (Middleton & Strick, 1996).  Under normal 

conditions (left panel), the direct pathway facilitates while the indirect pathway 

suppresses voluntary movement. Via the direct pathway, cortical input inhibits an 

inhibitory connection from the GPi to the thalamus (or the brake; green arrow) leading to 

increased feedback to the cortex thereby inhibiting the brake, or turning it down.  

Stimulation of the indirect pathway inhibits an inhibitory connection from the GPe to the 

STN, increasing its excitatory input to the “brake”, thereby turning it up. The brake is 

comprised of tonically active GABAergic projections from the GPi to the thalamus.  

Dopamine release from the SNpc excites the direct pathway via activation of D1 

receptors, turning the brake down, and inhibits the indirect pathway via activation of D2 

receptors, also turning the brake down.  In PD (right panel), the loss of dopamine leads 

to hyperactivity in the D2 indirect pathway, and hypoactivity in the D1 direct pathway. 

The loss of nigrostriatal input tips the balance of basal ganglia activity toward the indirect 

pathway, and consequently an abnormal activation of the GPi and STN emerges. The 

resultant over-inhibition of thalamic input to the motor cortex is expressed as 

parkinsonian motor impairment. 

Protein aggregation and spread 

Neuropathologically, PD is characterized by a progressive loss of dopaminergic 

neurons particularly in the ventrolateral SNpc (Fearnley & Lees, 1991).  By the time of 

motor symptom onset, at least 50% of the striatal dopamine (Riederer & Wuketich, 1976; 

Scherman et al., 1989) and 30% of the SNpc neurons are already lost (Fearnley & Lees, 

1991; Greffard et al., 2006; Ma et al., 1997)  In addition to cell loss, another 

characteristic finding in PD is the presence of intraneuronal cytoplasmic inclusions 

HD kills ENK 

neurons in striatum,

leads to unchecked D1 tone

X

Tonically active “brake”Tonically active “brake” 
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known as Lewy bodies (LBs) (Lewy, 1912; Trétiakoff, 1919), reviewed in (Forno, 1996; 

Goedert et al., 2013)).  In PD, LBs are commonly found in the pigmented neurons of the 

SNpc, LC, and dorsal motor nucleus of the vagus, and also in many other locations 

including the nucleus basalis of Meynert (NBM), Raphe nuclei, olfactory bulb, 

hypothalamus, thalamus, autonomic nervous system, and cerebral cortex (Hughes et al., 

1993; Ohama & Ikuta, 2004; Wakabayashi & Takahashi, 1997).  Ultrastructurally, LBs 

consist of a dense core of granular material and compacted filaments surrounded by a 

peripheral halo of 8-10 nm radial fibrils.  Although a large number of proteins have been 

identified in LBs (Wakabayashi et al., 2007), the major component is alpha-synuclein (α-

syn) (Spillantini et al., 1998; Spillantini et al., 1997).  Alpha synuclein is highly enriched 

in presynaptic nerve terminals, where it likely plays a role in synaptic plasticity, synaptic 

vesicle trafficking and recycling (Cheng et al., 2011; Murphy et al., 2000; Nemani et al., 

2010), and dopamine biosynthesis (Perez et al., 2002).  Under normal conditions, α-syn 

exists as a natively unfolded monomer with a low propensity to aggregate (Fauvet et al., 

2012; Weinreb et al., 1996). In pathological states, however, α-syn undergoes a 

conformational change to a β-sheet-rich structure that renders it prone to misfold into 

oligomers, protofibrils, and insoluble fibrils that eventually aggregate and precipitate to 

form LBs (reviewed in (Villar-Piqué et al., 2016).  Which species of the protein are toxic, 

and the reason for its fibrillization in specific types of neurons in PD as well as its role in 

the pathophysiology of PD remain unresolved. Remarkably, accumulating evidence 

suggests that that the progression of PD may be linked to the prion-like intercellular 

spread of pathological species of α-syn (J. Y. Li et al., 2008; Luk et al., 2012; Volpicelli-

Daley et al., 2011) (Figure 1.3). 

 

 

Figure 1.3.  Hypothetical model of α-syn pathogenesis.  In PD, misfolding of native α-

synuclein monomers in neurons facilitates the formation of oligomers and fibrils, which 

further aggregate into Lewy bodies. In vivo and post mortem studies support a prion-like 

spread of aggregates from neuron to neuron throughout the brain. Modified directly from 

(Irwin et al., 2013).  

PD in the periphery 

The traditional view that the pathologic process of PD starts with degeneration of 

dopaminergic neurons in the substantia nigra, has been challenged by the 
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neuropathologist Heiko Braak, who proposed that LB pathology begins in the medulla 

(via the vagus) and in the olfactory bulb, and progresses rostrally over many years to the 

cerebral cortex in a six-stage process shown in Figure 1.4 (H. Braak et al., 2003).   

 

Figure 1.4. Schematic of Braak staging for PD showing the initiation sites in the medulla 

oblongata and olfactory bulb, and the spread of LB pathology into the cortical regions.  

Modified from (Georgiopoulos, 2019).  

More specifically, Braak et al. and Hawkes et al (Hawkes et al., 2007) postulated that α-

syn  pathology is initiated in the gut or the nasal cavity by an unknown pathogen (virus, 

bacterium, environmental toxin), and then spreads via the vagal nerve or olfactory tract 

toward the SNpc and further areas in the CNS (Figure 1.5). 

 

Figure 1.5. Schematic representing Braak’s hypothesis of sporadic PD initiation and 

progression.  Image taken directly from (Rietdijk et al., 2017).  Microbial products/toxins 

come into contact with enteric or olfactory neurons, causing mucosal inflammation and 

oxidative stress, which triggers the aggregation of α-synuclein (1, 2). Aggregated α-

synuclein then spreads toward the CNS via the vagus nerve or olfactory bulb (3,4), 

eventually arriving at the substantia nigra (5).  
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 Accumulating evidence supports the involvement of the peripheral and 

autonomic nervous system prior to the onset of motor symptoms.  Initial studies by 

Braak and colleagues determined that the submandibular salivary gland and lower 

esophagus had the highest frequency of α-syn associated histopathology, followed by 

the stomach, small intestine, and colon (Heiko Braak et al., 2006a; H. Braak et al., 

2006b). Subsequent studies showed that 100% of autopsy specimens and 75% of 

submandibular biopsy specimens from PD subjects contained LBs (Adler et al., 2016; 

Adler et al., 2014). The appearance of LBs in these regions coincides with symptoms of 

their dysfunction in a large percentage of PD subjects several years prior to the 

manifestation of motor symptoms. Abnormal salivation, for example, has been reported 

in 70-80% of PD patients (Kalf et al., 2009), and dysphagia or difficulty swallowing is 

seen in up to 60% of PD patients (Takizawa et al., 2016).  Reviews on the prodromal PD 

phase now estimate that the combination of olfactory and taste dysfunction, salivary 

gland dysfunction, GI dysfunction, and REM sleep disturbance are collectively very 

strong predictors of PD.  Lending additional support to the human findings, numerous 

studies have shown that the appearance of significant olfactory, gastrointestinal, and 

autonomic abnormalities occurs long before motor symptom onset in genetic and 

environmental models of PD in mice and non-human primates (reviewed in (Greene, 

2011).  

Cellular pathophysiology: oxidative stress, mitochondrial dysfunction, and 

proteasome impairment 

Increasing evidence supports the critical role of oxidative stress in both sporadic 

and genetic forms of PD.  Post-mortem studies, for example, have consistently shown 

oxidative damage to lipids, proteins, and DNA in the SNpc of sporadic PD brains 

(reviewed in  (Dias et al., 2013; Jenner, 2003).  The source of the oxidative stress likely 

involves mitochondrial dysfunction, altered dopamine metabolism, and elevated iron 

levels seen in the SNpc of PD brain (reviewed extensively in (Dias et al., 2013; Hauser & 

Hastings, 2013)).  Under normal physiological conditions, dopamine is metabolized by 

monoamine oxidase-A (MAO-A) localized in catecholaminergic neurons, but in PD it is 

predominantly metabolized by glial monoamine oxidase-B (MAO-B) to generate H2O2 

reviewed in (Dias et al., 2013).  In the presence of high iron levels, H2O2 gives rise to 

highly reactive hydroxyl radicals via the Fenton reaction.   

The role of mitochondria in the pathogenesis of PD first came to light in the 

1980’s when several recreational drug users injected themselves with the synthetic 

heroine analog 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), and within days 

developed parkinsonism.  Post-mortem analysis revealed significant dopaminergic 

neuronal degeneration consistent with that seen in idiopathic PD cases (Langston et al., 

1983).  MPTP crosses the blood-brain barrier where it is metabolized by astrocytes into 

the dopamine transporter substrate 1-methyl-4-phenylpyridinium (MPP+).  MPP+ is 

taken up selectively into dopaminergic neurons where it inhibits complex I of the 

mitochondrial respiratory chain, resulting in the production of excess superoxide and 

neuronal cell death.  Direct evidence of mitochondrial dysfunction in PD followed shortly 

after the discovery of MPTP-induced parkinsonism when it was reported that complex I 

activity was decreased in the SNpc of patients with sporadic PD but remained normal in 

other neuronal regions (Schapira et al., 1989; Schapira et al., 1990).  Subsequent 
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epidemiological studies have also suggested that pesticides/herbicides and other 

environmental toxins that inhibit complex-I are involved in the pathogenesis of sporadic 

PD (T. B. Sherer et al., 2002). Furthermore, it was shown that complex I inhibition via 

treatment with MPP+ or the pesticide rotenone decreased proteasomal activity 

(Höglinger, Carrard, et al., 2003), a finding that may explain the aggregation of 

ubiquitinated proteins seen in animal models following rotenone exposure (Betarbet et 

al., 2000; Höglinger, Féger, et al., 2003).  This finding lends support to mounting 

evidence indicating that proteasomal function is impaired in the SNpc of sporadic PD 

patients (reviewed in (Bentea et al., 2017). Alpha-synuclein is degraded by both the 

autophagy-lysosomal pathway and the ubiquitin-proteasome system (UPS), and 

inhibitors of both promote its accumulation and aggregation in cellular and animal 

models (Bentea et al., 2017; Webb et al., 2003).  In addition to complex I deficits, and 

impairment of the UPS, reduced mitophagy has also been reported in both sporadic and 

genetic PD (Hsieh et al., 2016; Ryan et al., 2015) (see section 1.2.2, table 1.1, genetic 

risk factors).  Mitophagy is a selective form of autophagy that enables the degradation of 

damaged and superfluous mitochondria, failure of which results in the accumulation of 

damaged, ROS-producing mitochondria in the cytosol, ultimately causing cell death and 

broader tissue dysfunction.    

1.2 – Risk Factors for Parkinson’s Disease 

1.2.1 - Overview 

While the vast majority of cases are idiopathic, genetic elements and exposure to 

environmental toxins among other cellular insults are associated with an increased risk 

of PD. This section will highlight some of the most relevant PD genes, and address 

environmental, traumatic, and inflammatory/infectious mechanisms underlying PD 

pathogenesis.  

1.2.2 - Genetic risk factors  

Genetic analyses of familial cases (via genetic linkage, and more recently exome 

sequencing) have revealed a number of genetic variants implicated in monogenic typical 

or atypical forms of parkinsonism (reviewed in  (Day & Mullin, 2021; Jia et al., 2022; 

Puschmann, 2017) (Table 1.1). Of those listed in Table 1.1, eleven have been 

associated with autosomal-recessive inheritance, either causing typical early onset PD 

(SNCA, PARKIN, PINK1, DJ-1, DNAJC13, VPS13C) or atypical forms of PD with 

juvenile onset (ATP13A2, PLA2G6, DNAJ6, FBX07, SYNJ1).  Five genes have been 

shown to cause typical autosomal dominant PD phenotypes (LRRK2, VPS35, DNAJC13, 

CHCHD2, GBA), and another four have been associated with PD but are likely benign 

(GIGYF2, HTRA2, EIF4G1, UCHL1).  MAPT has two haplotypes, H1 and H2 (Baker et 

al., 1999), and H1 has been confirmed as a risk factor for PD (reviewed in (Pascale et 

al., 2016). 
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Table 1.1. Summary of genes implicated in PD and their normal physiological functions.  

Adapted from (Day & Mullin, 2021; Tran et al., 2020).  

Gene/ 
Chromosomal 
Position 

Alternative 
Gene 
Names 

Gene 
Product 

Function Inheritance Pathogenicity 

SNCA (4q21) 
 

PARK1, 
PARK4 

a-synuclein Suppression of apoptosis,  
regulation of dopamine  
biosynthesis , synaptic function; 
mitochondrial function; 
autophagy/lysosomal degradation 

AD Pathogenic 

PRKN/PARKIN
(6q25.2-q27) 
 

PARK2 Parkin Mitochondrial quality 
control/mitophagy; ubiquitination; 
synaptic function 

AR Pathogenic 

PINK1 (1p35-
p36) 

PARK6 PTEN-induced 
kinase 1 

Mitochondrial quality 
control/mitophagy 

AR Pathogenic 

DJ-1 (1p36) PARK7 DJ-1 Protection against oxidative stress, 
mitochondrial function 

AR Pathogenic 

LRRK2 (12q12) PARK8 Leucine rich 
repeat kinase 
2 

Membrane trafficking, 
mitochondrial membrane 
maintenance, 
autophagy/lysosomal degradation 

AD Pathogenic 

ATP13A2 
(1p36) 

PARK9 Cation-
transporting 
ATPase 13A2 

Cation homeostasis, 
autophagy/lysosomal degradation, 
mitochondrial function 

AR Pathogenic 

VPS35 
(16q11.2)   

PARK17 Vacuolar 
protein sorting 
35 

Recycling of membrane proteins 
between endosomes and the 
trans-Golgi network, 
autophagy/lysosomal degradation, 
endocytosis 

AD Pathogenic 

DNAJC6 
(1p31.3) 

PARK19 DNAJ 
subfamily C 
member 6 

Synaptic vesicle formation and 
trafficking 

AR Likely 
pathogenic 

DNAJC13 PARK21   Synaptic vesicle formation and 
trafficking 

AD Conflicting 
reports 

FBXO7 
(22q12–q13) 

PARK15 F-box protein 
7 

Ubiquitination, mitochondrial 
function/mitophagy 

AR Pathogenic 

SYNJ1 
(21q22.11) 

PARK20 Synaptojanin-
1 

Regulation of synaptic vesicle 
endocytosis 

AR Pathogenic 

PLA2G6 
(22q12–q13) 

PARK14 Phospholipas
e A2, group 6 

Phospholipid remodeling, 
mitochondrial function 

AR Pathogenic 

CHCHD2 
(7p11.2) 

PARK22 Coiled-coil-
helix-coiled-
coil-helix 
domain 2 

Regulation of mitochondrial 
metabolism under oxygen stress 

AD Pathogenic 

GIGYF2 
(2q36–q37) 

PARK11 GRB10 
interacting 
GYF protein 2 

Negative regulation of cell growth AD Uncertain, likely 
benign 

HTRA2 (2p13) PARK13 High-
temperature 
requirement 
A2 

Neuroprotection AD Uncertain, likely 
benign 

VPS13C 
(15q22.2) 

PARK23 Vacuolar 
protein sorting 
13C 

Maintenance of mitochondrial 
function 

AR Pathogenic 

EIF4G1 
(3q27.1) 

PARK18 Eukaryotic 
translation 
initiation factor 
4 gamma 1 

Regulation of mRNAs translation AD Benign 

UCHL1 (4p13) PARK5 Ubiquitin C-
terminal 
hydrolase L1 

Ubiquitin–proteasome system and 
neuronal survival 

AD Uncertain, likely 
benign 

GBA (1q21) GBA1 Glucosylcera
midase Beta 

Autophagy/lysosomal degradation,  
inflammation/ immune system 

AD Pathogenic 

MAPT 
(17q21.31) 

MTBT1 Microtubule-
associated 
protein Tau 

Modulates the stability of axonal 
microtubules 

RF Uncertain 
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1.2.3 - Environmental risk factors  

Pesticides/herbicides 

The identification of MPTP as a cause of nigral degeneration sparked interest in 

the idea that idiopathic PD could be caused by an environmental toxin. Since then, 

several studies have shown an association between pesticide or herbicide use and 

increased risk of PD (Dick, 2006; Elbaz et al., 2009; Tanner et al., 2011). Paraquat 

dichloride is one of the most widely used herbicides worldwide, and is structurally very 

similar to MPP+ (Di Monte et al., 1986).  Paraquat (PQ) crosses the blood brain barrier 

(BBB) via carrier mediated transport (Shimizu et al., 2001) and is subsequently taken up 

by the dopamine active transporter (DAT) (Rappold et al., 2011).  PQ exerts its toxicity 

via redox cycling to generate radical cations and superoxide, resulting in oxidative 

stress, mitochondrial damage, and dopaminergic neuronal death (Castello et al., 2007; 

Cochemé & Murphy, 2008; McCormack et al., 2005; Somayajulu-Niţu et al., 2009).  

Additionally, PQ is a weak inhibitor of complex I of the mitochondrial respiratory chain 

(Richardson et al., 2005).  A second complex I inhibitor, rotenone, is an insecticide used 

in vegetable gardens and for the elimination of nuisance fish populations.  Highly 

lipophilic, it readily crosses the BBB, causes selective degeneration of dopaminergic 

neurons, and reproduces neuropathological findings characteristic of PD (Alam & 

Schmidt, 2002; Betarbet et al., 2000; Todd B. Sherer et al., 2003).  Both compounds 

induce mitochondrial ROS, which could exacerbate already impaired mitochondrial 

function in individuals harboring certain genetic mutations (see Table 1.1).    

Heavy metals 

  Occupational exposure to heavy metals (copper, lead, iron, mercury, aluminum 

and others) is considered a risk factor for PD, but the data are equivocal.  A relationship 

between PD etiology and heavy metals was found in some, but not all, epidemiological 

case-control studies (Gorell et al., 1999).  In support of the involvement of heavy metals 

in PD, postmortem analysis showed a considerable increase in total iron, zinc, and 

aluminum content in the substantia nigra of PD vs control tissue (Dexter et al., 1991; 

Hirsch et al., 1991).  Mechanisms implicated for the role of heavy metal toxicity in PD 

include oxidative stress (iron, copper), UPS impairment and alpha-syn aggregation (iron, 

zinc, aluminum), and mitochondrial dysfunction (aluminum) reviewed in (Ullah et al., 

2021).  Other miscellaneous risk factors include exposure to air pollution, a high 

consumption of dairy products, exposure to hydrocarbons, use of well water, living in 

rural areas/farming, and a history of traumatic brain injury (TBI).   

1.2.4 - TBI  

Several reports have confirmed that TBI is associated with an increased risk of 

PD. One large retrospective study on military veterans determined that mild TBI (mTBI) 

is associated with a 56% increased risk of developing PD, and that moderate-to-severe 

TBI was associated with an 83% risk  (Gardner et al., 2018).  Another group showed that 

among patients aged ≥55 years presenting to inpatient/ED settings with trauma, TBI is 

associated with a 44% increased risk of developing PD over 5 to 7 years (Gardner et al., 

2015). Studies using rodent models of TBI support a causal mechanism for post-TBI 

parkinsonism. One group, for example, showed that there was a 15% loss of 

dopaminergic neurons ipsilateral to the injury site eleven days after experimentally 
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induced TBI in rats, and that there was 30% bilateral dopaminergic neuron loss by 26 

weeks post injury (Hutson et al., 2011).  In humans, -syn was shown to be elevated in 

cerebrospinal fluid (CSF) of severe TBI patients vs controls during the week following 

injury, and that the degree of elevation was predictive of survival.  The investigators 

hypothesized that increased CSF α-syn levels may indicate widespread 

neurodegeneration and reflect secondary neuropathologic events occurring post injury 

(Mondello et al., 2013). Post mortem studies in patients who died from TBI also show 

extensive α-syn accumulation in injured axons (Uryu et al., 2007).  Notably, we have 

previously shown that peripheral levels of miRNAs may help differentiate mTBI from 

controls (Appendix 3).  

1.2.5 - Inflammation/Infection  

Inflammation 

Immune activation and inflammation have been implicated in the pathogenesis of 

PD.  Several shared single-nucleotide polymorphisms (SNPs) in HLA-DRB6, HLA-

DQA1, TNF-, IL1- and particularly LRRK2 provide genetic evidence linking 

autoimmune and/or inflammatory diseases including Crohn’s disease with PD (Hui et al., 

2018).  There is also abundant evidence supporting an immunologic component 

stemming from the finding of activated microglia (Ferreira & Romero-Ramos, 2018; 

McGeer et al., 1988) and elevated levels of cytokines including TNF-, IL1-, IL-2, IL-4, 

IL-6 in the nigrostriatal regions of post mortem PD (Nagatsu et al., 2000).  In support of 

the post mortem findings, other studies have shown elevated levels of IL1-, IL-2, IL-4, 

IL-6 (Mogi et al., 1996), and additionally TNFα and monocyte chemoattractant protein 1 

(MCP-1) (Diaz et al., 2022) in the CSF of PD patients relative to controls. Not 

surprisingly, imaging studies showed evidence of microglial activation in the nigrostriatal 

pathway in PD subjects via positron emission tomography with a radiotracer for activated 

microglia (Ouchi et al., 2005).  Recently, several reports have shown that α-syn can 

directly activate the NLRP3 inflammasome in human microglia (Trudler et al., 2021) and 

one group correlated disease progression with plasma IL-1β and α-syn levels (Fan et al., 

2020; Pike et al., 2021; Trudler et al., 2021) 

Increasing evidence suggests a link between gut inflammation and the risk of 

developing PD via the gut-brain axis (reviewed in (Tansey et al., 2022)).  Up to 80% of 

PD patients experience non-motor-symptoms such as chronic constipation and/or 

impairment of gastrointestinal (GI) transit many years, even decades, prior to disease 

onset (Cheon et al., 2008; Khedr et al., 2013; R. Savica et al., 2009).  This observation 

serves as a basis for Braak’s hypothesis suggesting that α-syn is produced in the gut as 

evidenced by Lewy body pathology which subsequently spreads into the central nervous 

system through the vagus nerve (discussed in section 1.1).   

It is thought that inflammation may be a trigger for α-syn pathology observed in 

the gut during prodromal PD (Klingelhoefer & Reichmann, 2015; Ruffmann & Parkkinen, 

2016; Shannon et al., 2012).  Perhaps the strongest link between PD and gut 

inflammation are mutations in LRRK2.  Mutations in LRRK2 are the most common cause 

of familial PD and account for ~1% of sporadic PD (Hernandez et al., 2016; Zimprich et 

al., 2004).  LRRK2 is also highly expressed by cells of the adaptive and innate immune 

system and LRRK2 expression is regulated in response to microbial pathogens (Gardet 
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et al., 2010; Kuss et al., 2014; Thévenet et al., 2011).  Mutations associated with 

increased LRRK2 kinase activity are reported to be neurotoxic, and to date eight such 

mutations have been described with G2019S being the most common mutation 

associated with PD  (Di Fonzo et al., 2005).  Interestingly, mutations in LRRK2 are also 

associated with Crohn’s disease and the variant N2081D that confers increased risk is 

similarly associated with increased LRRK2 kinase activity (Hui et al., 2018).  Preclinical 

evidence suggests that LRRK2 kinase inhibitors can attenuate inflammation in animal 

models (Moehle et al., 2012), and accordingly, a Ph2b clinical trial is underway 

assessing if LRRK2 kinase inhibition can slow PD disease progression 

(https://clinicaltrials.gov/ct2/show/NCT05348785).   

Beyond LRRK2 there are many other links to gut dysbiosis and PD.  Changes in 

gut microbial composition in PD have been extensively documented but it remains 

unclear how these changes specifically relate to PD risk or progression, and whether this 

could be a cause of or a result of gut inflammation (Aho et al., 2019; Romano et al., 

2021) (reviewed in (Bhattarai & Kashyap, 2020; Boertien et al., 2019; Houser & Tansey, 

2017; Romano et al., 2021)).  There have been several efforts to target the microbiome 

through fecal transplants and pro and/or prebiotics, but despite some positive outcomes 

only small studies have been conducted to date (review  (Van Laar et al., 2019; Xue et 

al., 2020).  Epidemiological studies also suggest that patients with inflammatory bowel 

disease (IBD) have an increased risk of developing PD (J. C. Lin et al., 2016; Weimers 

et al., 2019; F. Zhu et al., 2019).  Interestingly, a retrospective study showed that 

patients with IBD who were treated with anti-TNF antibodies had a 78% lower risk of 

developing PD than patients who did not receive this therapy (Peter et al., 2018).  

Unfortunately, a second study raised doubts regarding this result (Kang et al., 2021). 

Other GI dysfunction including Helicobacter pylori infection, small intestinal bacterial 

overgrowth (SIBO), and more generally constipation and diarrhea are implicated in either 

increased PD risk or association with worsening symptoms (reviewed in (Brudek, 2019; 

Y. Li et al., 2021)). 

Viral Infection 

In addition to the bacterium Helicobacter pylori, several viral agents including 

H1N1 influenza and most recently SARS-CoV-2 have been linked to PD (reviewed in 

(Cannon & Gruenheid, 2022; Smeyne et al., 2021)).  The 1918 H1N1 influenza 

pandemic was brief but severe, claiming at least 50 million lives worldwide (N. P. 

Johnson & Mueller, 2002).  Although a definitive causal link has not been established, 

encephalitis lethargica emerged concurrently and resulted in long term neurological 

sequelae including catatonia and postencephalitic parkinsonism.  The latter is 

characterized clinically by tremor, rigidity, bradykinesia, and masked facies (reviewed in 

(Jang et al., 2009)), and neuropathologically by marked neuronal loss in the SNpc and 

LC with widespread tau neurofibrillary tangles but an absence of -syn pathology 

(Hoffman & Vilensky, 2017; Jellinger, 2009).   

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causal 

agent of the ongoing coronavirus disease 2019 (COVID-19) pandemic that has resulted 

in over 6.5 million deaths worldwide to date (World Health Organization, 2022).  The 

severity and scale of the COVID-19 pandemic has drawn parallels to the 1918 H1N1 

pandemic and raised concerns of a rise in post-infectious parkinsonism similar to that 

https://clinicaltrials.gov/ct2/show/NCT05348785
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seen in the latter.  This fear was realized when three cases linking parkinsonism to 

SARS-CoV-2 infection were reported within a year of the initial outbreak in Wuhan China 

(Cohen et al., 2020; Faber et al., 2020; Méndez-Guerrero et al., 2020).  All three 

presented with bradykinesia and rigidity within a short time interval following acute 

infection, and two showed signs of dopaminergic neurodegeneration via brain imaging.  

Sixteen more cases were reported the following year (Boura & Chaudhuri, 2022), and of 

these, the seven who underwent diagnostic imaging all showed evidence of 

dopaminergic deficit/neurodegeneration.  SARS-CoV-2 may infect the olfactory bulb or 

vagus, spread to the CNS via retrograde transport, and initiate neurodegeneration by 

binding to angiotensin-converting enzyme 2 (ACE2) receptors (P. Zhou et al., 2020) that 

are highly expressed in midbrain dopaminergic neurons (Hernández et al., 2021).  In 

addition to the canonical ACE2 mechanism, SARS-CoV-2 spike protein also binds to the 

neuropilin-1 receptor (NRP1), facilitating viral entry and infectivity (Cantuti-Castelvetri et 

al., 2020; Daly et al., 2020).  NRP1 is most highly expressed in astrocytes (Davies et al., 

2020), and SARS-CoV-2 was shown to infect astrocytes of COVID-19 patients via spike 

protein-NRP1 interaction causing metabolic stress and consequently impairing neuronal 

function and viability (Crunfli et al., 2022).  Lastly, a recent study provided further 

mechanistic insight into the role of COVID-19 in parkinsonism and neurodegeneration, 

where it was shown that SARS-CoV-2 nucleocapsid protein drives -syn aggregation 

and promotes cell death in an in vitro model of PD (Semerdzhiev et al., 2022). 

1.3 – Early Detection/ Biomarkers 

Despite considerable research into the mechanisms underlying the pathogenesis 

of PD, it remains a disease that can only be diagnosed clinically.  There are no objective 

lab tests to confirm a diagnosis of PD (Nutt & Wooten, 2005), and hence it is frequently 

misdiagnosed (Cummings et al., 2014).  By the time of initial presentation with motor 

symptoms, significant loss of dopaminergic neurons has already occurred (Fearnley & 

Lees, 1991; Greffard et al., 2006; Ma et al., 1997), and at this point future disease-

modifying therapeutics would have little effect.  This observation highlights the absolute 

need for timely and accurate diagnosis of PD in clinical practice not only for disease 

identification, but also for developing and optimizing treatment strategies and giving 

patients opportunities to join clinical treatment trials.  Therapeutic measures geared 

toward preserving the integrity of dopaminergic neurons in the SNpc would prevent 

disease progression, allowing patients to remain stable, and thereby reduce the 

economic burden associated with advanced PD and the hospitalization accompanying it.  

All of the above underscores the need for developing reliable biomarkers for early-stage 

PD. The term biomarker refers to “a characteristic that is objectively measured and 

evaluated as an indicator of normal biological processes, pathogenic processes, or 

pharmacologic responses to a therapeutic intervention.”("Biomarkers and surrogate 

endpoints: preferred definitions and conceptual framework," 2001).  In PD, several types 

of biomarkers are currently under investigation, including clinical measures, imaging 

studies, and biofluid features (miRNAs). 
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1.3.1 - Clinical biomarkers of PD  

Olfactory dysfunction 

Olfactory dysfunction, specifically hyposmia, is one of the most common features  

occurring in the prodromal stage of PD and is present in approximately 90% of early-

stage PD cases (Doty et al., 1988).  Multiple studies on olfaction in PD showed 

impairment in odor detection, identification, and discrimination (Haehner et al., 2007; 

Ross et al., 2008).  Furthermore, one study showed that 10% of first-degree relatives of 

idiopathic PD patients with olfactory loss developed clinical idiopathic PD themselves 

(Ponsen et al., 2004). The finding that olfactory impairment is present at the earliest 

stages of the disease supports Braak’s hypothesis that PD pathology begins in olfactory 

neurons long before nigrostriatal pathways are affected to the point of causing motor 

impairment, and therefore olfaction testing may serve as a useful biomarker of 

prodromal PD. 

Constipation 

Another common feature of prodromal PD is constipation, occurring in 50-80% of 

PD patients vs controls (Ashraf et al., 1997; Verbaan et al., 2007; Yu et al., 2018).  

Studies have additionally determined that constipation is correlated with the duration and 

severity of PD (Krogh et al., 2008).  Furthermore, two groups found accumulated α-syn 

in the gastrointestinal tissues of premotor PD patients prior to the onset of motor 

symptoms (Shannon et al., 2012; Stokholm et al., 2016), suggesting that deposition of α-

syn in the enteric nervous system could be a useful predictor for PD. 

Rapid eye movement sleep behavior disorder (RBD) 

RBD is another common feature of prodromal PD, characterized by abnormal 

involuntary violent movements/behaviors (e.g., shouting, grabbing, punching, kicking) 

that occur during rapid eye movement (REM) sleep and are associated with dream 

enactment.  The ability of RBD to identify prodromal PD was established in three studies 

conducted in sleep disorder clinics (Schenck et al., 1996) (Iranzo et al., 2006; R. B. 

Postuma et al., 2009).  All three found that between 28% - 45% of patients converted to 

a neurodegenerative syndrome at a mean 5-year follow-up, with the mean latency period 

between RBD onset and disease onset ranging from 12 -14 years.  The extended 

latency period provides a long window for therapeutic intervention, indicating that RBD 

could be an important biomarker for prodromal PD (Ronald B. Postuma et al., 2012). 

1.3.2 - Imaging studies/biomarkers  

DAT-SPECT/DAT-PET  

 Dopamine transporter positron emission tomography (DAT-PET) and dopamine 

transporter single photon emission tomography (DAT-SPECT) are functional quantitative 

imaging techniques utilizing radiotracers to assess the density of presynaptic 

dopaminergic terminals.  While they are powerful tools for diagnosis and both clinical 

and preclinical research, it requires a specialized procedure that is not available at many 

sites and is currently too costly to be included as a routine diagnostic/prognostic test. 

The PET tracer consists of radiolabeled, 18F or 11C, dopamine analogs that when 

administered bind to presynaptic DAT in dopaminergic neurons.  The PET scanner 
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allows for the radioligand to be visualized in three dimensions such that the signal can 

quantitated in the relevant regions of the brain, e.g., substantia nigra and striatum, such 

that loss of DAT can be quantified (reviewed in (Bega et al., 2021).   

1.3.3 - RNA biomarkers  

A newer class of PD biomarkers features miRNAs measured in serum, CSF, and 

more recently saliva.  MicroRNAs (miRNA) are small non-coding RNAs (~22 

nucleotides) that regulate gene expression for a large portion of the transcriptome via 

translational inhibition or degradation of target mRNAs (M. Lagos-Quintana et al., 2001).  

They are very easily and non-invasively obtained from biofluids, and consequently have 

emerged as useful biomarkers for various cancers and other disorders including 

cardiovascular disease and diabetes (reviewed in (Condrat et al., 2020)).  The influence 

of miRNAs on gene expression occurs both within the cells that synthesize them and 

within distant cells via extracellular transport. Once released from donor cells, miRNAs 

can migrate through various extracellular fluids and exert regulatory effects on gene 

expression in recipient cells. miRNAs are therefore considered to be key regulators of 

cellular function both within and between a variety of cells and tissue types. Data 

indicating that circulating miRNAs are elevated in plasma following liver, muscle, and 

brain injury (O. F. Laterza et al., 2009), and that miRNA expression profiles differ 

between healthy and disease states, has sparked great interest in their potential to serve 

as peripheral biomarkers of cell and tissue damage (reviewed in (Condrat et al., 2020; Y. 

Wu et al., 2021).  Importantly, dysregulation of miRNAs networks has been associated 

with numerous neurodegenerative disorders (reviewed in (Juźwik et al., 2019) including 

PD (reviewed in (Nies et al., 2021).  While brain tissue from living individuals with 

neurodegenerative diseases is not readily accessible or available, the fact that brain-

specific miRNAs are released into peripheral biofluids suggests that miRNA profiles can 

serve as an indirect readout of pathological processes occurring in the central nervous 

system (CNS) (section 1.3.3).  miRNAs are stable, easily quantifiable via qRT-PCR or 

NGS, and they are ideally suited for identifying pre-symptomatic individuals and tracking 

their disease progression well before the onset of motor symptoms.  Beyond serving as 

diagnostic tools, several miRNAs are currently being investigated as disease-modifying 

therapeutics in breast cancer clinical trials (reviewed in (Grimaldi et al., 2021). 

1.3.4 - Rationale for salivary miRNA biomarkers  

Genetic variants are not that common   

While the vast majority of PD cases are idiopathic, analyses of familial cases 

have revealed numerous genetic variants implicated in monogenic typical and atypical 

forms of parkinsonism. In order to determine whether there were any common genetic 

sequence changes in our idiopathic PD cohort, we performed whole exome sequencing 

(WES) on a subset of the subjects (Appendix 1).  Only two variants were found to be 

causally associated with PD in our study, suggesting that generalized WES approaches 

in early stage idiopathic PD may not have as great a benefit as anticipated, in contrast to 

a clear benefit in familial clusters. WES-based approaches would likely find that only a 

small percentage of subjects have known variants, while most do not. Additional efforts 

to identify biomarkers of early-stage PD therefore appear to be of potentially high value 

in the field. 
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Neural signaling occurring through circulating exosomes can be detected in the 

saliva  

A frequent criticism concerns the question of whether or not saliva can serve as a 

proxy for pathological processes in the CNS.  The salivary glands are a major target of 

innervation from the brain stem, and therefore it is possible that exosomal brain-related 

miRNAs could be released directly into the oral cavity via the nerve pathways leading to 

the salivary glands. If this is true, it should be possible to isolate such exosomes from 

saliva using neuron- and glia-specific exosome capture methods based on the fact that 

exosomes express proteins on their surface that reflect their cell of origin. 

One goal of this study was therefore to establish if there are consistently high 

levels of any neuron-specific or glial-specific exosomes in saliva, and what their specific 

miRNA content is (Appendix 2).  The data demonstrated the feasibility of fractionating 

exosomes for sequencing miRNAs from whole saliva using exosome-specific protein 

marker selection, and several miRNAs were identified that appeared to be released into 

the oral cavity by virtue of their presence in neuron-derived exosomes.  An additional 

goal was to determine the potential neuronal routes of transfer of such miRNAs via 

examining the small RNA content of the nerves innervating the human mouth and 

salivary glands, as well as the salivary glands themselves.  The results provided clear 

evidence of the ability to isolate miRNA from embalmed human cadavers that can be 

used for RNA-sequencing. 

1.4– Objectives 

The overall goal of this dissertation was to identify a panel of early-stage 

Parkinson's disease biomarkers that can be used in the future both to diagnose the 

disease in vulnerable populations (aging, pesticide exposure, TBI) and to support the 

development of intervention strategies to change the course of the disease.  A 

secondary aim was to recapitulate and validate our findings in rodent and cellular 

models of PD to bolster the diagnostic and predictive value of our panel.  

Statement of dissertation hypotheses: 

1) We hypothesized that common mutations in PD relevant genes would be insufficient 

to serve as generalizable biomarkers in idiopathic early stage PD. 

2) We hypothesized that brain enriched miRNAs would be present in saliva as well as 

the nerves that supply that salivary glands and oral tissues. 

3) We hypothesized that changes in the levels of salivary miRNA would be detectable in 

subjects with early stage PD compared with age matched healthy and neurological 

disorder controls. 

4) We hypothesized that at least some of the changes in saliva miRNA in PD would be in 

brain-enriched miRNAs and miRNAs that target genes involved in the core 

pathophysiology or pathogenesis of PD. 

5) We hypothesized that at least some of the changed miRNAs in human PD would be 

observed in a mouse genetic model of PD. 
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6) We hypothesized that least some of the changed miRNAs would be observed in a 

human dopaminergic cellular model of PD, and also that some changes may be 

inducible or influenced by exposure to a known chemical risk factor (Paraquat). 

Hypotheses 1 and 2 were addressed in supplemental Appendix form, while hypotheses 

3 - 6 are presented as a single integrated chapter. 
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INTRODUCTION 

 

Although there are known genetic causes of PD, as reviewed in Chapter 1, these 

appear insufficient to explain the incidence of the disease for the majority of individuals. 

Thus, there is considerable interest in identifying biomarkers of early-stage PD that could 

be used to improve the diagnosis of the disorder at a point when intervention strategies 

might be more effective. The goals of the experiments described in this chapter were 

designed to probe the potential utility of saliva-based microRNA (miRNA) to serve as 

such biomarkers in a well-characterized clinical cohort of PD subjects, by comparison 

with neurologically normal controls and controls with a frequently co-occurring diagnosis 

or phenotype but no history of PD. A second goal was to determine whether the human 

miRNA differences identified in patients would be seen in a well-described transgenic 

mouse model of PD that carries the wildtype (WT) sequence or A53T mutation in the 

human alpha-synuclein (SNCA) gene. A final goal was to determine if the human miRNA 

changes were seen in a cellular model of PD that involved human iPSC-derived 

dopaminergic (iDopa) neurons edited to contain the same A53T mutation seen in some 

PD patients and the mouse model, either under normal conditions or following exposure 

to relevant doses of the PD risk-associated herbicide Paraquat.  

 

METHODS 

 

Human Studies 

The study utilized a cross-sectional case-control design to quantify differences in small 

RNA abundance in the saliva of human subjects that had been diagnosed with early 

stage Parkinson’s disease (PD) compared to and healthy older control subjects as well 

as control subjects with other movement disorders that overlap some symptoms or are 

comorbid with PD.  Relevant movement disorders were included to ensure that 

differentially expressed miRNAs could distinguish PD from the latter and thereby bolster 

their diagnostic utility. 

 

Subject recruitment and ascertainment.  All procedures and protocols for the study 

were approved by the Institutional Review Board for the Protection of Human Subjects 

(IRB) at SUNY Upstate Medical University (Syracuse, NY) as well as the Western IRB 

(Puyallup, WA) for samples collected at other sites. Informed written consent was 

obtained from all subjects after establishing their capacity to consent. Subjects were 

recruited from both in-state and out of state areas. Within NY, this included a broad 

region of the greater Syracuse and central NY area, eastern NY/Albany area and 

southern and western NY areas. Out of state participants were recruited in the 

Pittsburgh, PA area, San Antonio, TX area and Sioux Falls, SD area. Prior to their study 

visit, subjects received copies of the study description, a consent document, and a 

comprehensive health and symptom questionnaire packet, encompassing six 

standardized instruments: (1) The Movement Disorder Society – Unified Parkinson’s 

Disease Rating Scale, Part I (MDS-UPDRS-I), referred to as Non-Motor Aspects of 

Experiences of Daily Living; (2) The MDS-UPDRS, Part II, referred to as the Motor 
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Experiences of Daily Living; (3) The Scales for Outcomes in Parkinson’s Disease 

Autonomic Questionnaire (SCOPA-AUT); (4) The Parkinson’s Disease Quality of Life 

Scale (PDQUALIF); (5) The Non-Motor Symptom Questionnaire (NMS); and (6) The 

Beck Depression Inventory (BDI). 

  

Inclusion/exclusion criteria. Most PD subjects had been previously diagnosed by a 

neurologist and met general diagnostic criteria for late-onset PD, including bradykinesia 

and rigidity or a resting tremor. A small number of subjects were diagnosed as part of 

their initial examination in this study. Exclusion criteria included a history of current or 

recent neuroleptic use or severe traumatic brain injury (TBI).  We also attempted to 

exclude patients that had or were likely to have a Hoehn & Yahr PD staging score of 4 or 

more, since they would represent advanced PD cases. Two types of control subjects 

were recruited: 1) healthy older individuals who had no prior history of major medical 

procedures or conditions, including movement disorders, and 2) individuals who 

specifically had another movement disorder diagnosis, including essential tremor (ET), 

multiple system atrophy (MSA), progressive supranuclear palsy (PSP), or restless legs 

syndrome (RLS).  

  

Functional evaluations.  All subjects with a movement disorder diagnosis were 

evaluated using the Motor Examination (Part III) of the MDS-UPDRS by a movement 

disorder specialist or trained Ph.D.-level evaluator. Height, weight, blood pressure and 

heart rate were obtained on all subjects, and most subjects also completed the 12-item 

Modified Brief Smell Identification Test (mBSIT). Subjects recruited in NY and SD also 

underwent more extensive neurological and cognitive assessments, that included: (1) 

tremor frequency and amplitude measurement using a hand-held accelerometer; (2) 

Trailmaking A test; (3) Trailmaking B test; (4) Digit Span Forward test; (5) Digit Span 

Reverse test; (6) Simple Reaction Time (SRT); (7) Procedural Reaction Time test (PRT); 

(8) Go/No-Go test (GNG); and (9) postural sway measurements (lasting 30 seconds) 

obtained with their shoes off in three different postures, while wearing an inertial 

sensor/accelerometer around their waist. The postures were Tandem Leg stance with 

Eyes Open (TLEO), Two Legs side by side with Eyes Open (TLEO), and Two Legs side 

by side with Eyes Closed (TLEC). These items were part of a tablet-based FDA-listed 

functional assessment system (ClearEdge®, Quadrant Biosciences, Inc.) that 

incorporates three simple and complex reaction time measures (SRT, PRT, GNG) from 

the DANA BrainVitals® battery (AnthoTronix, Inc.) along with the measurements of 

postural sway and cognitive performance. Resulting data were analyzed using a 

generalized linear model analysis of variance (GLM ANOVA) with Diagnosis and Sex as 

fixed factors that were examined for main and interaction effects, and a Fisher’s test 

used for planned post-hoc comparisons, with alpha set at 0.05. 

 

Saliva Collection and Small RNA Profiling.  Saliva was collected using the ORA-100 

saliva collection swab or RE-100 saliva collection vial device (DNA Genotek, Ottawa, 

CA) following an oral rinse with water, at least 30 minutes after the time of most recent 

food or drink. Samples were stored at room temperature for 0-5 days, then incubated at 
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50°C to fully activate the proteinase K prior to nucleic acid extraction, per manufacturer 

instruction. RNA was extracted using a combined Trizol/RNeasy protocol. The RNA yield 

and quality were assessed on the Bioanalyzer NanoChip (Agilent) using 1 L per 

sample. Stranded libraries were constructed using the TruSeq Small RNA Library 

Preparation kit (Illumina). Final library yield and quality were assessed using a high 

sensitivity Bioanalyzer DNA Chip (Agilent) after pooling 8 libraries together for 

purification. Libraries were loaded onto the NextSeq 500 instrument (Illumina) at 1.8 pM 

loading concentration and sequenced at a targeted depth of 10 million single-end reads 

per samples, with 48 samples multiplexed in a single flow cell. 

Raw sequencing intensities were converted to base calls using the Bcl2fastq software 

(Illumina) to generate fastq files. The fastq files and subject metadata were imported into 

Partek Flow for subsequent analyses. Reads were initially examined for quality control 

(QC) metrics before and after trimming adapters with CutAdapt and removing low quality 

reads (phred score < 25). Reads were then serially aligned to several sequence 

databases, using the unaligned reads as input for subsequent alignments, including: (1) 

human miRbase 22 (mature, de-duplicated sequences) using Bowtie; (2) human piRNA 

base version 1 using Bowtie; (3) RefSeq hg38 refseq v101 using Bowtie 2; (4) tRFdb 

using Bowtie; (5) the human mitochondria reference sequence (accession NC_012920) 

using Bowtie; and (6) the microbiome using miniKraken (summarized at the species 

level). Only miRbase results are considered in detail here, with other data used for 

assessment of RNA compositional differences only.  

After alignments, reads were quantified and filtered to remove features with less than 1.0 

alignment count in 80% or more of the samples. Normalization was then performed 

using counts per million (CPM) or transcripts per kilobase million (TPM; RefSeq only) 

followed by the quantile normalization, adding 1.0, and log2-scaling the output. 

Exploratory principal component analysis (PCA) was performed to examine the 

sphericity and presence of outliers within each data type. Because initial results 

demonstrated a clear effect of the spit versus swab collection method on the overall 

composition, that appeared largely unidimensional in the PCA analysis, we performed a 

formal comparison of the total reads and total miRNA alignment metrics using a GLM 

ANOVA with Collection method, Diagnosis and Sex used as fixed factors. We then 

corrected for the modeled differences caused by collection method using the GLM and 

used only the adjusted expression values in subsequent analyses.  

Samples that were consistently outliers in one or more feature types were removed from 

further analysis (n=9 out of 300). The remaining data from 291 subjects were subjected 

to differential expression analysis using a two-way ANOVA (Parkinson's Diagnosis x 

Sex), with multiple testing correction applied in each case using a Storey q value 

adjustment. Significant features were subjected to hierarchical clustering (Heat map) 

analysis to identify patterns in the groups, as well as Pathway Enrichment analysis of 

their mRNA targets using the TargetScan 8.0 targeting database within PartekFlow and 

the miRdb database.  
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Mouse Studies 

 

Generation and Behavioral Phenotyping of Transgenic Mice.  Studies involving 

laboratory mice were performed to identify changes in salivary small RNA present in a 

well-characterized genetic model of PD and determine whether any of these overlapped 

those seen in human PD subjects. All procedures were reviewed and approved by the 

Animal Care and Use Committee (IACUC) at SUNY Upstate Medical University. 

Wildtype (WT) C57BL/6N male mice and transgenic female mice expressing human 

alpha-synuclein (SNCA) containing the known PD-causing A53T mutation driven by the 

mouse prion promoter were crossed to generate both WT and mutant offspring (Jackson 

Labs #006823; Lee et al., 2002). Genotyping was performed using standard PCR 

according to Jackson Labs protocols. A total of 23 mice were used for the 

studies. Behavioral testing was performed at both 4 months and 9 months of age using a 

set of assays sensitive to changes in motor and cognitive function, including: (1) 

Spontaneous alternation in the Y-maze, (2) Open field activity, (3) Novel object 

recognition, and (4) Beam-crossing. The tests were performed in the order indicated to 

minimize effects from one day to the next. Males and females were used in all assays 

and habituated to the testing apparatus for 30 minutes prior to testing. The genotypes of 

the mice included 14 WT (n=8 males, 6 females) and 9 A53T (n=5 males, n=4 females). 

Methods for the first 3 tests were the same as previously described (Afshari et al., 2017) 

with scoring automatically performed using ANY-Maze behavioral tracking software. The 

Beam Crossing test was performed to assess the ability of each mouse to traverse a 1 

meter long wooden beam suspended 16 inches above the floor, with the primary 

outcome of the number of hindlimb foot slips observed. Training was initially performed 

using rectangular beams 0.5 inch in diameter, while testing was performed using 0.5 

inch circular and 0.25 inch rectangular beams. Manual scoring of footslips was 

performed by an observer blind to the genotype of the mice.  After compiling the data for 

all tests, statistical comparisons were performed using a GLM ANOVA with Genotype 

and Sex as fixed main and interaction effects, using a Fisher’s test for planned post-hoc 

comparisons and alpha set at 0.05.  

 

Saliva Collection and Small RNA Profiling.  Saliva was collected using ORA-100 

saliva collection swabs (DNA Genotek) that had been reduced to approximately one-

fourth size using sterile scissors prior to use. Swabs were incubated in collection media 

and RNA extracted using the same combined Trizol/RNeasy protocol utilized for the 

human swabs. The RNA yield and quality were assessed on the Bioanalyzer PicoChip 

(Agilent) using 1 µL per sample to ensure adequate starting material. Stranded libraries 

were constructed using the TruSeq Small RNA kit (Illumina). Final library yield and 

quality were assessed using a high sensitivity Bioanalyzer DNA Chip (Agilent) after 

pooling 8 libraries together for purification. Libraries were loaded onto the NextSeq 500 

instrument (Illumina) at 1.8 pM loading concentration and sequenced at a targeted depth 

of 10 million 1 x 50 single-end reads per sample. Initial mapping, quantification, filtering 

and normalization of the mouse small RNA data was performed using the same 

methodology as the human saliva samples, except that only the reads mapping to 
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mouse miRbase 22 mature, de-duplicated sequences were examined, using Bowtie 

software as the aligner. Samples that were consistently outliers in one or more feature 

types were removed from further analysis (n=1 out of 23). The remaining data were 

subjected to differential expression analysis using a three-way ANOVA (Genotype x Sex 

x Age), with multiple testing correction applied using a Storey q value adjustment. 

Significant features were subjected to hierarchical clustering (Heat map) analysis to 

identify patterns in the groups, as well as Pathway Enrichment analysis of their mRNA 

targets using the TargetScan 8.0 targeting database. We also specifically examined the 

set of miRNAs changed in the human PD subjects for evidence of alteration in the A53T 

mice, and made note of any overlapping findings of interest. 

In Vitro Studies 

A53T and WT SNCA expressing iDopa Neurons  

Cell Generation and Maintenance. Fully differentiated, induced pluripotent stem cell 

(iPSC)-derived human midbrain iCell® dopaminergic neurons (wildtype, cat # R1088; PD 

SNCA A53T HZ, cat # R1109) were purchased from Fujifilm Cellular Dynamics 

International (Madison, WI, USA).  PD SNCA A53T HZ cells, in which a site-specific 

A53T mutation was introduced into the SNCA gene via nuclease-mediated SNP 

alteration of a healthy control iPS line, were used to model PD in vitro. The iCell® 

DopaNeurons were cultured according to the manufacturer’s instructions.  For all 

experimental assays cells were plated at a density of 2x105 cells/ cm2 (64,000 cells/well) 

on poly-L-ornithine (0.01%, EMD Millipore, A-004-C) and laminin (3.3 µg/mL, Millipore 

Sigma, 23017015) coated 96 well plates, in complete maintenance medium (iCell® 

Neural Base Medium, M1010) plus supplements (iCell Nervous System Supplement 1, 

M1031; iCell Neural Supplement B, M1029) provided by Fujifilm Cellular Dynamics.  

Cells were cultured in a 37°C, 5% CO2, humidified incubator, and medium was replaced 

every 2-3 days. 

Cell viability/ Paraquat Toxicity. Cell viability following Paraquat (PQ, 1,1ʹ-dimethyl-

4,4ʹ-bipyridinium dichloride, 856177, Sigma-Aldrich, St. Louis, MO, USA) exposure was 

determined using the non-lytic RealTime-Glo™ MT Cell Viability Assay (G9712, 

Promega, Madison, WI, USA) according to the manufacturer’s protocol. PQ was initially 

dissolved in complete maintenance medium to a stock concentration of 1.0 mM.  To 

create dose response curves, WT and A53 cells were plated on white opaque tissue 

culture plates and treated 10 days post-plating with a 2.5-fold serial dilution of PQ (1.0 

mM  0.65 mM) for 48 hrs (Fig X).  At the 48 hour time point, 2X RealTime-Glo™ 

reagent was added to each well, and the cells were incubated for 20 min at 37 °C.  

Luminescence was measured on a Biotek Synergy™ 2 microplate reader.  The dose 

response curves and resulting EC50 values were generated by plotting the log10 M PQ 

concentration against the difference in viability determined between triplicate drug-

treated and control medium-treated wells using GraphPad Prism Version 9.1.2 

(GraphPad Software, San Diego CA., USA, www.graphpad.com).  Based on the dose 

http://www.graphpad.com/
http://www.graphpad.com/
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response curves, PQ concentrations of 9.0 mM and 0.9 µM were subsequently chosen 

for all experimental assays, representing 1x and 0.1x the EC50 of the WT cells. 

ROS detection. Reactive oxygen species (ROS) levels were detected using the Cellular 

ROS Assay Kit (ab186027, Abcam, Cambridge, UK) according to the manufacturer’s 

instructions. Briefly, WT and A53T cells were plated on 96 well black clear-bottom plates 

and treated for 48 hrs with medium or PQ.  Following PQ treatment, cells were incubated 

at 37°C/5% CO2 with 100 μL of ROS Red Working Solution for 1 hour. Fluorescence was 

measured at Ex/Em wavelengths of 520/605 nm, in bottom read mode, using a Biotek 

Synergy™ 2 microplate reader.  Each condition was measured in triplicate. To control for 

different levels of cells in each well following PQ exposures, the resulting mean 

fluorescent intensity (MFI) levels were normalized to the total RNA yield from 3 replicate 

wells per genotype per condition that were treated on a second plate prepared from the 

same cell suspension on the same date. Comparisons between the groups were 

performed using a GLM ANOVA with PQ Treatment  and Genotype as fixed factors and 

Fisher’s post-hoc test. Only results of the main effect post-hoc tests and the effect of 

Genotype in matching treatment conditions were examined. 

Apoptosis. Expression levels of the apoptosis-related proteins Bcl-2, caspase-3 

(active), cleaved PARP, cytochrome C, and p53 were quantified using the Apoptosis 6-

Plex Human ProcartaPlex™ Panel (EPX06A-15823-901, Thermo Fisher Scientific, 

Waltham, MA, USA) according to the manufacturer’s instructions. Briefly, WT and A53T 

cell lysates collected 48 hr post-PQ treatment were prepared in RIPA buffer 

supplemented with Halt protease inhibitor (Thermo Fisher). Samples, standards, and 

positive controls were diluted in assay buffer and incubated with the Capture Bead Mix 

for 2 hours at room temperature with constant shaking (600 rpm). After two washes, the 

beads were incubated with detection antibody for 30 minutes at room temperature with 

shaking. Detection antibody was then decanted, and the beads were washed twice, then 

incubated with streptavidin-phycoerythrin (SAPE) for 30 minutes at room temperature 

with shaking, followed by two final washes and resuspension in reading buffer. Each well 

was then read by a BioPlex 200 instrument (BioRad), using settings as described in the 

protocol to quantify each target protein. Because the intended internal standard protein 

GAPDH was highly saturated, the resulting levels of proteins were normalized by 

adjusting to the total RNA yield from 3 replicate wells of cells per genotype per condition 

that were treated on the same plate. Comparisons between the groups were performed 

using a GLM ANOVA with PQ Treatment  and Genotype as fixed factors and Fisher’s 

post-hoc test. Only results of the main effect post-hoc tests and the effect of Genotype in 

matching treatment conditions were examined. And only data for proteins with significant 

effects are shown. 

DNA damage. The MILLIPLEX® MAP 7-plex DNA Damage/Genotoxicity Magnetic Bead 

Kit (Cat. No. 48-621MAG, EMD Millipore, St. Charles, MO, USA) was used to screen for 

possible changes in DNA damage/repair markers in WT and A53T cell lysates collected 

post-48 hr PQ treatment, including: ATR (total), Chk1 (Ser345), Chk2 (Thr68), H2A.X 

(Ser139), MDM2 (total), p21 (total), and p53 (Ser15).  The analysis was performed 



40 
 

according to the manufacturer’s instructions. Briefly, cell lysates were diluted 1:5 in 

Assay Buffer supplied with each kit. Samples were run in duplicate along with three 

provided control lysates. Samples were incubated with magnetic MAPmates capture 

beads for 18 hours at 4oC on a plate shaker. After two washes, the beads were 

incubated with detection antibody for 1 hour at room temperature. Detection antibody 

was then decanted and beads incubated with SAPE for 15 minutes. Amplification buffer 

was then added, and the plate was incubated for an additional 15 minutes with shaking. 

After decanting the SAPE/amplification buffer and tapping out excess liquid, the beads 

were resuspended in Assay Buffer and mixed on a plate shaker for 5 minutes. Each well 

was then read by the BioPlex 200 instrument (BioRad), using settings as described in 

the Milliplex protocol. To calculate the protein concentrations, the median fluorescent 

intensity (MFI) of each sample was analyzed using a 5-parameter logistic method after 

background correction. To control for different amounts of total protein in the lysates, the 

values were adjusted in the same manner as the apoptosis data, by normalizing to the 

total RNA yield of wells treated in parallel for the same conditions on the same plate. 

Comparisons between the groups were performed using a GLM ANOVA with PQ 

Treatment and Genotype as fixed factors and Fisher’s post-hoc test. Only results of the 

main effect post-hoc tests and the effect of Genotype in matching treatment conditions 

were examined. And only data for proteins with significant effects are shown. 

RNA Purification and Profiling.  Expression profiling of extracellular vesicle derived 

small RNA and cellular mRNA was performed on 3 replicate cultures of each of the 

A53T and WT cells exposed to media or PQ (48hr, n=18 total cultures).  The cell-derived 

RNA was extracted using the same Trizol/RNeasy protocol used for the human and 

mouse studies after scraping the wells of each cell preparation. In contrast, extracellular 

exosomal RNA was purified from tissue culture media using differential size exclusion 

ultrafiltration to enrich for microvesicles and exosomes in the 66 – 120 nanometer range. 

Specifically, large vesicles and cells were initially removed by centrifugation using an 

Ultrafree-CL Centrifugal Filter (0.22 micron, EMD Millipore UFC40GV0S), followed by 

removal of low molecular weight molecules and debris (<10 kD) using the Amicon Ultra-

2 Centrifugal Filter Unit. This combined process was shown to greatly enrich for 

exosomes (Gutierrez et al., 2013).   

Small non-coding RNA analysis was performed as described for the human and mouse 

experiments, using miRbase22, piRbase, and tRFdb for Bowtie alignments. After 

quantification, read counts were filtered to remove those with less than 1.0 alignment in 

80% or more of the samples and normalization performed using CPM followed by 

quantile normalization method, adding 1.0 and log2-scaling the output. Exploratory PCA 

analysis was performed to examine the sphericity and presence of outliers within each 

data type. Because initial results revealed a single outlier sample with unexpectedly low 

feature counts (approximately 10% of the value seen in other samples) it was removed 

and the normalization repeated. Expression analysis was then performed using a two-

way ANOVA (Cell Genotype x Treatment), with Storey q value adjustment of resulting p 

values. Significant features were then subjected to hierarchical clustering (Heat map) 

analysis and Pathway Enrichment analysis of their mRNA targets. Analysis was focused 
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on defining the miRNAs that were most changed due to the addition of PQ, in the two 

respective cell lines, and also on examining the miRNAs that were changed in saliva 

from human subjects with PD. 

mRNA expression analysis was performed after using RefSeq hg38 v98 with Bowtie 2 

for alignment and quantification, summarized at the gene level. The samples were 

subjected to QC analysis and filtered to remove the same outlier identified in the small 

RNA analysis, followed by filtering to remove features with less than 1.0 alignment in 

80% or more of the samples and normalization performed using TPM followed by adding 

1.0 and log2-scaling the output.  Significantly changed features were identified using a 

two-way ANOVA (Cell Genotype x Treatment), with Storey q value adjustment of 

resulting p values. The significant changed genes were then subjected to hierarchical 

clustering (Heat map) analysis and Pathway Enrichment analysis.  

 

RESULTS 

 

Human Studies 

 

Neurologic and Demographic Information. Information about the 300 subjects 

completing the study is provided in Table 2.1. Approximately 59% of subjects had a 

diagnosis of PD, with 62% providing a swab sample and 38% submitting saliva 

expectorate, and 57% were male.  There were no significant differences in average age, 

weight, BMI, heart rate or blood pressure values between subject groups. However, the 

proportion of males was higher in the PD group based on a chi-squared statistic (X2 = 

5.12, p = 0.024). 
 

Table 2.1. Parkinson’s and control group sample information. 

 PD group StDev Control group StDev 

Sample size n=178  n=122  

% Swabs 61.8%  56.6%  

% Males 56.7%*  43.4%  

Age (years) 68.51 6.97 69.81 6.51 

Height (inches) 67.19 4.04 66.31 4.18 

Weight (pounds) 178.53 36.02 176.08 40.68 

Basal Metabolic Index 27.76 4.88 27.75 5.00 

Resting Heart Rate 71.46 12.37 68.46 10.77 

Sitting Diastolic BP 79.76 10.73 81.23 10.31 

Sitting Systolic BP 132.80 19.82 136.17 18.72 

Standing Diastolic BP 80.68 11.00 81.73 10.94 

Standing Systolic BP 131.61 21.37 140.31 21.06 

* p < 0.05 group differences between PD and control 

 



42 
 

Notably, the PD subject group also displayed trends for increased frequencies of a 

family history of PD (X 2 = 11.76, p = 0.0006), and any type of gastrointestinal issue (X 2 = 

4.56, p = 0.033), as well as a trend for increased history of pesticide or herbicide 

exposure (X 2 = 2.56, p = 0.11) (Table 2.2). 

 
 

Table 2.2. Risk factors and comorbid movement disorders in PD and control subjects. 

 PD group Control group 

% Concussion/Head Injury 29.78% 22.95% 

% Pesticide/Herbicide/Agent Orange 33.15% 19.67% 

% Family History of PD? (1st or 2nd degree) 21.35%* 9.84% 

% REM Sleep Behavioral Disorder 10.67% 2.46% 

% Undergoing Frequent Anesthesia 2.25% 0.00% 

% Welding/Mining or Occupational Exp to Metals 14.04% 9.02% 

% Consuming Well Water 43.26% 36.07% 

% Smoking History 34.83% 39.34% 

% Gastrointestinal Issues 61.24%* 6.56% 

% other Movement Disorder 8.99% 15.57% 

 9 RLS, 4 Dystonia 4 RLS, 12 ET 

 4 ET, 2 MSA 3 PSP 

ET, essential tremor; MSA, multiple system atrophy; PSP, progressive supranuclear palsy; RLS, restless legs syndrome 

 

The PD group had an average duration of diagnosis of 4.35 years. These subjects and a 

subset of the Control group underwent more thorough neurological assessment that 

included completion of the UPDRS and SCOPA-AUT assessments, and most subjects 

completed the BSIT. These indicated that PD subjects had much higher rates of tremor, 

higher frequency of receiving prescriptions for PD medications, higher UPDRS scores, 

and higher self-reported constipation issues (Table 2.3).  Notably, typical UPDRS 

subscale cutoff values for considering subjects as exhibiting “moderate” as opposed to 

“mild” PD are 10-11 (UPDRS-I), 12-13 (UPDRS II), 32-33 (UPDRS-III) (reference PMID: 

25466406), which are all higher than the average scores of the PD subjects in the 

current study (Table 2.3). This along with the duration of illness and Hoehn & Yahr 

staging score support classification of the PD subject group as early stage.  
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Table 2.3. Group means for functional measures and PD medication usage frequencies.  

*Hoehn & Yahr scale descriptors:  1 = Unilateral involvement only;  1.5 = Unilateral and axial involvement;   
2 = Bilateral without balance impairment; 2.5 = Mild bilateral disease with recovery on pull test; 3 = Mild to 
moderate bilateral disorder with some postural instability, but physically independent; 4 = Severe disability, 
but still able to walk or stand unassisted;  5 = Wheelchair bound or bedridden 

 

Detailed tablet-based balance and neurocognitive assessments were performed on 

approximately half (n= 130 – 142) of the PD and control subjects (i.e., specifically those 

that were recruited and assessed within NY state and Sioux Falls, SD).  Notably, many 

PD subjects had difficulty with or were highly reluctant to attempt the more difficult 

balance tests that required standing on a foam pad, particularly with their eyes closed. In 

the present report, we focus on the performance data for the three balance tests with the 

highest completion rate, as well as five neurocognitive measures and the BSIT task.  

   

Postural Sway with Two Legs adjacent Eyes Open (TLEO) stance. The PD subjects 

overall demonstrated significantly reduced performance on the TLEO task compared 

with age-matched controls (Table 2.4, Figure 2.1). Post-hoc comparisons indicated that 

this effect was mostly due to the reduced performance in male subjects, although female 

PD subjects showed the same general trend. In this test, as well as the other two 

postural sway tests, higher scores indicate more stable stationary posture, and lower 

scores indicate more body sway in any plane. 

 

PD 

group StDev 

Control 

group StDev 

Years with PD Diagnosis 4.35 3.57 -  

% With Self-Reported Tremor 65.17%  9.02%  

%  Prescribed Dopamine Agonist 21.35%  0.00%  

% Prescribed Carbidopa-Levodopa 71.35%  0.00%  

% Prescribed MAO/COMT Inhibitors 35.96%  0.00%  

% Completing MDS-UPDRS Questionnaire 95.51%  25.41%  

Total UPDRS Subscale I (mentation, mood) 9.35 6.65 5.65 5.09 

Total UPDRS Subscale II (ADLs, GI, sleep, motor symptoms) 8.87 7.63 5.15 9.37 

Total UPDRS Subscale III (motor exam) 20.85 11.06 6.23 9.38 

Total UPDRS Subscale IV (dyskinesias) 1.04 2.26 0.38 1.96 

UPDRS 2.1 Speech problems score 0.84 0.99 0.52 1.08 

UPDRS 2.2 Saliva & drooling problems score 1.04 1.20 0.36 0.85 

UPDRS 2.3 Chewing and swallowing problems score 0.31 0.69 0.09 0.42 

UPDRS 1.7 Sleep problems score 1.42 1.21 0.78 1.00 

Average Sleep Hours/Night 6.99 1.48 7.30 1.02 

*Hoehn & Yahr stage 1.76 0.86 0.36 1.14 

Brief Smell Identification Test total score 6.15 2.55 9.02 1.87 

SCOPA-AUT Constipation (in past month) 0.49 0.75 0.18 0.50 

SCOPA-AUT Strain hard to pass stools (in past month) 0.92 0.80 0.36 0.58 

SCOPA-AUT Involuntary loss of stools (in past month) 0.09 0.34 0.13 0.34 



44 
 

 

 

 

Table 2.4 Performance on TLEO task 

 

 

 

  

2-way ANOVA  Sum of Mean   

Effect Source DF Squares Square F-Ratio P-Value 

Model 3 12.81 4.27 2.61 0.05386 

Diagnosis 1 9.84 9.84 6.03 0.01537 

Sex 1 0.59 0.59 0.36 0.54861 

Diagnosis x 

Sex 

1 0.92 0.92 0.56 0.45456 

Error 134 218.88 1.63   

Total(Adjusted) 137 231.69 1.69   

Figure 2.1. TLEO performance score. 

Only significant contrasts are shown. 

Note the overall effect in PD subjects vs 

controls (C), and the reduced 

performance in male PD vs male control 

subjects. Bars indicate standard errors.  

 P = 0.015 

P = 0.026 
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Postural Sway with Two Legs Eyes Closed (TLEC) stance. The GLM ANOVA model 

that was used to evaluate the performance of the PD subjects in the TLEC task revealed 

a  significant overall effect. However, the model did not indicate a significant effect of 

Diagnosis when males and females were combined (Table 2.5). Conversely, separate 

post-hoc comparisons indicated significantly reduced scores (more sway) in male PD 

subjects compared with male controls, and also between male and female PD subjects. 

This supports the interpretation that male PD subjects were more impaired on this task 

(Figure 2.2). 

 

Table 2.5 Performance on TLEC task 

 

 

 

  

2-way ANOVA  Sum of Mean   

Effect Source DF Squares Square F-Ratio P-Value 

Model 3 121.21 40.41 2.90 0.03739 

Diagnosis 1 49.14 49.14 3.52 0.06257 

Sex 1 24.85 24.85 1.78 0.18398 

Diagnosis x 

Sex 

1 21.53 21.53 1.55 0.21601 

Error 135 1881.27 13.94   

Total(Adjusted) 138 2002.49 14.51   

Figure 2.2. TLEC performance 

score. Conventions as in Figure 

3.1. Note the reduced performance 

in both male PD vs male controls, 

and male PD vs female PD 

subjects, but no overall significant 

effect of diagnosis when males 

and females are combined.  
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Postural Sway with Tandem Stance Eyes Open (TSEO) stance. The PD subjects 

demonstrated significantly reduced performance in the TSEO task overall (Table 2.6). 

However, the variability in subject performance was greater than seen in other tasks, 

and this prevented the effects in males and females from attaining significance. 

Nonetheless, there was a visible trend observed in the males and females, that 

approached significance in the male PD subjects (P = 0.0634) (Figure 2.3).  

 

Table 2.6 Performance on TSEO task 

 

 

  

2-way ANOVA  Sum of Mean   

Effect Source DF Squares Square F-Ratio P-Value 

Model 3 405.78 135.26 1.83 0.14466 

Diagnosis 1 315.16 315.16 4.27 0.04085 

Sex 1 13.61 13.61 0.18 0.66847 

Diagnosis x 

Sex 

1 26.15 26.15 0.35 0.55288 

Error 129 9527.03 73.85   

Total(Adjusted) 132 9932.81 75.25   

Figure 2.3. TSEO performance score. 

Performance was significantly reduced 

in PD subjects vs controls overall, and 

approached significance in male PD 

subjects vs male controls. 
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Simple Reaction Time (SRT) task. For the SRT task, subjects had to press their finger 

down on a specific location of a touch screen as quickly as possible following a “go” 

signal (the target changed color). Scoring was determined after repeated trials when it 

became asymptotic, and is roughly equivalent to time. There was no significant 

difference between PD and control subjects in the performance of these tasks, either 

overall or within male or female subjects (Table 2.7, Figure 2.4, post hoc comparisons 

were all non-significant). Thus, there is no general slowing of simple reaction times in the 

cohort of PD subjects that were evaluated. 

 

 

Table 2.7 Performance on SRT task 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

2-way ANOVA  Sum of Mean   

Effect Source DF Squares Square F-Ratio P-Value 

Model 3 3943.4 1314.5 1.09 0.3567 

Diagnosis 1 1973.2 1973.2 1.63 0.2036 

Sex 1 1.07 1.07 0.001 0.9764 

Diagnosis x 

Sex 

1 1770.3 1770.3 1.46 0.2283 

Error 140 169280.8    

Total(Adjusted) 143     

Figure 2.4. SRT performance score. 

PD diagnosis, both overall and within 

sexes, had no significant effect on 

SRT performance.  
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Procedural Reaction Time (PRT) task. For the PRT task, subjects pressed their finger 

down on one of two specific locations of a touch screen depending on which cue was 

presented. We examined the reaction time data, percent correct, and PRT score for this 

task. As in the SRT task, the PRT score was based on the evaluation of repeated trials 

by each subject, until it reached an asymptotic level. The PD subjects showed no 

significant difference overall from controls, although a trend for increased reaction time 

(P=0.064), and reduced score was evident. For simplicity, only the PRT score data 

ANOVA results are shown in full (Table 2.8; see Figure 2.5 and inset). 

 

 

Table 2.8  Performance on PRT task 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

2-way ANOVA  Sum of Mean   

Effect Source DF Squares Square F-Ratio P-Value 

Model 3 1762.4 587.5 2.15 0.0970 

Diagnosis 1 813.3 813.3 2.97 0.0868 

Sex 1 450.9 450.9 1.65 0.2012 

Diagnosis x 

Sex 

1 102.7 102.7 0.38 0.5410 

Error 137 37462.5 273.4   

Total(Adjusted) 140 39224.8 280.2   

Figure 2.5. PRT performance score.  

Performance did not significantly differ 

overall in PD vs control (C) subjects.  

Note, however, a trend toward reduced 

score and longer reaction time (inset) 

in PD subjects. 
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Go/No-Go (GNG) task. For the GNG task, subjects had to respond or not respond to a 

visual cue and press their finger on a specific response location of a touch screen after 

the “go” signal. Similar to the PRT task, the scoring of this task includes reaction time, 

percent correct, and a score encompassing both, once performance became asymptotic. 

In this task, only an overall trend for reduced GNG score (P=0.1179) was observed, 

along with non-significant trends for increased reaction time, in PD subjects (Table 2.9; 

see Figure 2.6 and inset).  

 

 

Table 2.9 Performance on GNG task 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

2-way ANOVA  Sum of Mean   

Effect Source DF Squares Square F-Ratio P-Value 

Model 3 1479.3 493.1 1.11 0.3482 

Diagnosis 1 1102.2 1102.2 2.48 0.1179 

Sex 1 610.4 610.5 1.37 0.2435 

Diagnosis x 

Sex 

1 62.4 62.4 0.14 0.7087 

Error 138 61418.5 445.1   

Total(Adjusted) 141 62897.8 446.1   

Figure 2.6. GNG performance score.  

Compared to controls, PD subjects 

showed only a non-significant trend 

toward reduced performance and 

increased reaction time (inset). 
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Trail Making A (TMA) task. Subjects with PD demonstrated significant increases in the 

time to complete the TMA task, with male PD subjects more affected than females 

(Table 2.10; Figure 2.7). Notably, the tablet-based version of the test requires subjects to 

complete the steps correctly, and subjects who make frequent mistakes thus require 

more time. However, as a group there were no differences in the number of errors in PD 

and controls (data not shown). 

  

 

Table 2.10 Performance on TMA task 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

  

2-way ANOVA  Sum of Mean   

Effect Source DF Squares Square F-Ratio P-Value 

Model 3 24663.2 8221.1 7.47  0.00012 

Diagnosis 1 10534.2 10534.2 9.57 0.00242 

Sex 1 8931.1 8931.0 8.11 0.00511 

Diagnosis x 

Sex 

1 1176.8 1176.8 1.07 0.30315 

Error 132 145359.9 1101.2   

Total(Adjusted) 135 170023.1 1259.4   

P = 0.0044 

P = 0.00242 

 P = 0.0057 

Figure 2.7. TMA performance.  An 

overall effect in PD subjects vs controls  

is evident with PD subjects taking more 

time to complete the task. Note also the 

reduced performance (increased 

completion time) in both male PD vs 

male control subjects, and male PD vs 

female PD subjects. 
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Trail Making B (TMB) task. The TMB task is considered more challenging than the 

TMA task, due to the alternating use of letters and numbers that have to be remembered 

to correctly complete the task. Similar to the TMA task, PD subjects showed significantly 

increased completion time, although most of this effect was attributable to male PD 

subjects. The male PD subjects also required more time than female PD subjects (Table 

2.11, Figure 2.8). 

 

 

Table 2.11 Performance on TMB task  

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

  

2-way ANOVA  Sum of Mean   

Effect Source DF Squares Square F-Ratio P-Value 

Model 3 328146 109382 6.71  0.0003 

Diagnosis 1 121691 121691 7.47 0.0072 

Sex 1 130687 130687.1 8.02 0.0054 

Diagnosis x 

Sex 

1 30759 30759.4 1.89 0.1719 

Error 126 2053333 16296.3   

Total(Adjusted) 129 2381479 18461.1   

P = 0.0072 

P = 0.0027 
P = 0.0049 

Figure 2.8. TMB performance.  Note a 

significant effect of overall diagnosis, 

with PD subjects requiring more time to 

complete the task than controls, which is 

particularly evident in male PD subjects, 

who also required more time than 

female PD subjects.  
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Modified Brief Smell Identification (mBSIT) task. Male and female subjects with PD 

demonstrated highly significant reductions in odor discrimination in the mBSIT task. 

Notably, this test was analyzed using age as a covariate to help control for the robust 

effects of Age in the same task, which has been previously reported. No significant 

overall effect of Sex or Diagnosis x Sex interactions were observed (Table 2.12; Figure 

2.9), although a trend for reduced BSIT in males was evident (P = 0.0670), and achieved 

significance in the PD subgroup.  

 

Table 2.12  Performance on mBSIT task 

 

 

 

 

 

 

 

 

 

 

 

  

2-way 

ANCOVA  Sum of Mean   

Effect Source DF Squares Square F-Ratio P-Value 

Model 4 692.8 173.2 35.4 < 0.00001 

Age 1 142.5 142.5 29.1 1.4E-07 

Sex 1 16.5 16.5 3.38 0.0670 

Diagnosis 1 510.2 510.2 104.3 < 0.00001 

Diagnosis x 

Sex 

1 11.6 11.6 2.38 0.1241 

Error 270 1320.1 4.9   

Total(Adjusted) 274 2012.9 7.3   

P < 0.00001 

P < 0.00001 

Figure 2.9. mBSIT performance.  

Note a highly significant reduction in 

olfactory function in all PD subjects, 

with greater impairment in male PD 

than female PD subjects. 

P < 0.00001 

P = 0.0057 
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Small RNA isolation. The yield and quality of the total RNA isolated from the saliva 

swabs was more than sufficient to enable small RNA library construction. Representative 

RNA samples are shown in Figure 2.10, which encompasses both PD and control 

subjects.  

 
Figure 2.10. Representative total RNA isolated from human PD and controls. Note 

presence of large amounts of low molecular weight RNA in each sample in addition to 

28S and 18S RNA.  

4000

2000

1000

500

200

25

La
d

d
er

P
D

 1
0

1
7

P
D

 C
1

0
1

3

P
D

 C
1

0
1

4

P
D

 C
1

0
1

5

P
D

 C
1

0
1

6

P
D

 C
1

0
1

7

P
D

 1
0

1
8

P
D

 1
1

1
2

P
D

 1
1

1
3

365 ng/uL 83 ng/uL150 ng/uL

117 ng/uL 562 ng/uL 400 ng/uL

128 ng/uL 647 ng/uL 142 ng/uL



54 
 

NGS Performance. Initial examination of the read coverage in our subject saliva NGS 

data indicated no significant differences due to diagnosis, collection method, or sex 

(Figure 2.11). The mean reads per subject was 6.22 million (SE ±239,245). This 

indicated that fairly balanced libraries were created and generated fairly uniform overall 

NGS data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 2.11. Total reads per group.  

Note there were no differences 

between subject groups based on Sex, 

Diagnosis or Collection method. 
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Total miRNA alignments. In contrast to the highly similar read coverage of our 

samples, the content of the samples exhibited significant differences in miRNA 

alignment based on collection method (Table 2.13; Figure 2.12). There was a clear and 

unexpected increase in miRNA alignments in samples collected with swabs rather than 

spit (Figure 2.12, Right). The overall mean number of miRNA alignments reported in spit 

samples (n=121) was 224,440 (SE ±23,130) while the mean in swab samples (n=179) 

was 607,509 (SE ±40,019). Notably, the shifts were evident in both males and females 

and both PD and control subjects. There were also more moderate effects of diagnosis 

and interactions of diagnosis and method, with PD subject samples collected using spit 

having less alignments than controls collected with spit, but PD samples collected with 

swabs having more alignments than controls collected with swabs (Figure 2.12, Left).  
 

Table 2.13  Total miRNA alignments per sample. 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

3-way ANOVA  Sum of Mean   

Effect Source DF Squares Square F-Ratio P-Value 

Model 7 1.61E+13 2.30E+12 12.585   4.19E-14 

Sex 1 3.05E+11 3.05E+11 1.671  0.19712 

Diagnosis 1 8.17E+11 8.17E+11 4.476   0.03521 

Method 1 1.28E+13 1.28E+13 69.882   2.55E-15 

Sex x Diagnosis 1 5.68E+11 5.68E+11 3.113    0.07873 

Sex x Method 1 2.06E+11 2.06E+11 1.130   0.28866 

Diagnosis x Method 1 2.26E+12 2.26E+12 12.355   0.00050 

Sex x Diagnosis x 

Method 

1 1.00E+12 1.00E+12 5.502    0.01966 

Error 292 5.33E+13 1.83E+11   

Total(Adjusted) 299 6.94E+13 2.32E+11   

Figure 2.12. Total miRNA alignments per group.  Note the greater number of  

alignments in the swab samples across both diagnostic groups and both genders. 

P = 2.55e-15 P = 0.03521 
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Compositional Analysis. Based on the marked differences in miRNA alignments 

observed with the different collection methods, we examined the data for the set of 

aligned molecular subtypes, including miRNA, piRNA, microbial RNA, RefSeq RNA 

(which captures a variety of long coding and non-coding RNA), mitochondrial RNA, and 

tRF RNA. This was done by determining the percentage of alignments that were 

attributable to each molecular class out of the total alignments. A hierarchical clustering 

heat map was then created to visualize the data (Figure 2.13, Left). This indicated an 

apparent inverse relationship between the percent of miRNA alignments and microbial 

alignments, which was further explored using a linear regression (Figure 2.13, Right). 

Unexpectedly, there was a robust reciprocal relationship across all the collected 

samples, with swab collected samples containing a greater fraction of miRNA alignments 

and fewer microbial alignments than the spit samples. 

 

 

 

  

Figure 2.13. Composition of different aligned RNA subtypes.  Left, hierarchical 

clustering analysis of the full set of samples based on the percentage of RNA 

aligned to each subtype. Right, scatter plot of percent miRNA alignments versus 

microbial (mini Kraken) species alignments for all samples. Note the strong 

inverse relationship between these values, and the significant regression 

coefficient (R2 = 0.65). 

R2 = 0.65 
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miRNA differences in PD subjects versus controls.  Based on the aforementioned 

differences in miRNA alignments due to collection method that were possible to model in 

a linear fashion, we used a generalized linear model to remove these batch effects prior 

to subsequent testing of the data for group differences due to PD diagnosis.  After this 

adjustment, we identified 34 miRNAs changed in the human subjects (Table 2.14).  

 

The distribution of changes and their significance displayed an expected pattern in a 

volcano plot with several increased and several decreased miRNAs observed (Figure 

2.14A). Moreover, when examined in aggregate, the multidimensional expression 

patterns represented by these 34 miRNAs also showed some ability to separate PD and 

control subjects according to a t-distributed stochastic neighbor embedded (t-SNE) 

analysis (Figure 2.14B). However, as expected, there was little or no ability to distinguish 

swab and spit collected samples (since the effect of collection method had been 

corrected out).  Examination of the individual data for the 6 most significantly changed 

miRNAs was also done, and indicated reasonable shifts in the means of each group, 

although clear overlap in their distributions was always evident. This suggests that more 

than a single feature is needed to achieve good separation between PD and controls. 

 

Pathways over-represented in targets of differentially expressed miRNAs.  To gain 

further insight into the possible impact of altered miRNA expression in PD, pathway 

enrichment analysis was performed using both the KEGG and Gene Ontology 

databases that were cross-referenced to the TargetScan miRNA targeting database. 

This indicated strong evidence for enrichment of several pathways related to brain 

function, as well as protein processing (Tables 2.15, 2.16).  The specific impact on two 

of these representative pathways involved in neurodevelopment and FOXO signaling are 

shown in Figure 2.16, and show evidence of multiple genes being targeted by multiple 

changed miRNAs. 
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Table 2.14  Significantly changed miRNAs in PD saliva. 

 PD vs Control Males vs Females 
Diagnosis x Sex 

Interaction 

microRNA ID P-value Q-value 
Fold 

change 
Mean PD Mean C P-value Q-value 

Fold 

change 
Mean M Mean F P-value Q-value 

hsa-miR-618 0.0000 0.0001 2.39 94.3 39.51 0.8699 0.7711 1.13 70.9 62.8 0.3134 0.7896 

hsa-miR-107 0.0000 0.0001 -1.25 2,646.3 3,320.28 0.0322 0.5930 1.10 3,119.3 2,847.2 0.1330 0.7054 

hsa-miR-103a-3p 0.0000 0.0021 -1.21 3,063.6 3,701.67 0.1297 0.7659 1.07 3,491.2 3,274.1 0.1811 0.7054 

hsa-miR-708-3p 0.0001 0.0063 -1.54 20.1 30.89 0.8431 0.7700 1.02 25.8 25.2 0.0318 0.5215 

hsa-miR-191-5p 0.0002 0.0110 1.31 39,909.8 30,367.43 0.2935 0.7659 -1.06 34,160.6 36,116.7 0.0267 0.5215 

hsa-miR-199b-5p 0.0002 0.0110 1.61 152.7 94.83 0.3630 0.7659 -1.09 118.3 129.2 0.6915 0.9123 

hsa-miR-130b-3p 0.0006 0.0231 -1.44 129.3 185.55 0.5157 0.7659 1.09 163.9 150.9 0.1846 0.7054 

hsa-miR-338-3p 0.0008 0.0249 1.45 283.8 195.64 0.8916 0.7782 -1.09 229.0 250.4 0.3135 0.7896 

hsa-miR-328-3p 0.0009 0.0262 1.54 42.2 27.34 0.6986 0.7659 1.09 36.3 33.3 0.0033 0.4025 

hsa-miR-30c-5p 0.0010 0.0262 1.21 676.8 561.60 0.6951 0.7659 -1.06 602.4 636.0 0.2330 0.7321 

hsa-miR-660-5p 0.0012 0.0290 -1.24 163.3 203.00 0.1528 0.7659 1.05 187.7 178.6 0.3887 0.8024 

hsa-miR-944 0.0015 0.0313 -1.25 83.2 103.75 0.7632 0.7659 1.12 98.6 88.3 0.1859 0.7054 

hsa-miR-223-3p 0.0015 0.0313 1.54 21,521.3 13,955.30 0.2005 0.7659 -1.12 16,723.0 18,753.6 0.4092 0.8256 

hsa-miR-548d-5p 0.0017 0.0317 -1.46 13.4 19.55 0.2485 0.7659 -1.01 16.4 16.6 0.5931 0.9085 

hsa-miR-941 0.0022 0.0361 1.30 3,550.2 2,725.80 0.3579 0.7659 -1.04 3,081.8 3,194.2 0.0240 0.5215 

hsa-miR-142-5p 0.0023 0.0361 1.41 14,457.2 10,283.86 0.4702 0.7659 1.13 13,127.8 11,613.3 0.5960 0.9085 

hsa-miR-3065-3p 0.0023 0.0361 -1.63 11.7 19.04 0.4880 0.7659 1.15 16.4 14.3 0.9335 0.9123 

hsa-miR-629-3p 0.0026 0.0375 1.62 10.2 6.30 0.1943 0.7659 -1.11 7.8 8.7 0.0630 0.6208 

hsa-miR-26a-2-3p 0.0034 0.0432 1.82 6.5 3.56 0.5451 0.7659 -1.04 4.9 5.1 0.7222 0.9123 

hsa-miR-4454 0.0035 0.0432 1.90 80.2 42.26 0.3729 0.7659 1.37 70.8 51.7 0.8061 0.9123 

hsa-miR-1910-5p 0.0036 0.0432 -1.56 3.7 5.81 0.8178 0.7700 -1.14 4.4 5.1 0.5324 0.8987 

hsa-miR-223-5p 0.0037 0.0432 1.42 137.1 96.24 0.3270 0.7659 -1.16 107.9 125.5 0.4597 0.8488 

hsa-miR-1249-3p 0.0038 0.0432 1.49 36.5 24.41 0.1436 0.7659 1.13 32.3 28.6 0.7331 0.9123 

hsa-miR-484 0.0039 0.0432 1.22 354.4 289.31 0.9474 0.7908 -1.00 321.1 322.6 0.1133 0.6819 

hsa-miR-455-3p 0.0048 0.0441 -1.53 2.9 4.48 0.4938 0.7659 1.07 3.8 3.6 0.3684 0.7995 

hsa-miR-199a-3p 0.0049 0.0441 1.37 364.2 265.88 0.6372 0.7659 -1.02 312.2 317.9 0.7844 0.9123 

hsa-miR-199b-3p 0.0049 0.0441 1.37 364.2 265.88 0.6372 0.7659 -1.02 312.2 317.9 0.7844 0.9123 

hsa-miR-375-3p 0.0049 0.0441 -1.19 23,798.9 28,358.67 0.7629 0.7659 1.07 26,969.9 25,187.7 0.6697 0.9123 

hsa-miR-20a-5p 0.0050 0.0441 -1.21 242.7 293.45 0.3725 0.7659 1.05 275.2 260.9 0.7388 0.9123 

hsa-miR-584-5p 0.0052 0.0441 -1.38 44.4 61.19 0.4280 0.7659 1.16 56.7 48.9 0.2835 0.7896 

hsa-miR-4520-2-3p 0.0052 0.0441 -1.39 3.1 4.26 0.8988 0.7801 -1.10 3.5 3.8 0.1651 0.7054 

hsa-miR-26b-3p 0.0054 0.0441 1.32 61.5 46.56 0.7048 0.7659 -1.00 53.9 54.1 0.6139 0.9123 

hsa-miR-145-3p 0.0057 0.0448 1.39 49.1 35.24 0.0726 0.7659 -1.20 38.3 46.1 0.9089 0.9123 

hsa-miR-186-5p 0.0058 0.0448 1.14 7,880.9 6,921.34 0.8698 0.7711 -1.02 7,334.2 7,468.1 0.0351 0.5519 
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Figure 2.14.  Differentially expressed miRNAs in saliva of PD subjects. A, Volcano plot 

showing increased and decreased miRNAs (Q < 0.05 and 1.3-fold cutoffs). B, t-SNE plot 

with significant separation of subjects based on diagnosis. C, t-SNE plot showing lack of 

significant separation based on collection method. 
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Figure 2.15.  Individual miRNA scatter plots and whisker-box plots for the top 6 changes 

in PD. Y-axis data are log-2 scale. Note the absence of observable differences due to 

subject gender. 
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Table 2.15  KEGG Pathways enriched in mRNA targets of changed miRNAs in PD. 

 

 

 

  

Gene set Description Score P-value BH FDR Genes 

path:hsa05206 MicroRNAs in cancer 23.6 5.71E-11 0.0000 125 

path:hsa04360 Axon guidance 10.9 1.90E-05 0.0032 123 

path:hsa05205 Proteoglycans in cancer 9.8 5.64E-05 0.0062 128 

path:hsa04010 MAPK signaling pathway 9.6 7.05E-05 0.0058 174 

path:hsa05212 Pancreatic cancer 9.4 8.52E-05 0.0057 54 

path:hsa04510 Focal adhesion 9.3 9.27E-05 0.0051 124 

path:hsa04310 Wnt signaling pathway 9.2 0.0001 0.0048 99 

path:hsa05014 Amyotrophic lateral sclerosis (ALS) 8.9 0.0001 0.0057 33 

path:hsa05200 Pathways in cancer 8.8 0.0002 0.0057 281 

path:hsa05211 Renal cell carcinoma 8.4 0.0002 0.0077 51 

path:hsa04140 Autophagy - animal 7.6 0.0005 0.0159 79 

path:hsa04722 Neurotrophin signaling pathway 7.0 0.0009 0.0246 75 

path:hsa04550 Signaling pathways regulating pluripotency of stem cells 6.8 0.0011 0.0280 91 

path:hsa05214 Glioma 6.7 0.0012 0.0294 52 

path:hsa05224 Breast cancer 6.5 0.0016 0.0349 93 

path:hsa01522 Endocrine resistance 6.1 0.0022 0.0447 58 

path:hsa04141 Protein processing in endoplasmic reticulum 6.1 0.0022 0.0432 95 

path:hsa04923 Regulation of lipolysis in adipocytes 6.1 0.0022 0.0413 33 

path:hsa04068 FoxO signaling pathway 5.8 0.0030 0.0522 81 

path:hsa05166 Human T-cell leukemia virus 1 infection 5.8 0.0030 0.0500 111 

path:hsa01521 EGFR tyrosine kinase inhibitor resistance 5.6 0.0037 0.0583 54 

path:hsa04144 Endocytosis 5.5 0.0042 0.0631 138 

path:hsa04916 Melanogenesis 5.4 0.0044 0.0638 59 

path:hsa04664 Fc epsilon RI signaling pathway 5.3 0.0049 0.0684 37 

path:hsa05231 Choline metabolism in cancer 5.2 0.0056 0.0748 58 

path:hsa00600 Sphingolipid metabolism 5.2 0.0057 0.0731 28 

path:hsa04071 Sphingolipid signaling pathway 5.1 0.0059 0.0728 67 

path:hsa04810 Regulation of actin cytoskeleton 5.0 0.0065 0.0765 122 

path:hsa04115 p53 signaling pathway 5.0 0.0066 0.0759 44 

path:hsa05165 Human papillomavirus infection 5.0 0.0071 0.0782 169 
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Table 2.16  Gene Ontology pathways enriched in targets of changed miRNAs. 

Gene set Description Score P-value BH FDR Genes 

GO:0048638 regulation of developmental growth 18.6 8.34E-09 0.0001 195 

GO:0061138 morphogenesis of a branching epithelium 16.6 6.45E-08 0.0003 104 

GO:0040013 negative regulation of locomotion 16.3 8.39E-08 0.0003 188 

GO:0051271 negative regulation of cellular component movement 16.2 9.72E-08 0.0002 171 

GO:0004674 protein serine/threonine kinase activity 15.4 2.10E-07 0.0004 243 

GO:0030336 negative regulation of cell migration 14.9 3.33E-07 0.0005 160 

GO:2000146 negative regulation of cell motility 14.6 4.46E-07 0.0006 165 

GO:0001763 morphogenesis of a branching structure 14.2 7.02E-07 0.0009 108 

GO:0004712 protein serine/threonine/tyrosine kinase activity 14.1 7.86E-07 0.0009 248 

GO:0099177 regulation of trans-synaptic signaling 13.8 1.04E-06 0.0010 241 

GO:0050804 modulation of chemical synaptic transmission 13.8 1.04E-06 0.0009 241 

GO:0048754 branching morphogenesis of an epithelial tube 13.4 1.57E-06 0.0013 87 

GO:0106310 protein serine kinase activity 12.8 2.88E-06 0.0022 204 

GO:0018105 peptidyl-serine phosphorylation 12.1 5.39E-06 0.0038 116 

GO:0120039 plasma membrane bounded cell projection morphogenesis 12.0 6.39E-06 0.0042 150 

GO:0005667 transcription regulator complex 11.9 7.13E-06 0.0044 273 

GO:0018209 peptidyl-serine modification 11.8 7.85E-06 0.0046 127 

GO:0090287 regulation of cellular response to growth factor stimulus 11.7 8.05E-06 0.0044 182 

GO:0007411 axon guidance 11.7 8.13E-06 0.0042 137 

GO:0006511 ubiquitin-dependent protein catabolic process 11.4 1.08E-05 0.0053 292 

GO:0048858 cell projection morphogenesis 11.3 1.26E-05 0.0059 151 

GO:0097485 neuron projection guidance 11.2 1.32E-05 0.0059 137 

GO:0044309 neuron spine 11.2 1.36E-05 0.0058 102 

GO:0043197 dendritic spine 10.9 1.78E-05 0.0073 101 

GO:0010975 regulation of neuron projection development 10.9 1.80E-05 0.0071 248 

GO:0048598 embryonic morphogenesis 10.9 1.86E-05 0.0071 237 

GO:0097060 synaptic membrane 10.8 2.00E-05 0.0073 147 

GO:0048812 neuron projection morphogenesis 10.8 2.02E-05 0.0072 145 

GO:0019941 modification-dependent protein catabolic process 10.7 2.19E-05 0.0075 293 

GO:0035239 tube morphogenesis 10.6 2.45E-05 0.0081 171 

GO:0046332 SMAD binding 10.5 2.88E-05 0.0092 59 

GO:0007611 learning or memory 10.4 2.94E-05 0.0091 153 

GO:0048167 regulation of synaptic plasticity 10.3 3.42E-05 0.0103 117 

GO:0050890 cognition 10.2 3.79E-05 0.0110 167 

GO:0002009 morphogenesis of an epithelium 10.2 3.87E-05 0.0109 180 

GO:0003179 heart valve morphogenesis 10.1 4.09E-05 0.0112 37 

GO:0005548 phospholipid transporter activity 10.1 4.09E-05 0.0109 37 

GO:0071900 regulation of protein serine/threonine kinase activity 10.0 4.50E-05 0.0117 194 
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Figure 2.16.  Representative pathways enriched by targets of changed miRNAs. Upper, 

neuro-development related signaling genes. Lower, FOXO related signaling genes. Note 

that the latter impacts pathways related to inflammation, apoptosis, oxidative stress, and 

autophagy. 
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Mouse Studies 

 

Behavioral Phenotyping. Analysis of the behavioral data indicated significant changes 

in several phenotypes in the A53T transgenic mice compared with WT mice at the 8-9 

month time point. Specifically, A53T mice displayed significantly reduced fraction of 

alternation (FA) in the Y Maze task (an indicator of working memory) compared with WT 

mice based on the main effects analysis and post-hoc results (Table 2.17). Notably, this 

trend was only significant in males. 

 

Table 2.17. Y Maze Fraction of Alteration 

 

2-way ANOVA  Sum of Mean   

Effect Source DF Squares Square F-Ratio P-Value 

Model 3 0.0519 0.0173 7.124 0.0021 

Genotype 1 0.0200 0.0200 8.253 0.0097 

Sex 1 0.0266 0.0266 10.973 0.0037 

Genotype x Sex 1 0.0005 0.0005 0.192 0.6664 

Error 19 0.0461 0.0024   

Total(Adjusted) 22 0.0980 0.0045   

 

 

The time spent engaged with the novel object in the Novel Object Recognition (NOR) 

task was also significantly affected by genotype, with A53T transgenic mice showing 

reduced time (especially males) (Table 2.18). 

 

Table 2.18 Novel Object Recognition - Novel Object Time (sec) 

 

2-way ANOVA  Sum of Mean   

Effect Source DF Squares Square F-Ratio P-Value 

Model 3 851.1 283.7 3.43 0.038 

Genotype 1 495.4 495.4 5.989 0.0243 

Sex 1 299.0 299.0 3.615 0.0725 

Genotype x Sex 1 59.0 59.0 0.714 0.4087 

Error 19 1571.5 82.7   

Total(Adjusted) 22 2422.6 110.1   

 

P = 0.0097 

P = 0.0217 

P = 0.1208 

P = 0.0243 

P = 0.0224 

P = 0.2985 
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Similarly, the time spent in proximity with the familiar object in the NOR task was also 

significantly affected by genotype, with reductions in A53T male mice, but only a weaker 

trend seen in females (Table 2.19). 

 

Table 2.19 Novel Object Recognition - Familiar Object Time (sec) 

 

2-way ANOVA  Sum of Mean   

Effect Source DF Squares Square F-Ratio P-Value 

Model 3 864.7 288.3 3.718 0.0294 

Genotype 1 609.9 609.9 7.868 0.0113 

Sex 1 1.0 1.0 0.012 0.9125 

Genotype x Sex 1 159.8 159.8 2.061 0.1674 

Error 19 1473.0 77.5   

Total(Adjusted) 22 2337.7 106.3   

 

 

When the Discrimination Index was calculated from the NOR task data, there was no 

significant effect of genotype on the outcome (Table 2.20).  Taken together, the 

combined data suggest less overall NOR task engagement in the A53T mice, particularly 

in males, compared with WT littermates.  

 

 

Table 2.20 Novel Object Recognition - Discrimination Index  

 

2-way ANOVA  Sum of Mean   

Effect Source DF Squares Square F-Ratio P-Value 

Model 3 1.26 0.42 3.384 0.0396 

Genotype 1 0.15 0.15 1.216 0.2839 

Sex 1 0.53 0.53 4.304 0.0518 

Genotype x Sex 1 0.29 0.29 2.323 0.1439 

Error 19 2.36 0.12   

Total(Adjusted) 22 3.61 0.16   

 

 

  

P = 0.0113 

P = 0.0047 

P = 0.3724 

P = 0.2839 

P = 0.0619 

P = 0.7816 
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In the Open Field Test, there was a significant effect of genotype on the speed of the 

mice, with both male and female A53T mice showing greater speed than their WT 

littermates (Table 2.21).  

 

Table 2.21 Open Field Test – Speed (meters/second) 

 

2-way ANOVA  Sum of Mean   

Effect Source DF Squares Square F-Ratio P-Value 

Model 3 0.0284 0.0095 9.822 0.0004 

Genotype 1 0.0272 0.0272 28.235 0 

Sex 1 0.0002 0.0002 0.162 0.6922 

Genotype x Sex 1 0.0001 0.0001 0.086 0.7724 

Error 19 0.0183 0.0010   

Total(Adjusted) 22 0.0467 0.0021   

 

 

However, the time spent in the center of the OFT chamber was not significantly affected 

by genotype, although there was almost a significant Genotype x Sex interaction with 

opposite trends in A53T female and male mice compared with their respective WT 

controls (Table 2.22). Taken together, the combined OFT data suggest that the major 

behavioral change is increased activity in the A53T mice, without an overall anxiety 

phenotype. 

 

Table 2.22 Open Field Test - Center Time (sec) 

 

2-way ANOVA  Sum of Mean   

Effect Source DF Squares Square F-Ratio P-Value 

Model 3 2983.9 994.6 1.811 0.1793 

Genotype 1 528.5 528.5 0.963 0.3389 

Sex 1 106.2 106.2 0.193 0.6651 

Genotype x Sex 1 2259.2 2259.2 4.115 0.0568 

Error 19 10432.4 549.1   

Total(Adjusted) 22 13416.3 609.8   

 

  

P = 0.3389 

P = 0.4387 

P = 0.0591 

P < 0.0000 

P = 0.0004 

P = 0.0034 
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In the Beam Crossing tests, there were significant effects of genotype on the total 

number of foot slips, with A53T mice showing approximately 3x more slips than their WT 

littermates. This increase was highly significant for all beam widths, and present in both 

males and females (Tables 2.23, 2.24, 2.25).  

 

 

Table 2.23 Beam Crossing - 0.5 in Rectangular Beam Foot Slips 

 

2-way ANOVA  Sum of Mean   

Effect Source DF Squares Square F-Ratio P-Value 

Model 3 65.28 21.76 5.211 0.0085 

Genotype 1 64.50 64.50 15.448 0.0009 

Sex 1 0.46 0.46 0.11 0.7439 

Genotype x Sex 1 0.23 0.23 0.056 0.8154 

Error 19 79.33 4.18   

Total(Adjusted) 22 144.61 6.57   

 

 

Table 2.24 Beam Crossing - 0.5 in Circular Beam Foot Slips 

 

 

 

  

2-way ANOVA  Sum of Mean   

Effect Source DF Squares Square F-Ratio P-Value 

Model 3 331.0 110.3 14.207 0 

Genotype 1 312.5 312.5 40.239 0 

Sex 1 12.3 12.3 1.588 0.2228 

Genotype x Sex 1 30.7 30.7 3.958 0.0612 

Error 19 147.6 7.8   

Total(Adjusted) 22 478.6 21.8   

P = 0.0009 

P = 0.0117 

P = 0.0119 

P < 0.0000 

P = 0.0039 

P < 0.0000 
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Table 2.25 Beam Crossing 0.25 inch Rectangular 

 

2-way ANOVA  Sum of Mean   

Effect Source DF Squares Square F-Ratio P-Value 

Model 3 140.51 46.84 8.499 0.0009 

Genotype 1 129.27 129.27 23.457 0.0001 

Sex 1 8.71 8.71 1.581 0.2239 

Genotype x Sex 1 0.28 0.28 0.051 0.8231 

Error 19 104.71 5.51   

Total(Adjusted) 22 245.22 11.15   

 

Small RNA Profiling.  The swab collections from the mice enabled successful isolation 

of small RNA, with sufficient yield and quality for profiling (Figure 2.17). Typical RNA 

yields as determined by the Pico Chip ranged from 1 – 30 ng/µL.  Notably, the RNA 

Integrity Number (RIN) was not examined because the Bioanalyzer software does not 

account for the enrichment of small RNA in generating RIN values. After generation of 

sequencing data and alignment and quantification of the small RNA reads, 3 of the 

samples were identified from the 48 processed that were determined to fail QC metrics.  

These samples were also outliers in the PCA analysis, and thus withheld from further 

analyses.  The final summary of sample numbers used for miRNA analysis is shown in  

Table 2.26 and the individual samples with miRNA alignment values listed in Table 2.27. 

 

Table 2.26. Samples passing RNA QC 

Genotype/Sex AS WT Total 

F 8 9 17 

M 12 16 28 

Total 20 25 45 

    

Genotype/Age (months) AS WT Total 

4 10 12 22 

9 10 13 23 

Total 20 25 45 

    

Sex/Age (months) F M Total 

4 8 14 22 

9 9 14 23 

Total 17 28 45 

P = 0.0001 

P = 0.0011 

P = 0.0062 
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Figure 

2.17. Representative RNA yields from mouse saliva samples. All passed QC. 
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Table 2.27. Mature miRNA alignments in mouse saliva samples. 

Library Sample Genotype Mouse Sex Age (months) miRNA alignments QC Status 

1 100918-1A-6-B AS 1A6 M 9 206730 Pass 

2 100918-1A-6 AS 1A6 M 4 1457903 Pass 

3 100918-1A-8-B WT 1A8 M 9 20607 Pass 

4 100918-1A-8 WT 1A8 M 4 8360 Pass 

5 100918-1A-9-B AS 1A9 M 9 6587 Pass 

6 100918-1A-9 AS 1A9 M 4 132225 Pass 

7 100918-1B-1-B AS 1B1 M 9 18839 Pass 

8 100918-1B-1 AS 1B1 M 4 33259 Pass 

9 100918-1B-9 AS 1B9 F 4 31788 Pass 

10 100918-1B-9-B AS 1B9 F 9 188848 Pass 

11 100918-2A-3-B WT 2A3 M 9 16925 Pass 

12 100918-2A-3 WT 2A3 M 4 23977 Pass 

13 100918-2A-5-B WT 2A5 F 9 1494 FAIL 

14 100918-2A-5 WT 2A5 F 4 15744 Pass 

15 100918-2A-7 WT 2A7 F 4 27036 Pass 

16 100918-2A-7-B WT 2A7 F 9 22049 Pass 

17 100918-2B-1-B AS 2B1 F 9 4357 Pass 

18 100918-2B-1 AS 2B1 F 4 11979 Pass 

19 100918-2B-4-B AS 2B4 M 9 70513 Pass 

20 100918-2B-4 AS 2B4 M 4 52016 Pass 

21 100918-3A-7-B AS 3A7 M 9 19342 Pass 

22 100918-3A-7 AS 3A7 M 4 11901 Pass 

23 100918-3B-3-B AS 3B3 M 9 66230 Pass 

24 100918-3B-3 AS 3B3 M 4 11381 Pass 

25 100918-3B-4-B WT 3B4 M 9 30864 Pass 

26 100918-3B-4 WT 3B4 M 4 14410 Pass 

27 100918-3B-6-B WT 3B6 F 9 65873 Pass 

28 100918-3B-6 WT 3B6 F 4 6880 Pass 

29 100918-4B-5-B WT 4B5 M 9 47486 Pass 

30 100918-4B-5 WT 4B5 M 4 25414 Pass 

31 100918-4B-6-B AS 4B6 F 9 10009 Pass 

32 100918-4B-6 AS 4B6 F 4 9795 Pass 

33 100918-4B-8-B AS 4B8 F 9 207824 Pass 

34 100918-4B-8 AS 4B8 F 4 33007 Pass 

35 100918-5A-1-B WT 5A1 M 9 48456 Pass 

36 100918-5A-1 WT 5A1 M 4 6388 Pass 

37 100918-5A-2-B WT 5A2 M 9 24962 Pass 

38 100918-5A-2 WT 5A2 M 4 10443 Pass 

39 100918-5A-6-B WT 5A6 F 9 84285 Pass 

40 100918-5A-6 WT 5A6 F 4 18931 Pass 

41 100918-6A-1-B WT 6A1 F 9 28926 Pass 

42 100918-6A-1 WT 6A1 F 4 1645 FAIL 

43 100918-10A-2-B WT 10A2 M 9 10069 Pass 

44 100918-10A-2 WT 10A2 M 4 13700 Pass 

45 100918-10A-3-B WT 10A3 M 9 8532 Pass 

46 100918-10A-3 WT 10A3 M 4 16779 Pass 

47 100918-10A-5-B WT 10A5 F 9 20809 Pass 

48 100918-10A-5 WT 10A5 F 4 707 FAIL 
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The mouse miRNA data were examined using a three-way ANOVA. After correction for 

multiple testing, we identified 20 miRNAs with a significant (Q-value <0.15) effect of 

genotype (Table 2.28). Hierarchical clustering of these changed miRNAs and samples 

revealed some consistency in their overall pattern, with general separation between 

A53T and WT mice becoming evident (Figure 2.18).  Notably, these miRNAs included 

two of the same ones that were changed in human PD patients – miR-103-3p and miR-

107.  Close inspection of these specific miRNA expression changes showed that their 

significance was largely driven by the effect seen in male mice (Figure 2.19). 

Nevertheless, further examination of the source of variance (F values) for these two 

miRNAs indicated that more of the effect was due to genotype than sex or genotype x 

sex interactions (Figure 2.20). 

 

Pathways over-represented in targets of differentially expressed miRNAs.  As in 

the human data analysis, we also examined the pathway that were most enriched in the 

targets of the differentially expressed mouse miRNAs based on the KEGG and Gene 

Ontology databases that were cross-referenced to the TargetScan miRNA targeting 

database. This revealed a number of notable brain-relevant pathways, including multiple 

related to synaptic processes, as well as protein processing (Figure 2.21, Figure 2.22). 

 

Table 2.28. Mouse saliva miRNAs with most significant effect of genotype 
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Figure 2.18. Heat map analysis of the top changed mouse saliva miRNAs in A53T 

compared to WT mice. Both ages and sexes are included.  

 

 

 

 
Figure 2.19. Genotype differences in miR-103-3p and miR-107-3p in AS expression 

mice vs WT. 
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Figure 2.20. Sources of variation for miR-103a-3p and miR-107-3p.  
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Figure 2.20. KEGG pathways showing over-representation of genes targeted by 

differentially expressed miRNAs in A53T mouse saliva. 
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Figure 2.21. Top Gene Ontology pathways showing over-representation of genes 

targeted by differentially expressed miRNAs in A53T mouse saliva. 
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In Vitro Studies 

Cell viability/ Paraquat Toxicity. Paraquat toxicity in the two cell lines was examined 

using the RealTime-Glo™ MT Cell Viability Assay, and the results were fitted by 

nonlinear regression using a using log (agonist) versus normalized response (variable 

slope) equation.  Interestingly, cells expressing A53T mutant -syn were less sensitive 

to PQ than their WT counterparts, with an EC50 value of 12.7 µM versus 9.1 µM 

observed in the WT condition (Figure 2.22).  The differential sensitivity between 

genotypes may arise from a preconditioning-type effect, in this case cellular adaptation 

to oxidative stress in the A53T cells.  In addition to other neuronal cell types including 1) 

hiPSC-derived cortical neurons generated from familial PD patients carrying the SNCA-

A53T mutation (Choi et al., 2022), and 2) human mesencephalic MESC2.10 cells 

overexpressing A53T -syn (Lotharius et al., 2002), A53T iCell® Dopa Neurons also 

show increased cytosolic ROS levels compared to WT controls (ROS Fig. X).  An 

elevated basal level of ROS in the A53T mutants likely activates antioxidant response 

systems, rendering the cells more resistant to PQ challenge and thereby increasing the 

PQ concentration required to produce a half maximal response.   

 

Figure 2.22. NanoLuc® luciferase signal following 48hr paraquat (PQ) exposure 

represented as a percentage of the media control signal.  Dose response curves for WT 

(Left) and PD SNCA A53T HZ (Right) iCell® DopaNeurons were generated with 

GraphPad Prism 9.1.2 using a log(agonist) vs. normalized response - variable slope 

curve fit. Each point represents the mean±SD of n=3 independent determinations.  PQ 

EC50 values calculated for WT and A53T iCell® DopaNeurons were 9.1 µM and 12.7 

µM, respectively.   
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ROS detection. Examination of the adjusted fluorescent data from the ROS assay 

indicated a highly significant effect of genotype and paraquat treatment, as well as an 

overall dose-response effect (Figure 2.23). Planned post-hoc comparisons further 

demonstrated highly significant differences in each genotype in their overall response, 

as well as a striking Genotype x Treatment interaction effect, with the A53T cells not 

showing the same dose-response as WT cells at the low 0.09 µM paraquat dose (Table 

2.29, Figure 2.24). This may reflect the elevated EC50 for these cells previously noted 

(Figure 2.22).  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 2.23. Changes in ROS due to genotype (Left) or as a treatment with paraquat at 0.0, 

0.9 or 9.0 uM concentrations (Right) with data combined across genotypes. The adjusted 

mean fluorescent intensity (MFI) is shown following 48hr paraquat of media exposure. 
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Table 2.29.  ROS intensity ANOVA results 

2-way ANOVA  Sum of  Mean   

Effect Source DF Squares  Square F-Ratio P-Value 

Model 5 1.60E+09  3.20E+08 2346.4 0 

Genotype 1 3.50E+08  3.50E+08 2565.2 2.33E-15 

Treatment 2 6.94E+08  3.47E+08 2542.2 2.22E-16 

Genotype x 

Treatment 

2 5.58E+08 
 

2.79E+08 2041.2 6.66E-16 

Error 12 1638976  136581.4   

Total(Adjusted) 17 1.60E+09  9.44E+07   

Significant Post-Hoc Comparisons 

Contrast T P value  Contrast T P value 

A53T - WT 50.65 2.4E-15 
 

A53T, PQ_0.09 

- A53T, PQ_9 

-50.70 2.2E-15 

Media - PQ_0.09 -48.83 3.6E-15 
 

A53T, PQ_0.09 

- WT, PQ_0.09 

-22.55 3.4E-11 

Media - PQ_9 -69.42 2.7E-17 
 

A53T, PQ_9 - 

WT, PQ_9 

49.73 2.9E-15 

PQ_0.09 - PQ_9 -20.59 9.9E-11 
 

WT, Media - 

WT, PQ_0.09 

-76.08 8.9E-18 

A53T, Media - 

A53T, PQ_0.09 

7.02 1.4E-05 
 

WT, Media - 

WT, PQ_9 

-54.49 1.0E-15 

A53T, Media - 

A53T, PQ_9 

-43.68 1.4E-14 
 

WT, PQ_0.09 - 

WT, PQ_9 

21.58 5.7E-11 

A53T, Media - 

WT, Media 

60.55 2.5E-16 
    

  

Figure 2.24. Separated effects of 

genotype and paraquat exposures 

on ROS intensity. All significant 

contrasts between groups are noted 

in the post-hoc table (Table 2.29). 

Note the striking change at high PQ 

concentrations in A53T neurons, but 

elevated ROS at both 0.09 and 9.0 

uM concentrations in the WT 

neurons. 
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Apoptosis detection. The expression of several proteins involved in apoptosis was 

measured in the iDopa neuronal cultures, including BCL2, Caspase 3, Cleaved PARP, 

Cytochrome C, and p53. Overall, there was the same general trend seen in protein level 

changes, with A53T neurons showing slightly higher level of expression overall than WT 

iDopa neurons, and A53T neurons showing significant increases or trends for increases 

only after the highest dose of paraquat, while WT neurons showed increased apoptotic 

protein expression after both low and high dose paraquat exposures (Figures 2.25 – 

2.29; Tables 2.30 – 2.34). 

 

Table 2.30.  BCL 2 ANOVA results 

2-way ANOVA  Sum of  Mean   

Effect Source DF Squares  Square F-Ratio P-Value 

Model 5 2115022  423004 10.73 0.00042 

Genotype 1 684840  684840 17.371 0.0013 

Sex 2 655988  327994 8.32 0.00541 

Genotype x Sex 2 774194  387097 9.819 0.00298 

Error 12 473092  39424.3   

Total(Adjusted) 17 2588114  152242   

Significant Post-Hoc Comparisons 

Contrast T P value  Contrast T P value 

A53T vs WT 4.2 0.0013  
WT, Media vs 

WT, PQ_0.09 
-5.03 0.0003 

Media vs 

PQ_0.09 
-2.77 0.017  

WT, Media vs 

WT, PQ_9 
-3.79 0.00256 

Media vs PQ_9 -3.98 0.00183  
A53T, Media vs 

WT, Media 
5.10 0.00026 

A53T, PQ_0.09 

vs A53T, PQ_9 
-2.94 0.01229  

A53T, PQ_9 vs 

WT, PQ_9 
3.15 0.00844 

 

  

Figure 2.25. Separated effects of 

genotype and paraquat exposures on 

BCL2 expression. Same conventions 

as previous figure. Note the higher 

baseline expression in A53T neurons 

vs WT neurons and the significant 

increase in WT exposed neurons at 

both concentrations, with only a trend 

for increased expression in high-dose 

treated A53T neurons. 
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Table 2.31.  Caspase 3 ANOVA results 

 

  

 

 

 

 

  

2-way ANOVA  Sum of  Mean   

Effect Source DF Squares  Square F-Ratio P-Value 

Model 5 29300.6  5860.121 41.025 0 

Genotype 1 10765.3  10765.34 75.366 0 

Sex 2 10078.9  5039.457 35.28 0.00001 

Genotype x Sex 2 8456.35  4228.177 29.6 0.00002 

Error 12 1714.1  142.8417   

Total(Adjusted) 17 31014.7  1824.394   

Significant Post-Hoc Comparisons 

Contrast T P value  Contrast T P value 

A53T vs WT 8.68 <0.00001  
A53T, PQ_0.09 

vs A53T, PQ_9 

-6.59 0.00003 

Media vs PQ_0.09 -5.14 0.0002  
WT, Media vs 

WT, PQ_0.09 

-8.64 <0.00001 

Media vs PQ_9 -8.32 <0.00001  
WT, Media vs 

WT, PQ_9 

-6.55 0.00003 

PQ_0.09 vs PQ_9 -3.18 0.0079  
A53T, Media vs 

WT, Media 

8.80 <0.00001 

A53T, Media vs 

A53T, PQ_9 

-5.219 0.00021 
 

A53T, PQ_9 vs 

WT, PQ_9 

7.46 0.00001 

Figure 2.26. Separated effects of 

genotype and paraquat exposures 

on Caspase 3 expression. Same 

conventions as previous figure. 

Note the higher baseline 

expression in A53T neurons vs WT 

neurons and the significant 

increase in WT exposed neurons at 

both concentrations, with increased 

expression in high-dose treated 

A53T neurons. 

. 
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Table 2.32.  Cleaved PARP ANOVA results 

 

 

  

2-way ANOVA  Sum of  Mean   

Effect Source DF Squares  Square F-Ratio P-Value 

Model 5 402.858  80.57166 21.303 0.00001 

Genotype 1 142.805  142.805 37.757 0.00005 

Sex 2 146.23  73.115 19.331 0.00018 

Genotype x Sex 2 113.823  56.91167 15.047 0.00054 

Error 12 45.387  3.782222   

Total(Adjusted) 17 448.245  26.36735   

Significant Post-Hoc Comparisons 

Contrast T P value  Contrast T P value 

A53T vs WT 
6.145 0.00005 

 
A53T, PQ_0.09 

- A53T, PQ_9 

-5.437 0.00015 

Media vs PQ_0.09 
-3.607 0.0036 

 
A53T, PQ_9 - 

WT, PQ_9 

6.34 0.00004 

Media vs PQ_9 
-6.19 0.00005 

 
WT, Media - 

WT, PQ_0.09 

-5.584 0.00012 

PQ_0.09 vs PQ_9 
-2.583 0.02398 

 
WT, Media - 

WT, PQ_9 

-3.8 0.00253 

Figure 2.27. Separated effects of 

genotype and paraquat exposures 

on Cleaved PARP expression. 

Same conventions as previous 

figure. Note the higher baseline 

expression in A53T neurons vs WT 

neurons and the significant 

increase in WT exposed neurons at 

both concentrations, with a trend 

for increased expression in high-

dose treated A53T neurons. 
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Table 2.33.  Cytochrome C ANOVA results  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2-way ANOVA  Sum of  Mean   

Effect Source DF Squares  Square F-Ratio P-Value 

Model 5 7.8E+08  1.57E+08 14.466 0.0001 

Genotype 1 1.9E+08  1.92E+08 17.767 0.0012 

Sex 2 3.2E+08  1.58E+08 14.6 0.00061 

Genotype x Sex 2 2.8E+08  1.37E+08 12.682 0.0011 

Error 12 1.3E+08  1.08E+07   

Total(Adjusted) 17 9.1E+08  5.37E+07   

Significant Post-Hoc Comparisons 

Contrast T P value  Contrast T P value 

A53T vs WT 
4.22 0.0012 

 
A53T, PQ_0.09 

vs A53T, PQ_9 

-3.70 0.00303 

Media vs PQ_0.09 
-3.86 0.00228 

 
A53T, PQ_9 vs 

WT, PQ_9 

3.87 0.00221 

Media vs PQ_9 
-5.21 0.00022 

 
WT, Media vs 

WT, PQ_0.09 

-6.06 0.00006 

A53T, Media vs 

A53T, PQ_9 

-3.09 0.0093 
 

WT, Media vs 

WT, PQ_9 

-4.27 0.00109 

A53T, Media vs 

WT, Media 

5.05 0.00029 
 

   

Figure 2.28. Separated effects of 

genotype and paraquat exposures 

on Cytochrome C expression. Same 

conventions as previous figure. Note 

the higher baseline expression in 

A53T neurons vs WT neurons and 

the significant increase in WT 

exposed neurons at both 

concentrations, with increased 

expression in high-dose treated 

A53T neurons. 
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Table 2.34.  p53 ANOVA results 

 

 

 

  

2-way ANOVA  Sum of  Mean   

Effect Source DF Squares  Square F-Ratio P-Value 

Model 5 6501884  1300377 3.499 0.03504 

Genotype 1 2953422  2953422 7.946 0.01549 

Sex 2 1395661  697830.4 1.878 0.19524 

Genotype x Sex 2 2152801  1076401 2.896 0.09413 

Error 12 4460137  371678.1   

Total(Adjusted) 17 1.1E+07  644824.8   

Significant Post-Hoc Comparisons 

Contrast T P value  Contrast T P value 

A53T vs WT 2.82 0.01549 
 

A53T, PQ_0.09 

vs A53T, PQ_9 

-2.35 0.03685 

A53T, Media vs 

WT, Media 

2.94 0.01236 
 

A53T, PQ_9 vs 

WT, PQ_9 

2.24 0.04504 

Figure 2.29. Separated effects of 

genotype and paraquat exposures 

on total p53 expression. Same 

conventions as previous figure. 

Note the higher baseline expression 

in A53T neurons vs WT neurons 

and the trends for increased 

expression in WT exposed neurons 

at both concentrations, with a trend 

for  reduced expression in low-dose 

treated A53T neurons and 

increased expression in high-dose 

treated A53T neurons. 
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DNA damage. Only the expression of p21, a protein associated with DNA damage 

responses, was found to be significantly changed as a consequence of both genotype 

and paraquat exposure (Figure 2.30, Table 2.35).  

Table 2.35.  p21 ANOVA results 

  2-way ANOVA  Sum of  Mean   

Effect Source DF Squares  Square F-Ratio P-Value 

Model 5 726.36  145.27 15.621 0.00007 

Genotype 1 165.62  165.62 17.809 0.00119 

Sex 2 446.52  223.26 24.007 0.00006 

Genotype x Sex 2 114.22  57.11 6.141 0.01457 

Error 12 111.6  9.3   

Total(Adjusted) 17 837.96  49.29   

Significant Post-Hoc Comparisons 

Contrast T P value  Contrast T P value 

A53T vs WT 4.22 0.00119 
 

A53T, PQ_0.09 

vs A53T, PQ_9 

-5.382 0.00016 

Media vs PQ_9 -6.75 0.00002 
 

A53T, PQ_9 vs 

WT, PQ_9 

3.66 0.0033 

PQ_0.09 vs PQ_9 -4.73 0.00049 
 

WT, Media vs 

WT, PQ_0.09 

-3.67 0.00322 

A53T, Media vs 

A53T, PQ_9 

-4.57 0.00065 
 

WT, Media vs 

WT, PQ_9 

-4.98 0.00032 

A53T, Media vs 

WT, Media 

4.07 0.00155 
 

   

Figure 2.30. Separated effects of 

genotype and paraquat exposures 

on DNA damage marker 

expression. Same conventions as 

previous figure. Note the higher 

baseline expression in A53T 

neurons vs WT neurons and the 

significant increase in WT exposed 

neurons at both concentrations, with 

increased expression in high-dose 

treated A53T neurons. 
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Small RNA isolation and profiling. The isolation of small RNA from the exosomes 

present in supernatants of the cell cultures was successfully completed with our adapted 

methodology and revealed consistently sufficient yields of small RNA for RNA 

sequencing (Figure 2.31). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 2.31. Exosome and small RNA isolation from cell culture. Upper, schematic 

of method (created in BioRender.com). Lower, Bioanalyzer RNA traces of three 

representative samples. 



86 
 

Read performance metrics. After sequencing, alignment, and quantification of the 

exosomal small RNA content to the miRNA database, we obtained low but consistent 

alignment numbers from all but one sample, which had approximately 10 times less than 

the highest level seen and was excluded from downstream analysis (Table 2.36). 

 

Table 2.36. Mature miRNA alignments from iDopa exosome preps. 

Library Sample name Genotype Treatment Time Total alignments Avg. depth QC Status 

1 A53T4FpreS13 A53T Media Pre 2083 15.3 Pass 

2 A53T7GpreS18 A53T Media Pre 3192 24.1 Pass 

3 A53T7HpreS23 A53T Media Pre 4283 28.9 Pass 

4 A53T4FpostS19 A53T Media Post 4035 25.5 Pass 

5 A53T7GpostS24 A53T Media Post 3542 25.5 Pass 

6 A53T7HpostS28 A53T Media Post 3662 24.3 Pass 

7 A53T9FpreS4 A53T PQ 0.9uM Pre 1971 21.1 Pass 

8 A53T9GpreS9 A53T PQ 0.9uM Pre 6585 39.8 Pass 

9 A53T9HpreS14 A53T PQ 0.9uM Pre 2717 16.9 Pass 

10 A53T9FpostS10 A53T PQ 0.9uM Post 2441 17.9 Pass 

11 A53T9GpostS15 A53T PQ 0.9uM Post 3101 21.4 Pass 

12 A53T9HpostS20 A53T PQ 0.9uM Post 2162 16.0 Pass 

13 A53T5FpreS27 A53T PQ 9.0uM Pre 1496 13.4 Pass 

14 A53T8GpreS31 A53T PQ 9.0uM Pre 849 10.6 FAIL 

15 A53T8HpreS35 A53T PQ 9.0uM Pre 8547 46.9 Pass 

16 A53T5FpostS32 A53T PQ 9.0uM Post 6020 36.8 Pass 

17 A53T8GpostS36 A53T PQ 9.0uM Post 3314 23.8 Pass 

18 A53T8HpostS5 A53T PQ 9.0uM Post 4806 28.4 Pass 

19 WT7ApreS1 WT Media Pre 6435 38.0 Pass 

20 WT7BpreS6 WT Media Pre 8596 46.2 Pass 

21 WT7CpreS11 WT Media Pre 5277 34.2 Pass 

22 WT7ApostS7 WT Media Post 9027 53.9 Pass 

23 WT7BpostS12 WT Media Post 8499 48.3 Pass 

24 WT7CpostS17 WT Media Post 3612 28.6 Pass 

25 WT9ApreS29 WT PQ 0.9uM Pre 2211 21.5 Pass 

26 WT9BpreS33 WT PQ 0.9uM Pre 8453 48.1 Pass 

27 WT9CpreS2 WT PQ 0.9uM Pre 5449 34.8 Pass 

28 WT9ApostS34 WT PQ 0.9uM Post 2945 25.5 Pass 

29 WT9BpostS3 WT PQ 0.9uM Post 5692 41.6 Pass 

30 WT9CpostS8 WT PQ 0.9uM Post 6218 39.4 Pass 

31 WT8ApreS16 WT PQ 9.0uM Pre 4389 31.0 Pass 

32 WT8BpreS21 WT PQ 9.0uM Pre 4264 28.4 Pass 

33 WT8CpreS25 WT PQ 9.0uM Pre 5500 35.5 Pass 

34 WT8ApostS22 WT PQ 9.0uM Post 3581 26.8 Pass 

35 WT8BpostS26 WT PQ 9.0uM Post 4107 32.5 Pass 

36 WT8CpostS30 WT PQ 9.0uM Post 3104 29.7 Pass 
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Differential expression of miRNAs changed in human PD in iDopa neurons. 

Because of the relatively low coverage, we focused on examination of the miRNAs that 

showed evidence of being altered in the saliva of human PD subjects. After filtering and 

normalizing the data to include only those that were reliably detected in the purified 

exosomes from the cell culture supernatants, and changed in human PD, we identified 

alteration of one miRNA following paraquat treatment in A53T neurons and one miRNA 

following paraquat treatment in WT neurons (Table 2.37, left). These included 103a-3p 

which was significantly increased in A53T neurons post treatment, and miR-107, which 

was significantly decreased in WT neurons following PQ treatment and showed a trend 

for increased expression in A53T neurons (Table 2.37, middle). Moreover, examination 

of differences due to the presence of the A53T mutation indicated even greater overlap 

with the miRNAs changed in human PD subjects, with 5 showing significant alterations, 

which were all in the same direction as we observed in PD (miR-223-3p, miR-142-5p, 

miR-373-3p, miR-186-5p, and miR-191-5p) (Table 2.37, right).  

 

Table 2.37. Paraquat induced changes in human iDopa neuron miRNAs altered in PD. 
 

A53T PQ Post vs 
Pre: 9.0+0.9 uM 

Mean 
Expression 

 WT PQ Post vs 
Pre: 9.0+0.9 uM 

Mean 
Expression 

  
A53T Media only 
vs WT Media only 

 
Mean 

Expression 
 

microRNA ID P value Fold chg Post PQ Pre PQ  P value Fold chg Post PQ Pre PQ 
 

P value Fold chg A53T WT 

hsa-miR-103a-3p 0.0277 1.71 4183 2441  0.6817 1.04 2698 2594 
 

0.96959 1.01 2,882 2,845 

hsa-miR-484 0.0773 5.59 479 86  0.9546 -1.21 424 513 
 

0.21790 3.07 458 149 

hsa-miR-107 0.1112 1.71 4183 2441  0.0334 -1.48 1755 2594 
 

0.97854 1.01 2,882 2,845 

hsa-miR-30c-5p 0.1197 1.78 1331 747  0.5185 -1.35 327 440 
 

0.13541 1.74 710 407 

hsa-miR-223-3p 0.1955 1.57 24705 15691  0.1698 -1.52 7637 11596 
 

0.01208 2.58 39714 15422 

hsa-miR-142-5p 0.1970 1.19 24817 20780  0.6315 -1.24 8996 11117 
 

0.01286 2.80 34907 12486 

hsa-miR-4454 0.2279 17.61 515 29  0.8878 -1.74 190 332 
 

0.25943 -3.50 114 400 

hsa-miR-186-5p 0.5946 -1.10 7411 8131  0.8590 1.05 5489 5206 
 

0.00003 -2.62 16136 42231 

hsa-miR-191-5p 0.6939 -1.04 22030 22922  0.4782 1.32 17330 13099 
 

0.00154 1.91 9199 4821 

hsa-miR-197-3p 0.8861 -1.11 1671 1855  0.7979 1.21 1516 1251 
 

0.00778 2.12 33538 15813 

hsa-miR-941 0.9447 -1.12 1810 2022  0.1669 -1.11 914 1012 
 

0.92798 1.04 1442 1391 

Note: 7 of 11 overlapping miRNAs present in iDopa exosomes and changed in PD were altered by genotype or paraquat 

 

In addition to examining the miRNAs that were changed in the saliva of PD subjects, we 

also tested for changes in all reliably detected miRNAs from the iDopa neurons as a 

consequence of paraquat exposure in both A53T and WT neurons. This revealed a 

different set of miRNAs, but also showed how the previously noted changes ranked 

among all the changes (Table 2.38). For example, there were 9 total miRNAs changed 

at the uncorrected P<0.05 level from PQ treatment in A53T neurons, with 1 of those 

overlapping the ones also changed in human saliva from PD subjects (Table 2.38 left). 

Similarly, there was only 1 miRNA changed (P<0.05) in WT neurons as a result of PQ 

treatment, and this one (miR-107) overlapped the ones seen in human saliva from PD 

subjects. 
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Table 2.38. Top overall changes in human iDopa neuron miRNAs following paraquat. 
         

 

 Note: Upper, top changed miRNAs in A53T cells following paraquat treatment. Lower, top changed miRNAs in WT cells 

 

An example of one of the miRNAs changed in human saliva from PD subjects that was 

altered by PQ is shown below (Figure 2.32). Notably, this miRNA was also changed in 

A53T mice.  

 

 
Figure 2.32. Differential expression changes in miRNA-103a-3p induced by PQ in WT 

and A53T iDopa neurons. Note the decreased expression in WT cells and the increased 

expression in SNCA A53T neurons (right), regardless of the dose of paraquat (PQ).   

 

  

 
A53T PQ Post vs Pre: 

9.0+0.9uM 
Mean Expression  WT PQ Post vs Pre: 

9.0+0.9uM 
Mean Expression 

microRNA ID P value Q value Fold chg Post PQ Pre PQ  P value Q value Fold chg Post PQ Pre PQ 

hsa-miR-23b-3p 0.0009 0.0259 2.01 20613 10246  0.5517 0.9962 -1.23 15603 19259 

hsa-miR-203a-3p 0.0010 0.0259 2.08 89585 42974  0.6551 0.9962 -1.08 48107 51916 

hsa-miR-30b-5p 0.0078 0.1370 2.39 5139 2153  0.9728 0.9962 -1.03 3601 3691 

hsa-miR-181c-5p 0.0127 0.1635 3.82 1000 262  0.1802 0.9962 -1.99 105 210 

hsa-miR-183-5p 0.0156 0.1635 2.38 2475 1039  0.9919 0.9962 1.06 2167 2041 

hsa-miR-99b-5p 0.0228 0.1996 2.06 1852 897  0.8411 0.9962 1.12 1570 1396 

hsa-miR-103a-3p 0.0277 0.2077 1.71 4183 2441  0.6817 0.9962 1.04 2698 2594 

hsa-miR-142-3p 0.0345 0.2098 1.97 1520 770  0.4080 0.9962 -1.80 312 561 

hsa-miR-148b-3p 0.0360 0.2098 1.47 1064 723  0.8125 0.9962 1.28 1119 877 
            

 A53T PQ Post vs Pre: 
9.0+0.9uM 

Mean Expression  WT PQ Post vs Pre: 
9.0+0.9uM 

Mean Expression 

microRNA ID P value Q value Fold chg Post PQ Pre PQ  P value Q value Fold chg Post PQ Pre PQ 

hsa-miR-582-5p 0.5915 0.3652 -1.15 473 546  0.0003 0.0275 -455.2 1 455 

hsa-miR-107 0.1112 0.2328 1.71 4183 2441  0.0334 0.9962 -1.48 1755 2594 

hsa-miR-181b-5p 0.1511 0.2522 2.74 438 160  0.0422 0.9962 -3.06 176 538 



89 
 

miRNA Targeted pathways. To gain greater insight into the possible large scale 

changes caused by in vitro paraquat exposure we also performed Gene Ontology and 

KEGG pathway enrichment analysis of the mRNAs targeted by the differential miRNAs. 

This indicated over-representation of distinct sets of mRNAs that were related to a 

variety of functions of interest, including Ubiquitin-mediated proteolysis, Autophagy, and 

Dopaminergic synapse, among others (Table 2.39). 

 

Table 2.39 KEGG pathways enriched with mRNAs targeted by altered miRNAs. 

Gene set Pathway Description 
Enrichment 

score 
P-value FDR 

Genes 
in list 

Genes 
not in 

list 

KEGG:hsa05206 MicroRNAs in cancer 16.05 1.07E-07 0.000 80 70 

KEGG:hsa05224 Breast cancer 9.14 0.000107 0.017 62 65 

KEGG:hsa04120 Ubiquitin mediated proteolysis 8.63 0.000178 0.019 52 52 

KEGG:hsa04140 Autophagy - animal 8.32 0.000243 0.020 52 53 

KEGG:hsa04024 cAMP signaling pathway 8.13 0.000293 0.019 70 81 

KEGG:hsa04919 Thyroid hormone signaling pathway 8.07 0.000314 0.017 48 48 

KEGG:hsa04916 Melanogenesis 7.59 0.000507 0.023 40 38 

KEGG:hsa04550 Signaling pathways regulating pluripotency of stem cells 7.21 0.000739 0.030 56 63 

KEGG:hsa04934 Cushing syndrome 6.82 0.001092 0.039 55 63 

KEGG:hsa04720 Long-term potentiation 6.63 0.00132 0.043 28 24 

KEGG:hsa05215 Prostate cancer 6.33 0.001784 0.053 40 42 

KEGG:hsa04070 Phosphatidylinositol signaling system 6.19 0.002056 0.056 39 41 

KEGG:hsa04340 Hedgehog signaling pathway 6.11 0.002219 0.055 21 16 

KEGG:hsa05226 Gastric cancer 5.79 0.003048 0.071 56 69 

KEGG:hsa04670 Leukocyte transendothelial migration 5.76 0.00315 0.068 36 38 

KEGG:hsa04022 cGMP-PKG signaling pathway 5.75 0.003191 0.065 54 66 

KEGG:hsa04728 Dopaminergic synapse 5.69 0.003369 0.064 45 52 

KEGG:hsa04520 Adherens junction 5.65 0.003524 0.063 31 31 

KEGG:hsa05031 Amphetamine addiction 5.60 0.003703 0.063 26 24 

KEGG:hsa04150 mTOR signaling pathway 5.58 0.003773 0.061 56 70 

 

The miRNA-mRNA targeting results from the KEGG pathway analysis were 

complemented by similar results obtained using the more comprehensive Gene 

Ontology database. In this case, however, notable over-represented neuronal-related 

pathways included Neuron projection morphogenesis and Positive regulation of neuron 

death (Table 2.40). 
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Table 2.40. Over-represented Gene Ontology pathways targeted by altered miRNAs. 

 

Gene set Pathway Description 
Enrichment 

score 
P-value FDR 

Genes 
in list 

Genes 
not in 

list 

GO:0005667 transcription regulator complex 14.60 4.56E-07 0.0065 170 199 

GO:0000122 negative regulation of transcription by RNA polymerase II 13.92 9.02E-07 0.0064 278 375 

GO:0009896 positive regulation of catabolic process 11.84 7.24E-06 0.0342 153 186 

GO:1990830 cellular response to leukemia inhibitory factor 11.40 1.12E-05 0.0397 46 34 

GO:0003006 developmental process involved in reproduction 11.21 1.36E-05 0.0386 223 302 

GO:1990823 response to leukemia inhibitory factor 10.96 1.75E-05 0.0413 46 35 

GO:0019904 protein domain specific binding 10.29 3.39E-05 0.0687 206 280 

GO:0006325 chromatin organization 10.20 3.71E-05 0.0657 152 193 

GO:0048468 cell development 10.20 3.74E-05 0.0589 191 256 

GO:0008134 transcription factor binding 10.10 4.13E-05 0.0586 190 255 

GO:0060537 muscle tissue development 9.90 5.01E-05 0.0646 51 44 

GO:0050779 RNA destabilization 9.84 5.34E-05 0.0631 26 14 

GO:0016441 post-transcriptional gene silencing 9.78 5.64E-05 0.0615 22 10 

GO:0048598 embryonic morphogenesis 9.68 6.27E-05 0.0635 142 180 

GO:0048812 neuron projection morphogenesis 9.63 6.59E-05 0.0624 90 100 

GO:0120039 plasma membrane bounded cell projection morphogenesis 9.62 6.63E-05 0.0588 92 103 

GO:0031331 positive regulation of cellular catabolic process 9.60 6.74E-05 0.0563 131 163 

GO:1901216 positive regulation of neuron death 9.60 6.78E-05 0.0535 37 27 

GO:0016482 cytosolic transport 9.56 7.03E-05 0.0525 57 53 

GO:0061014 positive regulation of mRNA catabolic process 9.56 7.08E-05 0.0502 31 20 
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iDopa mRNA profiling. 

 

RNA isolation and quality. The total RNA isolations form the iDopa neuronal cultures 

yielded consistent levels of high quality RNA, with RIN numbers typically exceeding 6.0 

despite the presence of considerable small RNA in the samples (Figure 2.33). 

 

 

Figure 2.33 Representative Bioanalyzer PicoRNA outputs for iDopa neuronal total RNA 

preps. Note the range of RNA Integrity Number (RIN) values is impacted by the 

presence of small RNA and may not reflect the relative amount of intact RNA in a 

sample according to Agilent Technologies guidance. Also note the RNA yield ranges, 

from 2.1 – 3.2 ng/µL in these samples.   

 

 

RNA-Seq read metrics. Examination of the raw RNA-sequencing data indicated highly 

consistent performance for 17 of the 18 samples (Table 2.41). Including all samples, an 

average of 24.2 million reads and 21.3 million alignments were generated per sample. 

However, one of the samples (A53T M3) had approximately 10X fewer reads and 

alignments than the other samples and was therefore excluded as an outlier from 

downstream analyses.  With that sample removed, there was an average of 25.5 million 

reads and 22.4 million alignments in the 17 remaining samples.  
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Table 2.41. Alignment metrics for iDopa neurons  

Sample name Genotype Treatment Reads Alignments % Aligned 
Avg. 

Depth 
Avg. 

Length 
Avg. 

Quality 

A53T_M1 A53T Media 26,533,693 23,111,648 87.1 31.0 71.5 34.2 

A53T_M2 A53T Media 25,227,659 21,852,253 86.6 29.3 71.5 34.2 

A53T_M3 A53T Media 2,676,465 2,317,936 86.6 5.2 71.5 34.2 

A53T_P1_1 A53T PQ9 25,683,090 23,113,547 90.0 31.5 71.5 34.2 

A53T_P1_2 A53T PQ9 24,785,720 22,243,837 89.7 30.0 71.5 34.1 

A53T_P1_3 A53T PQ9 23,443,774 20,724,940 88.4 27.8 71.5 34.1 

A53T_P2_1 A53T PQ09 26,002,033 22,650,924 87.1 30.0 71.5 34.1 

A53T_P2_2 A53T PQ09 25,681,392 22,635,380 88.1 30.2 71.5 34.2 

A53T_P2_3 A53T PQ09 26,206,547 22,855,781 87.2 30.6 71.5 34.1 

WT_M1 WT Media 34,882,867 29,778,645 85.4 38.5 71.5 34.2 

WT_M2 WT Media 25,393,813 21,517,402 84.7 29.3 71.5 34.2 

WT_M3 WT Media 24,507,988 21,017,737 85.8 28.1 71.5 34.2 

WT_P1_1 WT PQ9 22,298,378 19,069,040 85.5 26.7 71.5 34.2 

WT_P1_2 WT PQ9 25,651,453 22,262,381 86.8 30.3 71.5 34.2 

WT_P1_3 WT PQ9 22,388,267 19,880,057 88.8 27.3 71.5 34.1 

WT_P2_1 WT PQ09 26,317,794 24,272,106 92.2 33.4 71.5 34.2 

WT_P2_2 WT PQ09 23,780,720 21,836,149 91.8 30.3 71.5 34.1 

WT_P2_3 WT PQ09 24,656,188 21,844,119 88.6 29.3 71.5 34.2 

   

Differential expression analysis. Because the mRNA data did not include pre-

paraquat samples, it was not possible to determine the cellular responses within each 

cell line. Thus, the first comparison of interest was an examination of the changes due to 

the cell genotype (SNCA A53T vs WT). This revealed the presence of 220 genes at a q< 

0.05 level. The top 20 of these are shown in Table 2.42, along with any changes seen 

following paraquat treatment. 

 

Notably, none of the most robustly changed genes in comparisons of A53T and WT 

neurons showed significant changes in other comparisons of interest examining the 

effect of paraquat on gene expression, after correcting for multiple testing. Moreover, 

there were also no significant Genotype x Treatment interactions among the top 20 

changed genes.  Thus, the interpretation is that the changes detected are robust and 

persist across different paraquat treatments. An example of the most robustly changed 

gene – CHCHD2 – is shown in Figure 2.34. This gene showed clear evidence of being 

altered in response to the genotype of the cell, with no effect of the paraquat treatment. 

CHCHD2 is a particularly interesting gene because of recent findings linking it strongly to 

dopamine neuron proliferation and attention deficit hyperactivity disorder.  

 

The final examination of large-scale changes in gene expression in A53T vs WT cells 

across all condition was undertaken using Gene Ontology enrichment analysis of the full 

set of 220 genes. This revealed a number of notable biological processes that were 

over-represented compared to chance, including negative regulation of the execution 

phase of apoptosis, and synapse, among others (Table 2.43).  
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Table 2.42 Top 20 changed mRNAs in comparison of A53T and WT iDopa neurons.  

 A53T vs WT  A53T WT  PQ vs Media PQ PQ Media  

Genotype x 
Treatment 

Feature ID P-value Q-value 
Fold 
chg 

Avg 
Exp 

Avg 
Exp  P-value Q-value 

Fold 
chg 

Avg 
Exp 

Avg 
Exp  P-value Q-value 

CHCHD2 1.54E-17 7.31E-13 -32.17 5.7 181.9  0.1107 0.3791 1.01 94.0 93.3  0.1533 0.4366 

PCDHGA7 2.38E-11 5.64E-07 -2.53 10.2 25.9  0.0008 0.0524 -1.16 17.2 20.0  0.3472 0.5458 

MMP10 9.76E-11 1.54E-06 -1.86 102.5 190.9  0.0173 0.1862 1.10 151.1 137.9  0.1710 0.4489 

APCDD1 1.55E-10 1.84E-06 -1.94 11.3 21.9  0.1574 0.4295 1.05 16.9 16.0  0.8034 0.6830 

DMRTA1 2.81E-10 2.67E-06 -1.77 2.9 5.2  0.0086 0.1407 1.08 4.2 3.8  0.1215 0.4091 

MTRNR2L9 3.43E-10 2.71E-06 -1.45 1270.3 1841.3  0.0042 0.1063 1.07 1592.5 1482.4  5.67E-06 0.0589 

NXPH2 3.39E-09 2.30E-05 -2.25 4.0 8.9  0.0683 0.3128 1.14 6.7 5.9  0.2857 0.5164 

CAT 5.75E-09 3.41E-05 -1.91 8.9 16.9  0.2080 0.4722 -1.05 12.7 13.3  0.8890 0.7020 

MAB21L1 1.07E-08 5.66E-05 -1.38 46.3 64.0  0.9938 0.7636 1.00 55.2 55.0  0.5574 0.6171 

CALB2 1.62E-08 7.64E-05 1.56 174.8 112.4  0.0200 0.1967 1.09 147.7 135.4  0.9481 0.7148 

TSPYL5 1.77E-08 7.64E-05 -1.86 4.2 7.7  0.9369 0.7527 -1.01 5.9 6.0  0.7284 0.6641 

MTRNR2L3 2.08E-08 8.23E-05 -1.50 88.5 132.7  0.0106 0.1532 1.11 114.3 103.3  0.0002 0.1586 

SMPD3 3.01E-08 1.10E-04 -1.21 104.8 127.3  0.0454 0.2690 -1.03 114.7 118.7  0.0231 0.2631 

MTRNR2L10 4.07E-08 1.34E-04 -1.51 61.6 92.9  0.0101 0.1506 1.11 79.9 71.8  0.0009 0.1724 

NECAB1 4.50E-08 1.34E-04 -1.88 6.4 12.0  0.9364 0.7527 -1.04 9.1 9.4  0.0123 0.2371 

MTRNR2L1 4.52E-08 1.34E-04 -1.48 225.5 332.7  0.0444 0.2667 1.08 286.5 264.3  0.0021 0.1811 

FAM218A 6.43E-08 1.79E-04 -1.95 6.7 13.0  0.6407 0.6764 -1.04 9.7 10.1  0.3474 0.5458 

KITLG 9.75E-08 2.47E-04 -1.38 14.3 19.7  0.0145 0.1721 -1.09 16.5 18.0  0.1776 0.4537 

KCNE4 9.91E-08 2.47E-04 -2.65 2.6 6.8  0.3865 0.5817 1.11 4.9 4.4  0.8472 0.6927 

EN2 1.09E-07 2.58E-04 1.50 10.4 6.9  0.3263 0.5504 -1.03 8.6 8.8  0.4046 0.5676 

   

 

 

 

 

  

Figure 2.34  Robust 

expression change of 

CHCHD2 due to cellular 

genotype (SNCA A53T vs 

WT). The log2 normalized 

expression is shown. Note 

that no apparent changes 

due to paraquat (PQ) 

treatments were evident for 

this this specific transcript. 
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Table 2.43  GO pathways enriched for differential expressed genes: A53T vs WT cells. 

Gene set Pathway Description 
Enrichment 

score P-value 
Genes 
in list 

Genes 
not in list 

GO:0098742 cell-cell adhesion via plasma-membrane adhesion molecules 21.60 4.18E-10 18 228 

GO:1900118 negative regulation of execution phase of apoptosis 21.20 6.23E-10 7 11 

GO:0007156 homophilic cell adhesion via plasma membrane adhesion 
molecules 

19.02 5.49E-09 14 150 

GO:0048019 receptor antagonist activity 18.87 6.39E-09 7 17 

GO:1900117 regulation of execution phase of apoptosis 18.24 1.19E-08 7 19 

GO:0005576 extracellular region 17.93 1.64E-08 44 1537 

GO:0045202 synapse 16.67 5.78E-08 29 796 

GO:0007155 cell adhesion 16.62 6.06E-08 30 847 

GO:0098609 cell-cell adhesion 16.39 7.62E-08 22 485 

GO:0030547 signaling receptor inhibitor activity 16.22 9.03E-08 7 27 

GO:0005509 calcium ion binding 15.58 1.71E-07 25 645 

GO:0050804 modulation of chemical synaptic transmission 13.80 1.02E-06 18 391 

GO:0099177 regulation of trans-synaptic signaling 13.76 1.05E-06 18 392 

GO:0010469 regulation of signaling receptor activity 13.17 1.91E-06 11 147 

GO:2000272 negative regulation of signaling receptor activity 13.05 2.16E-06 7 46 

GO:0048856 anatomical structure development 12.24 4.83E-06 60 2968 

GO:0043066 negative regulation of apoptotic process 12.01 6.11E-06 25 791 

GO:0043069 negative regulation of programmed cell death 11.67 8.53E-06 25 807 

GO:0005184 neuropeptide hormone activity 11.35 1.18E-05 5 22 

GO:0030545 signaling receptor regulator activity 11.14 1.46E-05 17 431 

GO:0098978 glutamatergic synapse 11.06 1.57E-05 14 302 

GO:0060548 negative regulation of cell death 10.89 1.86E-05 26 901 

GO:0043005 neuron projection 10.89 1.86E-05 27 957 

GO:0050789 regulation of biological process 9.83 5.41E-05 145 10316 

GO:0009653 anatomical structure morphogenesis 9.62 6.64E-05 32 1333 

 

The comparisons of the effect of paraquat within each cell line also revealed distinct and 

overlapping sets of most changed genes and enriched pathways (Table 44). For 

example, 25 total transcripts showed altered expression at q < 0.05 in the A53T PQ-

treated cells vs Media-treated cells, of which 5 were also significantly changed in the 

same direction in the WT PQ-treated cells (Table 44). In a similar manner, 66 total 

transcripts were significantly changed at the q < 0.05 level in PQ-treated WT cells, of 

which 2 of the top 20 were also changed in PQ-treated A53T cells (Table 2.45). 
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Table 2.44. Top 20 changed mRNAs comparing PQ- vs Media-treated A53T neurons.  

 A53T PQ vs Media  

A53T PQ 
9+0.9 uM 

A53T 
Media  WT PQ vs Media  

WT PQ 
9_0.9uM 

WT 
Media  

Genotype x 
Treatment 

Feature ID P-value Q-value 
Fold 
chg Avg Exp Avg Exp  P-value Q-value 

Fold 
chg Avg Exp 

Avg 
Exp  P-value Q-value 

RREB1 4.69E-08 0.0018 -1.24 1.02 1.26  0.6024 0.6920 1.01 1.03 1.02  2.28E-06 0.0316 

ZNF79 1.41E-07 0.0018 -3.01 1.26 3.78  0.0203 0.2275 -1.23 1.50 1.84  0.0001 0.1586 

AARS1 8.03E-08 0.0018 1.22 295.51 241.75  0.0000 0.0186 1.12 282.07 252.67  0.0007 0.1724 

GDI1 1.18E-07 0.0018 -1.12 1178.15 1318.72  0.0002 0.0652 -1.05 1197.47 1252.22  0.0005 0.1622 

DHCR24 2.79E-06 0.0247 -1.27 164.91 208.69  0.0000 0.0176 -1.24 155.60 192.56  0.7915 0.6799 

HSPA5 2.92E-06 0.0247 1.22 341.20 279.29  0.0000 0.0229 1.16 321.39 276.77  0.1938 0.4645 

RIC3 4.34E-06 0.0315 -1.59 1.30 2.07  0.2050 0.4996 -1.07 1.48 1.58  0.0007 0.1724 

OPRK1 5.02E-06 0.0318 -1.41 1.02 1.43  0.3536 0.5916 1.04 1.07 1.03  0.0001 0.1586 

NCAN 8.88E-06 0.0404 -1.25 105.63 131.96  0.0000 0.0224 -1.20 94.32 113.27  0.0575 0.3355 

RIMBP3C 1.27E-05 0.0404 -1.58 1.17 1.85  0.9819 0.7823 -1.00 1.15 1.15  0.0006 0.1650 

GLB1 1.22E-05 0.0404 -1.45 1.05 1.52  0.4296 0.6298 1.04 1.11 1.07  0.0002 0.1586 

HNF1B 1.15E-05 0.0404 -1.29 1.31 1.69  0.0108 0.1899 -1.09 1.32 1.45  0.0012 0.1725 

CYCS 1.23E-05 0.0404 -1.17 79.32 92.89  0.0081 0.1728 -1.06 83.19 88.20  0.0024 0.1867 

HSP90B1 9.97E-06 0.0404 1.25 582.78 467.81  0.0002 0.0646 1.16 558.16 483.14  0.1221 0.4099 

SPRING1 8.00E-06 0.0404 -1.14 37.92 43.29  0.0003 0.0745 -1.08 38.87 41.95  0.0850 0.3731 

HMGCS1 1.16E-05 0.0404 -1.38 196.81 271.73  0.0000 0.0355 -1.27 204.68 260.44  0.0769 0.3642 

HNF1B 1.44E-05 0.0411 -1.68 2.28 3.84  0.0096 0.1827 -1.22 2.34 2.86  0.0009 0.1724 

HADHA 1.46E-05 0.0411 1.31 132.04 101.10  0.0006 0.0944 1.16 130.19 112.23  0.0776 0.3648 

CCDC113 1.56E-05 0.0418 -1.27 18.99 24.18  0.0053 0.1581 -1.11 20.21 22.38  0.0002 0.1586 

HNRNPDL 1.68E-05 0.0425 1.16 224.65 194.37  0.9805 0.7821 1.00 204.51 204.13  0.0001 0.1586 
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Table 2.45 Top 20 changed mRNAs comparing PQ- vs Media-treated WT neurons.  

 A53T PQ vs Media  

A53T PQ 
9+0.9 uM 

A53T 
Media  WT PQ vs Media  

WT PQ 
9_0.9uM 

WT 
Media  

Genotype x 
Treatment 

Feature ID P-value Q-value 
Fold 
chg Avg Exp Avg Exp  P-value Q-value 

Fold 
chg Avg Exp 

Avg 
Exp  P-value Q-value 

LPAR6 6.32E-05 0.0745 1.25 1.25 1.00 
 

0.0000 0.0107 -1.42 1.00 1.42 
 

0.0000 0.0189 

DHCR24 2.79E-06 0.0247 -1.27 164.91 208.69 
 

0.0000 0.0176 -1.24 155.60 192.56 
 

0.7915 0.6799 

HSP90AA1 1.54E-04 0.0898 1.09 2085.86 1917.84 
 

0.0000 0.0176 1.12 2077.15 1856.98 
 

0.0004 0.1586 

NPIPB4 1.42E-03 0.1811 -1.42 14.75 21.01 
 

0.0000 0.0176 -1.76 12.15 21.33 
 

0.0000 0.1096 

RRN3P1 2.37E-02 0.4301 -1.16 7.69 8.89 
 

0.0000 0.0176 -1.58 6.19 9.79 
 

0.0004 0.1586 

AARS1 8.03E-08 0.0018 1.22 295.51 241.75 
 

0.0000 0.0186 1.12 282.07 252.67 
 

0.0007 0.1724 

ZC3H14 1.96E-04 0.0932 -1.06 1.06 1.12 
 

0.0000 0.0186 -1.07 1.05 1.13 
 

0.0460 0.3162 

ZC3H14 2.85E-04 0.1041 -1.06 1.06 1.13 
 

0.0000 0.0186 -1.07 1.05 1.13 
 

0.0732 0.3587 

SCD 7.12E-04 0.1417 -1.18 541.25 638.57 
 

0.0000 0.0186 -1.28 514.68 660.03 
 

0.0528 0.3282 

HMGCR 2.35E-03 0.2141 -1.16 181.97 210.75 
 

0.0000 0.0186 -1.35 170.64 230.33 
 

0.0295 0.2789 

LIMS1 3.68E-02 0.4863 1.32 4.76 3.61 
 

0.0000 0.0186 2.41 4.72 1.96 
 

0.0125 0.2371 

LIMS1 6.01E-02 0.5543 -1.05 1.05 1.10 
 

0.0000 0.0186 -1.17 1.03 1.21 
 

0.0073 0.2184 

LIMS1 6.34E-02 0.5599 -1.11 1.11 1.23 
 

0.0000 0.0186 -1.40 1.08 1.51 
 

0.0099 0.2265 

HDAC6 6.38E-02 0.5613 -1.10 10.35 11.39 
 

0.0000 0.0186 -1.37 9.27 12.72 
 

0.0132 0.2383 

LIMS1 6.47E-02 0.5640 -1.13 1.14 1.29 
 

0.0000 0.0186 -1.48 1.09 1.62 
 

0.0109 0.2331 

LIMS1 6.57E-02 0.5665 -1.14 1.16 1.32 
 

0.0000 0.0186 -1.54 1.11 1.71 
 

0.0117 0.2358 

LIMS1 6.70E-02 0.5694 -1.16 1.18 1.38 
 

0.0000 0.0186 -1.62 1.13 1.82 
 

0.0127 0.2381 

ATP11A 8.27E-02 0.5980 -1.15 9.91 11.36 
 

0.0000 0.0186 -1.62 8.60 13.96 
 

0.0014 0.1749 

IKZF3 9.19E-02 0.6083 -1.01 1.02 1.02 
 

0.0000 0.0186 -1.02 1.02 1.04 
 

0.0017 0.1788 

IKZF3 9.19E-02 0.6083 -1.01 1.02 1.03 
 

0.0000 0.0186 -1.02 1.02 1.04 
 

0.0017 0.1788 

 

 

Given the relatively different sets of changed genes comparing the PQ effects in A53T 

and WT cells, we also sought to compare the functional enrichment of the changed 

genes. The top 25 pathway enrichments for each comparison are shown in Table 2.46. 

Notably, this analysis revealed a clear enrichment of genes involved in negative 

regulation of apoptosis and cell death in the A53T iDopa neurons following PQ 

treatment, while the WT neurons appeared to undergo large scale changes in 

expression of genes involved in steroid metabolism, ubiquitin processing of proteins, and 

responses to oxidative stress (Table 2.47).  Thus, each cell line appears to clearly 

respond to PQ treatment, albeit in distinctive ways, with only minimal overlap in the 

same transcript changes or biological pathways. 
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Table 2.46  GO pathways enriched with PQ-induced expression changes in A53T cells. 

Gene set Pathway Description 
Enrichment 

score 
P-value 

Genes in 
list 

Genes 
not in list 

GO:0043066 negative regulation of apoptotic process 7.53 0.00054 6 810 

GO:0043069 negative regulation of programmed cell death 7.43 0.00059 6 826 

GO:1901700 response to oxygen-containing compound 7.03 0.00089 7 1248 

GO:0097193 intrinsic apoptotic signaling pathway 7.00 0.00091 3 143 

GO:0060548 negative regulation of cell death 6.86 0.00105 6 921 

GO:0005739 mitochondrion 6.83 0.00108 7 1290 

GO:0009719 response to endogenous stimulus 6.74 0.00119 6 943 

GO:0030496 midbody 6.43 0.00161 3 175 

GO:0014070 response to organic cyclic compound 6.37 0.00171 5 676 

GO:0007265 Ras protein signal transduction 6.37 0.00172 3 179 

GO:0006457 protein folding 6.10 0.00225 3 197 

GO:0042221 response to chemical 5.96 0.00258 9 2420 

GO:0007154 cell communication 5.67 0.00345 5 795 

GO:0043233 organelle lumen 5.57 0.00382 6 1188 

GO:0070013 intracellular organelle lumen 5.57 0.00382 6 1188 

GO:0031974 membrane-enclosed lumen 5.57 0.00382 6 1188 

GO:0097190 apoptotic signaling pathway 5.54 0.00394 3 241 

GO:0007264 small GTPase mediated signal transduction 5.40 0.00451 3 253 

GO:0048511 rhythmic process 5.31 0.00497 3 262 

GO:0071496 cellular response to external stimulus 5.11 0.00602 3 281 

GO:0009410 response to xenobiotic stimulus 5.11 0.00602 3 281 

GO:0009725 response to hormone 5.06 0.00635 4 570 

GO:0042981 regulation of apoptotic process 5.01 0.00670 6 1333 

GO:0098916 anterograde trans-synaptic signaling 4.92 0.00733 3 302 

GO:0007268 chemical synaptic transmission 4.92 0.00733 3 302 
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Table 2.47 GO pathways enriched with PQ-induced expression changes in WT cells. 

Gene set Description 
Enrichment 

score 
P-value 

Genes in 
list 

Genes 
not in list 

GO:0016126 sterol biosynthetic process 16.19 9.32E-08 5 38 

GO:0006694 steroid biosynthetic process 14.77 3.85E-07 6 102 

GO:1902653 secondary alcohol biosynthetic process 12.95 2.39E-06 4 32 

GO:0006695 cholesterol biosynthetic process 12.95 2.39E-06 4 32 

GO:0008203 cholesterol metabolic process 11.30 1.24E-05 5 109 

GO:1902652 secondary alcohol metabolic process 10.97 1.72E-05 5 117 

GO:0016125 sterol metabolic process 10.70 2.25E-05 5 124 

GO:0008202 steroid metabolic process 10.26 3.52E-05 6 230 

GO:0008299 isoprenoid biosynthetic process 10.17 3.84E-05 3 22 

GO:0000166 nucleotide binding 9.85 5.25E-05 16 2075 

GO:1901265 nucleoside phosphate binding 9.85 5.29E-05 16 2076 

GO:1901617 organic hydroxy compound biosynthetic process 9.55 7.09E-05 5 159 

GO:0036094 small molecule binding 9.55 7.09E-05 17 2373 

GO:1901363 heterocyclic compound binding 9.51 7.42E-05 28 5629 

GO:0097159 organic cyclic compound binding 9.27 9.38E-05 28 5696 

GO:0046165 alcohol biosynthetic process 9.24 9.74E-05 4 87 

GO:0032559 adenyl ribonucleotide binding 9.20 0.0001 13 1495 

GO:0005783 endoplasmic reticulum 9.19 0.0001 11 1083 

GO:0030554 adenyl nucleotide binding 9.13 0.0001 13 1506 

GO:0031625 ubiquitin protein ligase binding 9.02 0.0001 6 289 

GO:0044389 ubiquitin-like protein ligase binding 8.68 0.0002 6 308 

GO:0006979 response to oxidative stress 8.49 0.0002 6 319 

GO:0005524 ATP binding 8.16 0.0003 12 1434 

GO:0031072 heat shock protein binding 8.11 0.0003 4 118 

GO:0043167 ion binding 7.99 0.0003 27 5744 
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3.1 – Overview  

The pathogenesis of PD is insidious, and current diagnostic modalities are limited by 
the fact that they identify PD by the presence of motor symptoms, at which point over 
30% percent of the dopaminergic neurons within the SNpc have been lost.  Early 
identification of PD patients, particularly in the pre-symptomatic stages, provides an 
advantageous window of opportunity to test new therapeutics at a point when they would 
be most likely to offer disease-modifying and neuroprotective benefits. However, early 
diagnosis is limited by the lack of reliable and accurate tests.  Salivary tests are non-
invasive, easy to perform, and widely used in clinical medical practice, making them an 
ideal source for identifying promising candidate biomarkers for early stage PD diagnosis.   

Capitalizing on these advantages, we sought to identify a panel of salivary-derived 
miRNAs capable of 1) differentiating PD patients from controls, and 2) demonstrating the 
potential to serve as diagnostic biomarkers/modifiers of PD based on any 
pathophysiologically relevant targets or pathways identified. To that end, we recruited a 
large study cohort of 178 PD and 122 control subjects, and established that: 

1) A set of 34 miRNAs was differentially expressed in the saliva of early stage PD 
subjects compared to age matched healthy controls and neurological disorder 
controls. 
 

2) Some of the miRNAs differentially expressed in PD were brain-enriched miRNAs 
and miRNAs that target genes involved in the core pathophysiology or 
pathogenesis of PD. 

An additional aim of the study was to validate our findings in animal and cellular 
models in order to bolster the potential diagnostic value of our miRNA panel, and to 
enable future studies on the effects of manipulating those miRNAs in a controlled 
system.  Utilizing A53T mutant PD mice and A53T mutant dopaminergic neurons we 
discovered that:  

1) Two of the differentially expressed miRNAs in human PD saliva were observed to 
be changed in the A53T genetic mouse model of PD. 
 

2) Five of the miRNAs differentially expressed in human PD saliva were observed to 
be changed in a human dopaminergic cellular model of PD, and two were altered 
in response to PQ exposure. 

3.2 – Comparison of Salivary miRNA Findings with Prior PD Studies. 

Potentially relevant miRNA targets/biological pathways revealed through a deep 

literature search are included in this section, with a brief description of KEGG pathways 

identified using Partek Pathway to follow in section 3.2.4. 

Sixteen of the miRNAs differentially expressed in PD vs controls in our NGS 

study overlapped with those described in other studies.  The two miRNAs that changed 

consistently across our human, mouse, and cell culture models were previously 

investigated in serum.  miR-107 was significantly decreased in both the saliva of our PD 

subjects and the serum of PD vs control subjects in another large cohort (J. Wang et al., 

2020).  Conversely, while miR-103a-3p was significantly downregulated in our PD 

subjects, Serafini et al found no significant difference in PD vs control subjects, but 

significant upregulation in L-Dopa-treated PD vs control subjects indicating a drug effect 
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rather than one related to the disease process (Serafin et al., 2015). As miR-107 and 

miR-103a-3p are downregulated significantly and consistently across our PD subjects 

and A53T mice, it is likely that their differential expression represents a compensatory 

response rather than a pathogenic mechanism.  miR-107 is predicted to target 

synaptojanin 1 (SYNJ1) (miRDB database: target rank 92, target score 91), a 

phosphoinositide phosphatase that plays a prominent role in synaptic vesicle recycling 

(reviewed in (Choudhry et al., 2021) and is implicated in an autosomal recessive form of 

early-onset Parkinson's disease (reviewed in (Drouet & Lesage, 2014).  Experimentally, 

SYNJ1 knockout mice showed defective synaptic vesicle recycling (Yim et al., 2010) 

(Cremona et al., 1999) and a severe neurological phenotype consisting of weakness, 

ataxia, poor motor coordination, and generalized convulsions.(Cremona et al., 1999), 

evidence highlighting that disruptions in synaptic vesicle endocytosis are a significant 

contributor to disease pathogenesis.  Further implicating SYNJ1 in PD, a recent report 

indicated that SYNJ1 heterozygous mice, in which the 5′-phosphatase activity is of the 

enzyme is impaired, exhibited PD-like pathology including -syn accumulation, impaired 

autophagy dopaminergic terminal degeneration, and motor function abnormalities (Pan 

et al., 2020).  miR-107 downregulation and concomitant SYNJ1 upregulation might 

therefore function to ameliorate PD symptoms, however a direct interaction between 

miR-107 and SYNJ1 has yet to be proven. miR-103a-3p, on the other hand, has been 

shown to directly target PARKIN, as discussed in section 3.2.1.     

Three of our differentially expressed miRNAs were reported in a previous study 

that examined plasma exosomes in a much smaller cohort consisting of 22 PD subjects 

and 9 controls (Cai et al., 2021):  miR-708-3p was significantly downregulated in our PD 

saliva samples, but upregulated in PD plasma exosomes vs controls in the Cai et al 

cohort.  No direct targets or pathways relevant to PD were identified for miR-708-3p in 

the literature, however, so its pathogenic or compensatory role in PD and utility as a 

biomarker remains to be determined.  miR-199b-5p was significantly elevated in our PD 

samples, and also in PD vs controls in the Cai et al study, but similar to miR-708-3p, no 

direct targets relevant to the PD disease process were apparent in the literature.  On the 

other hand, one predicted target of interest for miR-199b-5p (miRDB database, target 

rank 99, target score 88) was identified as ATP13A2 (PARK9).  ATP13A2 is highly 

expressed in the CNS, especially in dopaminergic neurons of substantia nigra, and it 

plays a role in in Mn2+ and Zn2+ metabolism, mitochondrial bioenergetics, the 

autophagy–lysosomal pathway, and the regulation of α-synuclein metabolism (reviewed 

in (Park et al., 2015; van Veen et al., 2014)).  Loss of function mutations in ATP13A2 

cause a hereditary form of juvenile-onset parkinsonism (reviewed in (Park et al., 2015)), 

and it is tempting to speculate that miR-199b-5p elevation may play a similar, but 

epigenetic role in the pathogenesis of idiopathic PD.  Lastly, in agreement with our 

salivary results, Cai et al reported that miR-130b-3p was significantly downregulated in 

PD plasma exosomes vs controls. Of potential relevance to PD, two groups in the 

cancer field discovered that MiR-130b-3p directly targets PTEN (Y. Hu & Yan, 2019; Yan 

et al., 2021).  The role of PTEN in animal models of PD is described in section 3.2.1.    

Of the remaining 11 miRNAs, miR-338-3p was significantly upregulated in our 

PD subjects, and also in the serum of a smaller cohort of PD subjects vs controls 

(Burgos et al., 2014), but significantly downregulated in plasma extracellular vesicles of 

PD subjects in an even smaller cohort of 30 PD vs 30 controls (Xie et al., 2022).  Of 
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possible relevance to PD, specificity protein 1 (Sp1) was shown to be a direct target of 

miR-338-3p (X. Sun et al., 2022).  In this study miR-338-3p and was shown to exert a 

protective effect on MPP+-treated SK-N-SH cells, which could be reversed by Sp1 

overexpression.  Sp1 is also a direct target of miR-199a-3p (Zhou et al., 2021), and was 

found to be upregulated in MPP+- treated SH-SY5Y and PC-12 cells. MiR-199a-3p was 

downregulated following MPP+ treatment, and miR-199a-3p overexpression attenuated 

MPP+/MPTP-induced cellular toxicity by downregulating Sp1 and consequently LRRK2 

leucine rich repeat kinase 2 (LRRK2).  Sp1 and LRRK2 are briefly discussed in section 

5.x -direct target section.  MiR-199a-3p was significantly upregulated in our PD subjects.  

Conversely,  miR-199a-3p in serum derived extracellular vesicles was shown to be 

significantly down regulated in peripheral blood mononuclear cells of PD subjects vs 

controls (Martins et al., 2011), and in Hoehn & Yahr stage II, but not stages III & IV PD 

subjects vs controls (S. He et al., 2021).  Different biological sample sources and 

population sample sizes may contribute to the inconsistent results. 

miR-30c-5p was significantly upregulated in the saliva of our PD subjects, and 

also in the serum of PD vs controls in one other study (Vallelunga et al., 2019). Relevant 

to PD, miR-30c-5p directly targets autophagy related 5 (ATG5) (X. Wang et al., 2020), a 

key player in the autophagic process.  The role of ATG in experimental models of PD is 

described in section 5.y -direct target section.       

Salivary miR-223-3p was significantly upregulated in our PD cohort, and two 

groups also found it to be significantly elevated in the serum of PD vs control subjects 

(Mancuso et al., 2019; Vallelunga et al., 2014).  Two other groups reported findings 

contradictory to ours, with significantly reduced miR-223-3p levels in expectorated saliva 

(Cressatti et al., 2020) and in the serum (L. Wu et al., 2022) of PD subjects vs healthy 

controls.  The latter two studies designated the miRNA as miR-223, and failed to specify 

-3p or -5p, and this might account for the discrepancy between their findings vs both 

ours and those of Mancuso et al and Vallelunga et al.  Mature miRNA originates from a 

precursor consisting of two miRNA strands (5p and 3p) that contain different mRNA-

targeting sequences (Kozomara & Griffiths-Jones, 2014).  Depending on the tissue or 

cell type, one or both miRNA strands can be present (Mitra et al., 2015). 

miR-26a-2-3p was significantly upregulated in the saliva of our PD subjects, and 

in one other study using serum it was shown to be useful in differentiating between L-

dopa treated early onset PD (EOPD) vs untreated PD, and L-Dopa treated EOPD vs 

controls, but not untreated PD vs controls (Margis et al., 2011).  No direct targets 

relevant to PD were identified in the literature, so what roll if any miR-26a-2-3p might 

play in the PD disease process is presently unknown. 

miR-223-5p was significantly upregulated in our PD salivary samples, and also in 

serum exosomes in one other recent study (Manna et al., 2021).  No PD-related direct 

targets were apparent in the literature, but interestingly one study showed that MiR-223-

5p played a role in mediating glial inflammation in a rat spinal cord injury (SCI) model.  

MiR223-5p and proinflammatory cytokine (IL-1β, IL-6 and TNF-α) levels were increased 

significantly post-injury, and miR-233-5p inhibition skewed glial cell polarization toward 

the anti-inflammatory M2 phenotype, and subsequently reduced cytokine levels in the 

SC.  With respect to PD, aggregated α-synuclein released into the extracellular space 

from neurons could directly induce microglia toward M1 phenotype (Tang and Le, 2016).  
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In fact, M1 phenotype characteristics including activation of NADPH oxidase and NF-κB 

pathways, and release of pro-inflammatory mediators were observed in MPTP mouse 

models (D. C. Wu et al., 2003; W. Zhang et al., 2004).  Perhaps miR-223-5p 

upregulation in PD could contribute to skewing microglia toward the M1 phenotype and 

serve as a target to reduce inflammation.  

miR-1249-3p was significantly upregulated in our PD subjects, but reported to be 

significantly downregulated in PD in a meta-analysis of miRNAs in human 

neurodegenerative disease (Noronha et al., 2022).  Differential expression of miR-1249-

3p is reported in the cancer field, but no targets relevant to PD were apparent in the 

literature.  

miR-484 was significantly upregulated in our PD subjects, and in another study it was 

initially slightly upregulated (p > 0.05, average age ~ 69), then significantly 

downregulated four years later in the plasma of PD vs controls.  This result highlights the 

importance of performing longitudinal studies to account for changes in differentially 

expressed miRNAs as they relate to disease progression.  Of potential import to PD, mir-

484 directly targets the mitophagy receptor Bcl-2–like protein 13 (BCL2L13), and may 

contribute to the disease pathogenesis by downregulating receptor-mediated mitophagy 

(see section 3.2.1). 

Three other miRNAs that we identified were not unique to our study. miR-199b-3p was 

significantly elevated in our PD subjects and also in peripheral blood mononuclear cells 

of PD vs controls (Martins et al., 2011).  miR-584-5p was significantly downregulated in 

the saliva of our PD subjects, while it significantly upregulated in plasma extracellular 

vesicles of PD vs controls (L. Wu et al., 2021). miR-145-3p, on the other hand, was 

upregulated in our PD saliva samples and also in the salivary expectorate of PD vs 

controls in one other recent study (Chen et al., 2020).  The cohorts in both studies were 

much smaller than ours, and that may account for the discrepancies in the findings. No 

PD relevant direct targets were identified for any of the three miRNAs.     

3.2.1 – Direct targets of miRNAs previously identified in human PD studies 

miR-103a-3p /PARKIN 

Mutations in Parkin RBR E3 ubiquitin-protein ligase (PARKIN) are the most 

frequent cause of autosomal recessive PD (Lücking et al., 2000), and are thought to 

confer loss-of-function.  Along with PTEN-induced kinase 1 (PINK1), PARKIN signaling 

plays a central role in mitophagy (reviewed in (Bingol & Sheng, 2016).  PINK1 

accumulates at the outer mitochondrial membrane (OMM) in response to a reduction in 

mitochondrial ΔΨm caused by damage/dysfunction, and this in turn recruits PARKIN 

from the cytosol to the OMM where it promotes mitophagy via ubiquitination of 

mitochondrial proteins.  PINK1/Parkin-mediated mitophagy is impaired in PD as well as 

in many other neurodegenerative disorders (reviewed in (Quinn et al., 2020). miR-103a-

3p downregulation and consequent PARKIN upregulation might therefore function to 

lessen PD symptoms by enhancing the clearance of damaged mitochondria that would 

otherwise be a source of oxidative stress and cytochrome c release.  In support of this 

idea, recent evidence showed that miR-103a-3p inhibition acting through the Parkin 

signaling pathway was neuroprotective in MPP+ treated SH-SY5Y cell and MPTP-

treated mouse models of PD (J. Zhou et al., 2020). 
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PTEN/miR-130b-3p 

PTEN is a lipid phosphatase that inhibits the pro-survival phosphatidylinositol-3-

kinase (PI3K)/AKT signaling pathway (reviewed in (Hopkins et al., 2014)) that is crucial 

for neuronal development, neuronal survival, apoptosis, axon regeneration, and synaptic 

plasticity (reviewed in (Ismail et al., 2012; Knafo & Esteban, 2017).  PTEN dysregulation 

has been linked to the pathogenesis of neurodegenerative disorders including PD, AD, 

and amyotrophic lateral sclerosis (Ismail et al., 2012).  A detailed description of PTEN 

signaling in health and disease is beyond the scope of this discussion, however it is of 

interest to note that in vivo studies showed that selective deletion of PTEN in 

dopaminergic neurons is neuroprotective in genetic and neurotoxin-induced mouse 

models of PD (Diaz-Ruiz et al., 2009; Domanskyi et al., 2011).  PTEN ablation in these 

models enhanced Akt signaling, suppressed apoptosis, and preserved striatal 

innervation following nigrostriatal lesions.  Another study showed that PTEN protein 

levels were significantly increased in MPTP-treated mice and MPP+-treated SH-SY5Y 

cells, leading to reduced viability and enhanced apoptosis in the latter (Zhao et al., 

2020).  Downregulation of PTEN was also shown to reduce MPP+-induced ROS in SH-

SY5Y cells (Y. Zhu et al., 2007).  MiR-130b-3p is downregulated in our PD subjects, and 

it is conceivable that the resultant increase in PTEN expression may play a role PD 

pathogenesis via suppressing the (PI3K)/AKT pro-survival signaling pathway in neurons.  

mir-130b-3p may prove to be a useful molecular target for novel therapeutic strategies in 

PD.   

miR-338-3p, miR-199a-3p/Sp1   

The transcription factor Sp1 acts as an activator or a repressor in many cellular 

processes, and may play an important role in PD pathogenesis via its direct role in 

promoting LRRK2 gene expression (J. Wang & Song, 2016).  LRRK2 is a multifunctional 

protein kinase that plays a role in the regulation of the endolysosomal and vesicular 

trafficking pathways implicated in PD (Roosen & Cookson, 2016; Steger et al., 2016). 

LRRK2 missense mutations, thought to confer a toxic gain of function, are the most 

common cause of familial PD (Puschmann, 2013).  Increased LRRK2 kinase activity is 

strongly implicated in the pathogenesis of PD (Greggio et al., 2006), and is upregulated 

in PD patients both with and without LRRK2 variants (Di Maio et al., 2018). Inhibition of 

LRRK2 activity is a promising therapeutic strategy for treating PD, and LRRK2 kinase 

inhibitors are in currently under investigation to that end (Daher et al., 2015; E. Tolosa et 

al., 2020).  miRNAs 338-3p and 199a-3p may provide an alternate strategy for blocking 

LRRK2 activity indirectly by targeting Sp1 and thereby downregulating LRRK2 

expression.  SP1 is involved in a variety of essential cellular processes, however, and 

may therefore not be a realistic therapeutic target.  

ATG5/ miR-30c-5p: 

Damaged, misfolded, and aggregation-prone proteins are degraded by the 

ubiquitin-proteasome system (UPS) and the autophagy-lysosome pathway.  Accordingly, 

dysregulated autophagy has been implicated in neurodegenerative disorders including 

Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis, and 

Huntington’s disease (reviewed in (F. Guo et al., 2018).  α-Syn misfolding and 

aggregation is a core pathological feature of PD, and α-Syn has been shown to be 
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degraded by autophagy in animal (Y.-L. Guo et al., 2021) and cellular (Webb et al., 

2003) PD models.  Autophagy-related proteins (ATG) are key players in the autophagic 

process, and among these ATG5 is essential for autophagosome formation. Evidence 

shows that ATG5 can downregulate or completely inhibit autophagy, and produce PD 

phenotypes in animal models. Neural-cell-specific Atg5-/- knockout mice developed 

progressive deficits in motor function that are accompanied by the accumulation of 

neuronal cytoplasmic inclusions (Hara et al., 2006), and zebrafish treated with MPTP 

showed reduced levels of ATG5, impaired autophagic flux, and elevated levels of the 

PD-related proteins β-synuclein, PRKN, and PINK (Z. Y. Hu et al., 2017).  Additionally, 

these zebrafish exhibited dopaminergic neuron loss and locomotor deficits that were 

both rescued by ATG5 overexpression.  Another study showed that miR-30c-5p was 

significantly upregulated and that ATG5 was downregulated in MPTP-treated mice, and 

additionally that dopamine/DA metabolites, autophagy, & neurobehavioral parameters 

were reduced, while ROS and apoptosis levels were increased (L. Zhang et al., 2021).  

In human studies, investigators examining the association between ATG5 gene 

polymorphisms and PD in a Han Chinese population recently showed a significant 

correlation between the rs17587319 SNP and PD, and significantly reduced plasma 

ATG5 levels in PD patients vs control subjects (J. Han et al., 2022).  Relevant to our 

study,  miR-30c-5p was shown to directly target ATG5 (X. Wang et al., 2020).  

Upregulated miR-30c-5p levels in the PD subjects would therefore downregulate ATG5, 

and potentially contribute to reduced clearance of misfolded/aggregated α-Syn and 

subsequently exacerbate PD pathogenesis.  Hence miR-30c-5p may indicate a potential 

point of intervention in the disease process. 

miR-223-3p/NLRP3 

Increasing evidence implicates CNS inflammation in the pathogenesis of 

neurodegenerative diseases (Amor et al., 2010; Marogianni et al., 2020).  This data 

along with the proven druggability of inflammatory targets over the past decade has 

made neuroinflammation a major focus of drug development in biotech and pharma.  

One target in particular that has garnered major attention is NLRP3 (Ravichandran & 

Heneka, 2021).  NLRP3 is an essential component of the NLRP3 inflammasome which 

is an innate immune pathway that upon activation triggers the processing and release of 

inflammatory cytokines - principally IL-1 and IL-18 - via caspase 1 activation, and can 

result in pyroptosis of the cell (Ravichandran & Heneka, 2021; Zheng et al., 2020).  

Relevant to PD pathogenesis, NLRP3 can be activated by aggregated -syn (Codolo et 

al., 2013).  In PD it has been shown that miR-223-3p directly targets NLRP3 (Xu et al., 

2022), and our observation along with that of Mancuso et al (Mancuso et al., 2019) that 

miR-223-3p is upregulated potentially adds more evidence that NLRP3 is aberrantly 

activated in PD patients. Although in our case this could represent an endogenous 

protective response, the clear evidence of NLRP3 inflammasome activation found in 

plasma and in post mortem tissue from PD patients (Anderson et al., 2021; Gordon et 

al., 2018; von Herrmann et al., 2018) indicates that miR-223-3p upregulation is possibly 

insufficient to inhibit aberrant activation of this pathway. Therefore, further upregulation 

of miR-223-3p could be a potential impactful way to target this pathway.  However other 

approaches are nearing the clinic (https://www.nature.com/articles/d41587-019-00005-8) 

(Coll et al., 2015).  One obstacle hampering neuroinflammation drug development in 

general is the availability of appropriate biomarkers indicating that these pathways are 
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dysregulated in individuals, as the downstream readouts are inflammatory cytokines that 

are variable and often non-specific.  Thus, even if miR-223-3p gene therapy is not a 

viable therapeutic strategy it could potentially provide a means of identifying patients 

who might benefit from an NLRP3 inflammasome inhibitor and/or provide an additional 

measure of pharmacokinetic modulation of this pathway in the clinic. 

miR-484/ BCL2L13 

Mitochondrial dysfunction and specifically reduced mitophagy is a key 

determinant of dopaminergic neuronal susceptibility in PD, and is evident in both genetic 

and sporadic disease, as well as in toxin-induced Parkinsonism (reviewed in (J. Liu et 

al., 2019; Ryan et al., 2015).  The PINK1/PARKIN mitophagy pathway is well 

characterized, and loss of function mutations in PINK1 and PARKIN are the most 

common cause of autosomal recessive PD (reviewed in (Cookson, 2012).  Under 

physiological and pathological conditions, mitophagy can be also be initiated 

independently of PINK1/Parkin, via mitophagy receptors including BCL2L13.  Mitophagy 

receptors are located in the mitochondrial outer membrane and contain an LIR (LC3-

interacting region) motif which allows their association with phagophore on its LC3-

decorated membrane.  BCL2L13 is a mammalian homolog of yeast Atg32 that was 

shown to mediate mitophagy and mitochondrial fragmentation in cellular models 

(Murakawa et al., 2015).  MiR-484 upregulation would decrease BCL2L13 expression, 

thereby downregulating one component of the receptor-mediated mitophagy pathway, 

and potentially contributing to the mitochondrial dysregulation characteristic of PD.        

3.2.2 – Direct targets of novel miRNAs identified our PD study 

To the best of our knowledge, 18 of the miRNAs differentially expressed in the 

saliva of our cohort have not been previously reported in human PD studies.  Of the 18, 

shown in Table 3.1, four directly targeted genes of potential interest in the PD disease 

process.  

 

Table 3.1. Novel miRNAs differentially expressed in PD vs control saliva  

miR-618   miR-191-5p         

miR-328-3p    miR-660-5p         

miR-944   miR-548d-5p         

miR-941   miR-142-5p         

miR-3065-3p   miR-629-3p         

miR-4454   miR-1910-5p         

miR-455-3p   miR-375-3p         

miR-20a-5p   miR-4520-2-3p        

miR-26b-3p   miR-186-5p         
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miR-618/ FOXP2 

Forkhead box P2, the first single gene linked to a severe speech and language 

disorder (Lai et al., 2001), is a transcription factor that regulates gene networks involved 

in neural development, synaptic plasticity and neurite outgrowth (Konopka et al., 2009; 

Spiteri et al., 2007; Vernes et al., 2011).  FOXP2 is expressed in brain areas including 

the cortex, basal ganglia, thalamus, inferior olives, and medulla in developing human 

(Lai et al., 2003) and developing and adult mouse (Ferland et al., 2003) suggesting a 

role for FOX2P in the development of motor circuitry.  Accordingly, one group showed 

that FOXP2 knockout mice have reduced DA levels in frontal cortex, cerebellum, 

caudate-putamen, nucleus accumbens and globus pallidus, and exhibit altered 

vocalization and reduced exploratory behavior (Enard et al., 2009).  Another group 

showed that homozygous FOXP2 null mice displayed severe motor impairment, 

cerebellar abnormalities, and early postnatal lethality.(French et al., 2007).  A third group 

showed that FOXP2 loss of function in a mutant mouse model increased striatal direct 

pathway inhibition via increased GABA release in D1 dopamine receptor positive 

medium spiny neurons (van Rhijn et al., 2018).  Pertaining to PD, miR-618 is 

upregulated in our PD subjects vs controls, and directly targets FOXP2 (Song et al., 

2017).  Elevated miR-618 and subsequently reduced FOXP2 expression could 

exacerbate PD motor deficits by skewing the basal ganglia activity even further toward 

the already hypersensitive indirect pathway (see Figure 1.2, Introduction).    

IRF9/miR-20a-5p 

Interferon regulatory factor 9 (IRF9) is a member of a family of interferon 

regulatory factors and plays an important role in inflammation, immune cell regulation, 

cell growth proliferation, and apoptosis (Paul et al., 2018).  Using MPP+ -treated HT22 

cells as an in vitro model of PD, one group showed that miR-20a-5p expression was 

significantly decreased with increasing [MPP+], and that miR-20a-5p overexpression 

alleviated MPP+-induced mitochondrial dysfunction, inflammation, and apoptosis, 

suggesting that overexpression of miR-20a5p had a protective effect on MPP+ -induced 

neuron death (Q. Wang et al., 2021).  This neuroprotective effect was mediated by miR-

20a-5p targeting the proinflammatory interferon regulatory factor 9 (IRF9)/NF-κB axis.  In 

accordance with the in vitro study, miR-20a-5p was significantly downregulated in our 

PD subjects, and therefor might contribute to the disease pathogenesis and serve as a 

novel therapeutic target for PD. 

miR-191-5p/ Map3k12 (aka DLK) 

Dual leucine zipper kinase (DLK) is a mixed lineage serine/threonine protein 

kinase (MLK) that activates Jun N-terminal kinase (JNK) and mediates the apoptotic 

stress response in various cell types, including neurons, leading to axon degeneration 

and death.  DLK levels within neurons are tightly regulated via ubiquitination, and JNK 

activation in neurons results in hyperphosphorylation and stabilization of DLK, creating a 

feed forward loop to amplify this signaling cascade (Huntwork-Rodriguez et al., 2013).  

Inhibition and knockdown of DLK has been demonstrated to have neuroprotective 

effects in cellular and animal models of AD, PD, and other neurodegenerative disorders 

(Le Pichon et al., 2017); reviewed in (Siu et al., 2018), generating intense interest in 

developing therapeutic DLK targeting molecules.  Preclinical trials showed that an MLK 
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inhibitor (CEP-1347) demonstrated neuroprotective effects in animal models of PD and 

Huntington’s disease, but failed in clinical trials for Parkinson’s disease (PRECEPT, 

2007) because at clinical doses the compound likely didn’t reach an adequate brain 

concentration to achieve inhibition of the target MLKs, including DLK (Sweeney & 

Lewcock, 2011). With respect to our study, miR-191-5p was upregulated in PD subjects 

and the consequent downregulation in DLK could be compensatory, and might aid in 

ameliorating PD pathogenesis.  miR-191-5p was increased by roughly 30% in our PD vs 

control subjects, and increasing its level with mimics could serve to further enhance DLK 

suppression.  miRNA mimic or inhibitor delivery is an issue that would have to be 

overcome, however.  Little data exists regarding the passage of miRNAs from blood into 

the brain tissue, and in fact siRNAs, which have a molecular mass similar to miRNAs 

cannot cross the blood brain barrier.(Mathupala et al., 2006).  Delivery could perhaps be 

achieved via utilization of lipid nanoparticles.    

miR-142-5p/NRF2 

The presence of oxidative stress in Parkinson’s disease has been extensively 

described and is likely the result of multiple factors including mitochondrial dysfunction, 

impaired proteostasis, neuroinflammation, and dysregulated dopamine storage and 

release (reviewed in (Blesa et al., 2015; Dias et al., 2013; Jenner, 2003).  Nuclear factor-

erythroid 2-related factor 2 (NRF2) plays an important role in the regulation of cellular 

oxidative stress and immune inflammation by initiating an antioxidant response pathway.  

Under homeostatic conditions, NRF2 is a short half-life cytoplasmic protein constitutively 

polyubiquitinated by the repressor Kelch ECH associating protein 1 (KEAP-1), tagging it 

for rapid proteasomal degradation.  KEAP-1 contains highly reactive cysteine residues 

that act as biosensors of oxidative stress, and during cellular stress these are modified, 

impairing the ability of KEAP-1 to ubiquitinate NRF2 and target it for degradation.  Under 

oxidative conditions, NRF2 translocates to the nucleus where it acts as a transcription 

factor, binding to antioxidant response elements (AREs) and promoting the expression 

of target genes including NAD(P)H quinone dehydrogenase 1 (NQO1) and Heme-

oxygenase 1 (HO-1) (reviewed in (Tonelli et al., 2017).  Additionally, NRF2 plays a role 

in mediating the removal of damaged or misfolded proteins by upregulating the 

expression and activity of proteasomal subunits during adaptation to oxidative stress 

(Kwak et al., 2003; Pickering et al., 2012).  

Relevant to PD, miR-142-5p is elevated in our PD subjects, and was shown to 

directly target NRF2, and to alter Nrf2 dependent redox homeostasis in a cellular model 

(Narasimhan et al., 2012).  Upregulated miR-142-5p in our subjects indicates that NRF 

gene transcription may be downregulated, potentially contributing to the pathogenesis of 

PD.  Accordingly, one study showed that iron induced α-synuclein aggregation and 

neurotoxicity is induced by downregulation of Nrf2 and Hmox 1 in SK-N-SH 

neuroblastoma cells (Q. He et al., 2013).  Of course the idea that NRF2 activation is 

protective in PD is speculative and another study even suggested NRF2 knockout was 

protective in aging and models of PD (K. Han et al., 2021). 

Nonetheless, anti-oxidants have long been of interest but have had little success 

for the treatment of neurodegenerative diseases, and therapeutic activation of 

antioxidant response element genes via NRF2 activation would be a much more 

selective, measurable effect on cells.  NRF2 agonists have been in development for 
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some time (M. J. Kim & Jeon, 2022) and dimethyl fumarate (DMF) approved for 

relapsing MS is also described as a NRF2 activating compound (Hammer et al., 2018)/.  

While a potent, selective, CNS penetrant NRF2 agonist may bring us one step closer to 

answering the question of whether this pathway could be neuroprotective in PD, 

activation of NRF2 may be required at very early stages of the disease in order to slow 

its progression.  All of these are important questions that will need to be examined as 

therapeutics near the clinic.  However, our discovery of miR-142-5p 

upregulation/dysregulation in PD may allow us to better understand where/when/and in 

whom NRF2 may be an appropriate target for intervention by serving as inexpensive, 

fast, and non-invasive way we may be able to identify potential patients. 

3.2.3 – Caveat 

While the above characterization is focused on the miRNA changes that had the 

most literature support for PD risk and pathogenesis, there are clearly additional 

miRNAs and targets that warrant further exploration.  In addition, any given miRNA can 

have hundreds of different mRNA targets, and a given target could be regulated by 

multiple miRNAs. 

3.2.4 – Enrichment analysis of miRNAs differentially expressed in human PD saliva  

The miRNA-mRNA targeting results from the KEGG pathway analysis (Table 
3.15) indicated over-representation of distinct sets of mRNAs that were related to 
numerous functions of interest including axon guidance, autophagy, neurotrophin 
signaling, FOXO signaling, protein processing in endoplasmic reticulum, and 
sphingolipid signaling.  SNPs in the axon guidance pathway have been implicated in PD 
susceptibility and prediction of PD outcomes (L. Lin et al., 2009; Maraganore et al., 
2005).  SNPs in the netrin-1 receptor DCC, among other axon guidance genes, were 
found to be significantly associated with increased PD risk (J. M. Kim et al., 2011). DCC 
and netrin-are highly expressed in midbrain dopaminergic neurons (mDA) in the mature 
brain (Osborne et al., 2005), and reduced numbers of mDA neurons were detected in 
the SNpc of young DCC-deficient mice, with further reduction in aged animals, 
suggesting that expression of DCC is required for the survival of SNpc mDA neurons 
and may be relevant in the PD neurodegenerative process (Lo et al., 2022).  
Neurotrophins are also crucial for the survival and function of neurons, and miRNAs 
targeting this KEGG pathway likely induce a compensatory, protective response.   

Autophagy and FOXO transcription factors are two other signaling pathways of 
interest that were generated via KEGG analysis.  Autophagy has been discussed in 
greater detail in previous sections of this report, and FOXO transcription factors promote 
the antioxidant activity reviewed in (Klotz et al., 2015).  As discussed in previous 
sections dysregulated autophagy and oxidative stress play a key roles in the 
pathogenesis of PD.  MiRNAs that target the efficiency of proteostasis pathways could 
result in, and are hypothesized to, play a role in a-syn misfolding, which is of course the 
key pathological hallmark of PD. 

Lastly, sphingolipids are enriched in the CNS, and defects in sphingolipid 
metabolism have been linked to several neurologic diseases including Alzheimer's 
disease (AD), multiple sclerosis (MS), and PD (reviewed in (Alaamery et al., 2021).  
Deficiencies in the enzyme glucocerebrosidase (GCase) lead to an accumulation of the 
sphingolipid glucosylceramide within the lysosome, and underlie a rare lysosomal 
storage disease associated with PD risk (reviewed in (Aflaki et al., 2017).  Mutations in 
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GBA, the gene encoding Gcase, cause an autosomal dominant form of PD (reviewed in 
(Sidransky & Lopez, 2012), and reduced GCase activity has been reported not only in 
genetic, but also in idiopathic PD post mortem SNpc tissue (Gegg et al., 2012) 
(Chiasserini et al., 2015).  Furthermore, functional loss of GCase in human iPS neurons 
compromises lysosomal protein degradation, causes accumulation of α-syn, and results 
in neurotoxicity (Mazzulli et al., 2011).    

Similar to KEGG pathway analysis, gene ontology (GO) analysis identified axon 
guidance to be overrepresented, and additionally synaptic function, neuronal projection, 
and cognition (Table 3.16).  Overall, enrichment analysis of the miRNAs differentially 
expressed in our human PD cohort yielded information complementary to the literature 
search for known targets, but also extended the repertoire of potential targets to include 
genes involved in neuronal survival and sphingolipid metabolism. 

Note:  The pathway most over-represented in the KEGG (but not GO) analysis of 
miRNAs differentially expressed in PD saliva is cancer, and this also holds true in the 
mouse and cell models. Cancer genes may simply be overrepresented in the annotation 
databases to the extent that they are more likely to be found enriched by chance alone. 
However increasing evidence points to a link between PD and cancer risk. A recent 
meta-analysis showed that PD patients have and increased risk of melanoma and brain 
cancer, and a decreased risk of lung, colon, rectal, and colorectal cancer.  The LRRK2-
G2019S mutation was associated with elevated cancer risk, and female gender was 
associated with reduced cancer risk (Lee et al., 2022).  The authors hypothesized that 
the observed cancer risks may be a function of opposing molecular pathways in cancer 
and PD (uncontrolled growth vs cell death), lifestyle changes following PD diagnosis, 
and increased rate of healthcare surveillance in PD patients vs non-PD patients.  
Prospective studies on gene/environment and lifestyle will help to elucidate the 
contributions of both to the apparent association between PD and cancer.  

3.3 – Animal and Cellular Models of PD 

3.3.1 – A53T mice 

Animal and cellular PD models were utilized as a validation system, and some of 
our findings translated to both models.  Notably, two of the differentially expressed 
miRNAs in human PD were observed in the A53T mouse genetic model of PD (Table 
2.28).   As discussed in section 3.3, miRNAs 103a-3p and 107 target, or are predicted to 
target genes strongly linked to PD.  Briefly the miR-103a-3p target PARKIN is crucial in 
mediating mitophagy, and the miR-107 highly predicted target SYNJ1 plays a prominent 
role in synaptic vesicle recycling.  Compromised mitophagy as a consequence of 
PINK1/PARKIN mutations as well as mitochondrial damaging agents (e.g., PQ) is well 
documented in familial and idiopathic PD, respectively.  Likewise, impaired synaptic 
vesicle endocytosis is documented in genetic SYNJ1 knockout animals, and in MPTP 
pathogenic models (reviewed in (Schirinzi et al., 2016).  The expression levels of both 
miRNAs are decreased in our human PD subjects and A53T mice, and we posit that this 
is a compensatory response to the chronic disease state.  The cumulative effect of 
downregulation would be enhanced mitophagy (miR-103a-3p/PARKIN) and synaptic 
vesicle recycling (miRNA-107/SYNJ1).  The downregulation of both miRNAs is also 
reported in AD (C. Sun et al., 2022), but in the case of miR-107, downregulation 
exacerbates AD pathology rather than ameliorating it via targeting BACE1 (W. X. Wang 
et al., 2008).  Impaired mitophagy is also a feature of AD pathogenesis (reviewed in  
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(Mary et al., 2022), and presumably downregulation of miR-103a-3p would function to 
alleviate this deficit. 

3.3.2 – iCell® DopaNeurons 

miRNA Expression 

Five of the miRNAs differentially expressed in human PD saliva were also 
observed in a human dopaminergic cellular model of PD.  All five showed significant 
alterations which were in the same direction as that observed in PD subjects (Table 
2.37).  Of these, miR-142-5p, miR-191-5p, and miR-186-5p were novel MiRNAs 
identified in our study. We predict that upregulation of miR-142-5p and miR-191-5p will 
have opposing effects on PD pathogenesis, with the latter targeting NRF2 and the 
former targeting DLK as discussed in detail in section 3.2.2. In the toxicity study, two 
other miRNAs were altered in response to PQ exposure.  MiR-103a-3p was significantly 
increased in A53T neurons post treatment, and miR-107 was significantly decreased in 
WT neurons following PQ treatment (Table 2.37).  The increase in miR-103a-3p in PQ-
treated cells is most likely a compensatory response to an added stressor in an already 

compromised system.  Specifically, the A53T mutation in -syn increases the levels of 
oligomeric α-syn (Conway et al., 2000; Winner et al., 2011) and is linked to a higher 
propensity for aggregation when compared to wild-type α-syn (Ostrerova-Golts et al., 
2000).  Introducing a redox cycler/complex I inhibitor, and the resultant elevations in 
ROS (Figures 2.23 and 2.24) as a result of this could exacerbate α-syn aggregation 
even further as ROS itself induces protein aggregation (Lévy et al., 2019).  Longer PQ 
treatment resembling a more chronic condition might upregulate mir-103a-3p in WT 
dopaminergic cells as well. The reason for the decrease in miR-107 in PQ-treated WT 
cells is unclear. As stated earlier, miRNAs target many different genes, and it would be 
purely a matter of speculation to suggest what targets might be at play here.  GO and 
KEGG pathway enrichment analysis of the mRNAs targeted by the differentially 
expressed miRNAs, yielded insight into the possible large-scale changes caused by in 
vitro paraquat exposure. The analyses indicated over-representation of distinct sets of 
mRNAs that were related to a variety of functions of interest, including Ubiquitin-
mediated proteolysis, Autophagy, and Dopaminergic synapse, among others (Table 39, 
Table 2.40). 

mRNA Expression 

mRNA expression profiling revealed 220 significantly changed transcripts in 

A53T vs WT cells. Of these, CHCHD2 was the most robustly changed gene, and 

showed clear evidence of being altered in response to cell genotype with no effect of 

paraquat (Table 2.43, Figure 2.34).  As previously mentioned (Table 1.1), mutations in 

CHCHD2 are associated with early-onset autosomal dominant PD (reviewed in (Kee et 

al., 2021)). CHCHD2 is a mitochondrial protein that plays a critical role in oxidative 

phosphorylation (OXPHOS), transcriptional regulation of complex IV, and negative 

regulation of mitochondrial-mediated apoptosis (Kee et al., 2021).  Not surprisingly, 

CHCHD2 downregulation reduces the activity of complex I and IV (Baughman et al., 

2009), and increases cellular reactive oxygen species (Aras et al., 2015).  CHCHD2-/- 

mice show a PD-like phenotype in an age dependent manner, with 2-year-old animals 

exhibiting dopaminergic neuronal loss in the SNpc, mitochondrial fragmentation, p62 

inclusion formation, and abnormal motor function (Sato et al., 2021).  Another study 
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reported widespread α-syn pathology in an autopsied case harboring the CHCHD2 T61I 

mutation, and showed accumulation of detergent-resistant α-syn in dopaminergic 

neuronal cultures prepared from CHCHD2 T61I-iPSCs (Ikeda et al., 2019). 

Of relevance to our study, miR-191-5p was upregulated 1.9-fold in A53T vs WT 

cells (p = 0.0015,Table 2.3.7), and directly targets CHCHD2 (TargetScan 8.0, 

PartekFlow).  This finding might explain the 32-fold downregulation of CHCHD2 seen in 

the A53T cells (Table 2.43), and contribute to their elevated ROS levels (Figure 2.22, left 

panel) and cellular stress. In support of these results, CHCHD2 mRNA and/or protein 

expression was found to be significantly downregulated in both A53T α-syn transgenic 

mouse brain and post-mortem substantia nigra slices of PD patients (X. Liu et al., 2021).  

 

3.4 – Limitations 

A major limitation in the use of miRNAs as biomarkers is the lack of 

reproducibility stemming from various sources including sample size, biofluid type, 

patient comorbidities, and lack of proper validation studies (Mattsson-Carlgren et al., 

2020).  The latter is a limitation of our study as were unable to recruit subjects during the 

pandemic.  Additionally, the long prodromal PD period raises the possibility that some of 

our control subjects might eventually present with PD.  A separate longitudinal study on 

patients presenting with prodromal symptoms (e.g., RLS, RBD, ET) was not conducted. 

A second limitation is based on miRNA/target interactions.  A single miRNA 

regulates the expression of hundreds of target genes involved in many cellular 

processes, so the inferences drawn in section 3.2 may be overly simplistic. 

Finally, we did not directly measure blood levels of environmental toxins, and 

therefore were unable to objectively quantify pesticide/herbicide exposure in the human 

subjects. Thus, the associations with these exposures in our subjects should be viewed 

as exploratory in nature. 

   

3.5 – Future Directions 

Future directions involve validating direct targets of our miRNAs of interest and 

investigating their pathological or compensatory effects via studies in patient derived 

iPSC dopaminergic neurons and/or tri-cultures of dopaminergic neurons plus astrocytes 

and microglia to provide a more physiological model.  For example, microglial NLRP3 is 

reported to be overexpressed and activated in post mortem SNpc, and by -syn pre-

formed-fibrils (PFFs) in a mouse model of PD (Gordon et al., 2018).  Tri-cultures would 

provide a mechanism to the assess the ability of miR-223-3p mimics to downregulate 

NLRP3 and prevent dopaminergic neuronal death. 

More globally, it is critical to develop better PD biomarkers in order to gain a 

deeper understanding of the disease pathogenesis.  The miRNA panel that we 

discovered should be 1) validated in larger cohorts, and 2) be used in a longitudinal 

study from before diagnosis in a susceptible population (aging, family history, 

characteristic prodromal symptoms, pesticide exposure, TBI) all the way through the 
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disease course in order to better understand the utility of the panel.  Investigating 

whether or not subsets of the panel are associated with certain parkinsonian diseases 

(Parkinson’s disease dementia, dementia with lewy bodies), PD stages, genetic 

mutations, etc., will yield valuable information that could be critical in developing 

therapeutics for PD.        

3.6 – Contributions 

I am indebted to Drs. Xin Jie Chen and Liam Coyne for graciously providing their 

time and expertise in completing the animal study, and Drs. Alfred Espinoza, Marius 

Ifrim, Dana Mihalia, and Qian Du, as well as Michael Vidal, for assistance with the 

cadaver and exosome work. 
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APPENDIX 1 

 

Whole Exome Sequencing of Parkinson’s Disease Patients 

 

INTRODUCTION 

While the vast majority of cases are idiopathic, genetic elements and exposure to 

environmental toxins among other cellular insults are associated with an increased risk 

of PD. Genetic analyses of familial cases have revealed a number of genetic variants 

implicated in monogenic typical or atypical forms of parkinsonism (reviewed 

Introduction). The purpose of these experiments was to determine whether there were 

any common genetic sequence changes in our cohort of subjects with idiopathic PD, and 

to determine the suitability of performing this using a single saliva specimen that had 

been collected for RNA profiling, we completed a preliminary investigation of whole 

exome sequencing (WES) data for 66 of the subjects. 

  

METHODS 

 

Saliva sample and NGS library preparation. Saliva specimens were collected from all 

subjects using the RE-100 or ORA-100 collection devices (n=59 RE-100 spit collection 

devices, n=6 ORA-100 saliva swabs). The DNA from these samples was purified using 

the prepIT-L2P reagent (DNA Genotek) per manufacturer instructions, with purity and 

concentration confirmed by UV absorbance (NanoDrop) and Qubit assay. Approximately 

50 – 100 nanograms of DNA were then subjected to whole exome capture using the 

xGen Lockdown Whole Exome Panel (Integrated DNA Technologies), followed by 

Illumina Nextera library construction and sequencing using 2 x 150 bp reads, according 

to manufacturer instruction.  

 

NGS processing and variant calling. After generating the sequences, raw FASTQ files 

were imported into Partek Flow for Nextera adapter trimming and low quality (Q<25) 

base removal from both ends, using a minimum read length cutoff of 50 bp. Alignments 

were performed to the hg38 human genome sequence using Bowtie 2 (version 2.2.5), 

with minimum fragment lengths of 50 and maximum fragment lengths of 500. After 

alignments, variants were identified using the Genome Analysis ToolKit (GATK) 

Haplotype Caller (v4.0), with a minimum base quality score of 25, and minimum call 

confidence score of 25. Variants were then filtered to a quality score of >300 and 

annotated using the hg38 human genome (v101), ClinVar 2022, Ensembl Variant Effect 

Predictor (VEP), SIFT, dbSNP (v152), ExACT and 1000 Genomes databases.  
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Variant interpretation. Variants of potential relevance to PD were prioritized from 

among those identified across the cohort using two complementary approaches. First, 

variants were filtered based on ClinVar annotation to include only those with a disease 

name entry including the stem “parkinson” but not “Wolff-Parkinson”, and which were 

annotated in Ensembl VEP as anything other than “Low Impact”. This list of potentially 

“Moderate Impact” and “High Impact” variants was then trimmed to include only those 

present in the ExACT and/or 1000Genomes reference populations at allele frequencies 

of less than 1%, or containing unknown frequencies. To supplement this moderate and 

high impact PD-focused approach, we then added all variants identified as “pathogenic” 

in the ClinVar annotation, and present in reference populations with allele frequencies of 

1% or less. The combined list of genes was then examined for potential direct or indirect 

relevance to PD using the DisGeNet and VarElect databases, which rank genes and 

variants related to phenotype and disease terms based on their inferred disease 

specificity (DisGeNet) and their specific PD- specificity using the comprehensive 

GeneCards and MalaCards databases (VarElect).   
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RESULTS 

 

Quality assessment of WES data and variant calling from saliva samples. After 

trimming and aligning the WES reads, initial QC assessment of WES data from saliva 

samples showed more than adequate alignment coverage and depth for variant calling 

(Table A1.1), with more than 34 million paired-end alignments observed on average. The 

variant calling using the GATK Haplotype caller identified a total of 1,394,260 variants 

across all samples.  Filtering these to a minimum quality score of 300, reduced the 

number of variants to 448,158 for downstream analysis. 

  

Table A1.1 Alignment metrics for salivary WES data 

 
Total alignments Aligned % Avg. depth Avg. length Avg. quality 

Mean          34,201,179          98.89            20.1          150.7            36.3  

SEM                851,389            0.04              0.5              0.0              0.0  

 

Identification of high-ranking PD genes contain moderate and high-impact 

variants. Filtering the 448,158 variants to those with ClinVar annotation containing the 

word stem “parkinson” but not “Wolff-Parkinson” yielded 150 variants.  Filtering of these 

to remove those annotated in Ensembl VEP as “Low Impact”, further reduced the total to 

29 variants, of which 18 were present in the ExACT and/or 1000Genomes reference 

populations at allele frequencies of less than 1% or had unknown frequencies. 

Supplementing this PD-focused approach by looking for all variants identified as 

“pathogenic” in ClinVar and present in reference populations with allele frequencies of 

1% or less, added an additional 94 variants, of which 2 overlapped the initial variant 

filtering, for a total of 110 unique variants. The combined set of PD-focused variants and 

top pathological variants identified in the cohort are listed in Table A1.2.   

The 18 PD focused variants were contained in 11 different genes, including PARK7 (DJ-

1), DNAJC6 (PARK19), GBA, LRRK2 (n=4; PARK8), ORC6, HTRA2 (PARK13), GIGYF2 

(PARK11), FBXO7 (n=4; PARK15), UCHL1 (PARK5), ADH1C and SNCAIP (n=2). Close 

inspection of the additional variants identified 10 additional variants in 10 additional 

genes with clear relevance to brain function, mitochondrial function, or 

neurodegenerative, neuromuscular or neuroinflammatory conditions, which were also 

added to Table A1.2. Analysis of these 28 variants in DisGeNet indicated only 11 with 

strong and at least somewhat specific connections to a known disease, with PD being 

the most common (n=5/11). Those 5 variants were located in 4 different genes, including 

PARK7 (DJ-1), GBA, LRRK2 (n=2), and ADH1C (Table A1.3). Using VarElect, the 11 

total genes and their variants were ranked according to highest disease-causing 

likelihood (Table A1.4). Notably, the majority of potential moderate and high-impact 

variants that were identified were present in 1 or 2 subjects.   
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Table A1.2 Highest probability impact variants in PD cohort WES data 

Gene 
Symbol Chr Position 

dbSNP or 
ClinVar ID Ref Alts 

Alt 
Allele 

Num Qual 
Read 
depth ClinVar Disease Name(s) 

Ensembl 

IMPACT 

ADH1C 4 99347033 rs283413 C A 2 1,448 2585 Parkinson disease, mitochondrial High 

B9D2 19 41357947 rs786204189 
GCC
ATG
TCC 

G 1 979 2810 
Agenesis of cerebellar vermis, 

Meckel-Gruber Syndrome 
Modifier 

CAPN3 15 42359950 rs794726871 C T 1 730 2653 
Autosomal recessive limb-girdle muscular 
dystrophy type 2A 

Moderate 

DNAJC6/ 

PARK19 
1 65366050 rs61757223 A T 1 714 2414 Juvenile onset Parkinson disease 19A Moderate 

EARS2 16 23544671 rs201842633 C T 1 380 2470 
Leukoencephalopathy-thalamus and 
brainstem anomalies-high lactate syndrome 

Moderate 

FBXO7/ 

PARK15 
22 32475133 rs192327462 G A 2 1,361 3356 Parkinsonian-pyramidal syndrome Modifier 

FBXO7/ 

PARK15 
22 32479132 rs139135860 G C 1 609 2410 Parkinsonian-pyramidal syndrome High 

FBXO7/ 

PARK15 
22 32479135 rs143041875 T G 1 739 2407 Parkinsonian-pyramidal syndrome Moderate 

FBXO7/ 

PARK15 
22 32485143 rs1290655316 CCT C 1 848 2431 Parkinsonian-pyramidal syndrome Modifier 

FBXO7/ 

PARK15 
1 155236376 rs2230288 C T 5 500 2147 

Dementia|Hypertensive disorder|Tremor| 
Parkinsonism|Rigidity|Lower limb muscle 
weakness|Neurological speech impairment| 
Cogwheel rigidity|Hyperlipidemia| Parkinson 
disease, late-onset| Gaucher disease 

Moderate 

GIGYF2/ 

PARK11 
2 232847515 rs371622656 C *,CCG 8,2 1,896 3382 

Parkinson disease 11, autosomal dominant, 
susceptibility to 

Moderate 

HTRA2/ 

PARK13 
2 74529646 rs757541077 G A 1 1,673 3042 

Parkinson disease 13, autosomal dominant, 
susceptibility to 

Moderate 

IGHMBP2 11 68933864 rs145226920 C A 1 544 2319 
Autosomal recessive distal spinal muscular 
atrophy 1|Charcot-Marie-Tooth disease 

High 

LRRK2/ 

PARK8 
12 40287550 

ClinVar 

308619 
T TA 8 1,266 2041 Autosomal dominant Parkinson disease 8 Modifier 

LRRK2/ 

PARK8 
12 40313976 rs35507033 G A 2 723 1729 Autosomal dominant Parkinson disease 8 Moderate 

LRRK2/ 

PARK8 
12 40320097 rs35303786 T C 4 1,113 1787 Autosomal dominant Parkinson disease 8 Moderate 
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LRRK2/ 

PARK8 
12 40340400 rs34637584 G A 1 365 2360 Autosomal dominant Parkinson disease 8 Moderate 

MPC1 6 166365989 
ClinVar 

1236163 
C T 1 410 2398 Mitochondrial pyruvate carrier deficiency Moderate 

MPO 17 58270865 rs35897051 T G 2 1,465 2607 
Alzheimer disease, 

Myeloperoxidase deficiency 
High 

ORC6 16 46689659 rs144065502 G A 2 586 1796 
Meier-Gorlin syndrome 

Parkinson Disease, Dominant 
Modifier 

DJ-1/ 

PARK7 
1 7970934 rs71653619 G A 1 539 2297 

Renal cysts and diabetes syndrome, 

Autosomal recessive early-onset Parkinson 
disease 7 

Moderate 

RNF217 6 125076745 rs73580047 G A 2 373 1966 Multiple sclerosis, susceptibility to Moderate 

SLC5A6 2 27207283 rs188933728 C A 1 646 2422 
Neurodegeneration, infantile-onset, biotin-
responsive 

Moderate 

SNCAIP 5 122423345 rs144384727 A G 1 969 2455 Parkinson Disease, Dominant/Recessive Moderate 

SNCAIP 5 122450972 rs55712196 G C 2 1,521 2641 Parkinson Disease, Dominant/Recessive Moderate 

SUCLA2 13 47988881 rs985896883 C G 1 311 1994 

Mitochondrial DNA depletion syndrome, 

Encephalomyopathic form with 
methylmalonic aciduria 

High 

TYMP 22 50527612 rs121913039 C T 1 657 2609 Mitochondrial DNA depletion syndrome 1 Moderate 

UCHL1/ 

PARK5 
4 41261701 

ClinVar 

348771 
AT A,ATTT 4,2 9,760 1744 Parkinson Disease, Dominant Modifier 

 

Table A1.3 DisGenNet mapped genes with strongest PD relevant SNVs in WES data. 

Variant Gene Disease 

#SNPs/ 

disease DSI_v DPI_v Consequence Alleles Class 

AF 
EXOME 

Freq 

Score 

vda 

EI 

vda 

rs283413 ADH1C Parkinson Disease 990 0.925 0.08 stop gained C/A;T snv 

 

0.01 1 

rs786204189 B9D2 Familial aplasia of the vermis 187 1 0.16 frameshift  ATGTCCCC/- delins 

 

0.7 

 

rs794726871 CAPN3 
Limb-girdle muscular dystrophy 
type 2A 146 1 0.12 missense  C/T snv 2.39e-05 0.7 1 

rs201842633 EARS2 Muscle hypotonia 579 1 

 

missense C/A;T snv 4.27e-06 0.7 1 

rs2230288 GBA Parkinson Disease 990 0.776 0.16 missense  C/T snv 0.01046 0.79 1 

rs145226920 IGHMBP2 

SPINAL MUSCULAR ATROPHY 

WITH RESPIRATORY DISTRESS 1 49 0.925 0.12 stop gained C/A;T snv 0.00016 0.7 1 

rs35507033 LRRK2 PARKINSON DISEASE 8 (disorder) 33 0.882 0.08 missense  G/A;C snv 0.004 0.7 1 

rs34637584 LRRK2 PARKINSON DISEASE 8 (disorder) 33 0.583 0.48 missense G/A snv 0.0005 0.81 1 

rs35897051 MPO Myeloperoxidase Deficiency 9 1 0.08 splice acceptor T/G snv 0.0043 0.7 1 

rs71653619 PARK7 Parkinson Disease 990 1 0.04 missense G/A snv 0.0079 

 

0.02 1 

rs121913039 TYMP 
Mitochondrial DNA Depletion 
Syndrome 1 78 1 

 

missense C/T snv 0.00032 0.7 1 
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Table A1.4. VarElect ranked PD genes containing moderate/high impact SNVs. 

Symbol Description Rank 
(1888 

PD 
Genes) 

-LOG(P) Score Disease Causing 
Likelihood 

Number 
samples 

in 
PD 

cohort 

LRRK2 Leucine Rich Repeat Kinase 2 2 4.12 43.06 50.47%  

  rs34637584   Missense, G2019S; c.6055G>A 1 

  rs35303786   Missense, M1646T; c.4937T>C 4 

  rs35507033   Missense, R1514Q; c.4541G>A 2 

  ClinVar308619   Intron deletion; c.2689+11T>T  8 

PARK7 Parkinsonism Associated Deglycase 3 3.95 39.77 54.00%  

  rs71653619   Missense, R98Q; c.293G>A   1 

GBA Glucosylceramidase Beta 5 3.72 32.08 61.31%  

  rs2230288   Missense, E365K; c.1093G>A 5 

DNAJC6 DnaJ Heat Shock Protein Family 
(Hsp40) Member C6 

7 3.58 29.31 74.03%  

  rs61757223   Missense, M63L; c.187A>T   1 

UCHL1 Ubiquitin C-Terminal Hydrolase L1 12 3.34 26.90 33.20%  

  ClinVar348771   Intron Indel; c.327-14ATT>A or ATTT 5 

SNCAIP Synuclein Alpha Interacting Protein 13 3.31 26.16 52.54%  

  rs144384727   Missense, N250S; c.749A>G   1 

  rs55712196   Missense, E343Q; c.1027G>C 2 

HTRA2 HtrA Serine Peptidase 2 14 3.28 24.94 65.46%  

  rs757541077   Noncoding, Exon 1; G>A   1 

FBXO7 F-Box Protein 7 33 2.90 19.65 49.05%  

  rs192327462   Intron; c122+9G>A   2 

  rs139135860   Missense, D92H; c.274G>C   1 

  rs143041875   Missense, S14A; c.40T>G   1 

  rs1290655316   Exon Indel; c.379CCT>C   1 

GIGYF2 GRB10 Interacting GYF Protein 2 40 2.82 15.53 52.63%  

  rs371622656   Exon Indel; c.3628C>*   8 

IGHMBP2 Immunoglobulin Mu DNA Binding 
Protein 2 

816 1.51 0.97 10.53%  

  rs145226920   Nonsense, C496*; c.1488C>A 1 

B9D2 B9 Domain Containing 2 1499 1.25 0.32 67.79%  

  rs786204189   Exon 3; c.164CGGTACAGG>C   1 
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DISCUSSION 

The results from the first 66 subjects included in the Syracuse PD cohort 

indicated that high-quality WES data and resulting variants could be identified using 

standard validated methods and workflows from both spit and swab-derived salivary 

RNA samples.  With specific regard to PD, the data also indicated that a number of very 

high-impact genes were identified as containing variants in this cohort, including LRRK2, 

GBA, PARK7 and ADH1C. However, the specific variants within the high-impact genes 

that were present were not themselves strongly linked to PD in a causal fashion, with a 

few notable exceptions, because the subjects were almost always heterozygous for a 

variant that was only pathological in homozygous form. The most notable exception to 

this was the G2019S polymorphism in LRRK2 (rs34637584), which is strongly linked to 

PD in an autosomal dominant fashion, and was present in a single proband. The second 

most notable variant was the E365K polymorphism in GBA (rs2230288). 

Collectively, the data suggest that generalized diagnostic screening of subjects 

with early stage PD may not benefit as much as hoped from the use of WES-based 

approaches. Rather, such screening would likely find that only a small percentage of 

subjects have well-recognized “smoking gun” causal variants, while most do not.  Thus, 

additional efforts to identify early stage PD subjects would appear to be of potentially 

high value in the field.   
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APPENDIX 2 

 

Comparative RNA-seq Analysis of miRNA from Saliva and Salivary 

Exosomes in Living Subjects and Cadaver Nerve and Glands Content 

 

 

INTRODUCTION 

The examination of whole saliva using shotgun RNA-seq analysis has proven to 

be a successful means of biomarker identification for various brain conditions, ranging 

from autism spectrum disorder to mild traumatic brain injury and runner’s high. The data 

obtained in those studies suggest a high degree of relevance to brain function. 

Moreover, many of the miRNA biomarkers they identified were shown to be expressed in 

the nervous system.  Because structures in the oral cavity, including the salivary glands, 

are a major target of innervation from the brain stem, it is possible that brain-related 

miRNAs could be directly deposited in the oral cavity through nerve pathways leading to 

the salivary glands. From there, brain stem-derived miRNA would be released into the 

salivary glands in exosomes. If true, such exosomes should be possible to isolate from 

saliva using neuron-specific and/or glial-specific capture methods on exosomes that 

exploit the fact that exosomes express proteins on their surface that reflect their cell of 

origin.  

The production of saliva by the three major salivary glands (parotid, 

submandibular and sublingual) is under the influence of both parasympathetic and 

sympathetic nerve fibers, which can lead to increased volume and enzyme production. 

Parasympathetic innervation is supplied by the cranial nerves. The parotid gland 

receives its parasympathetic input via the glossopharyngeal nerve (CN IX) via the otic 

ganglion and auriculotemporal nerve, while the submandibular and sublingual glands 

receive their parasympathetic input via the facial nerve (CN VII) via the submandibular 

ganglion. All three major salivary glands receive direct sympathetic inputs via 

preganglionic nerves originating in thoracic segments T1 – T3 that synapse with 

postganglionic neurons in the superior cervical ganglion (SCG). These same nerves also 

supply efferents to blood vessels in and around the salivary glands in order to regulate 

the fluid volume component.   

Finally, it is also worth noting that in PD, the accumulation of Lewy bodies 

associated with the disease progression is known to occur in the salivary glands of living 

and deceased subjects, in addition to the extensive pathological inclusions noted in the 

vagus nerve. These nerve routes are thought to serve as a possible means of 

transporting the disease pathology from the gut and oral cavity into the brain stem in PD. 

Thus, to gain additional insight into the potential of bidirectional signaling of small 

molecules of relevance to PD, it would be useful to examine the miRNA content of the 

vagus nerve branches supplying the mouth and upper GI tract. 
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To date, there has been no formal test of these possibilities. Thus, the first goal 

of this study was to first determine whether there are consistently high levels of any 

neuron-specific or glial-specific (including both astrocytes and oligodendrocytes) 

exosomes in saliva, and what their specific miRNA content is. The second goal was to 

determine the potential neuronal routes of transfer of any such miRNAs through a 

systematic examination of the small RNA content of the nerves innervating the human 

mouth and salivary glands, as well as the salivary glands themselves.  To control for 

other possible sources of input to the saliva miRNA pool, we also examined the content 

found in saliva collected from location on top of the tongue, below the tongue, and along 

the cheek. 

 

METHODS 

Sample preparation. Saliva specimens were collected from living subjects and either 

used unfractionated from 4 locations, or processed with 4 different exosome 

fractionation methods. In addition, 12 anatomical locations were dissected in 2 matched 

post-mortem embalmed cadaver specimens (P987 and C962), one of whom (P987) was 

a deceased 80 year old Parkinson’s disease (PD) subject and the other (C962) who was 

a deceased 82 year old neurologically normal elderly control.   

1) Living subject specimens, saliva expectoration or swab collection 

a. Unfractionated 

i. Bulk – 3 different subjects 

ii. Under tongue – 3 different subjects 

iii. Top of tongue – 3 different subjects 

iv. Cheek – 3 different subjects 

b. Fractionated, using antibody-conjugated magnetic beads 

i. All exosomes – ExoQuick bead reagent 

ii. Fractionated – Oligodendrocyte marker (O4) 

iii. Fractionated – Astrocyte marker (GLAST1) 

iv. Fractionated – Neuronal marker (PSA-NCAM) 

2) Dissected cadaver specimens, 12 pairs in 2 subjects (1 Control, 1 PD) plus 3 

additional 

a. Nerves 

i. Auriculotemporal N     

ii. Chorda Tympani N   

iii. Hypoglossal N   

iv. Lingual N   

b. Ganglia 

i. Submandibular ganglion   

ii. Superior cervical ganglion (SCG)  

iii. Presympathetic to SCG 

c. Glands 

i. Parotid Gland  

ii. Sublingual Gland 
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iii. Submandibular Gland  

d. Tissues 

i. Cheek 

ii. Tongue 

e. Unpaired nerves 

i. Vagus – Superior to laryngeal N. 

ii. Vagus – Anterior trunk 

iii. Vagus – Posterior trunk 

 

Bulk saliva sample processing. The total small RNA was purified from saliva and oral 

cavity samples collected with ORA-100 saliva swabs (DNA Genotek, Ottowa, CA), using 

a combined Trizol/RNeasy protocol (Qiagen).  

Exosome sample processing.  Antibody-based separation from whole saliva 

expectorated samples was performed according to manufacturer recommendations 

using the human Pan-Exosomal Isolation Kit Pan (Miltentyi) adapted for use with the 

neuronal marker Polysialated Neural Cell Adhesion Molecular (PSA-NCAM), the 

astrocyte marker Glutamate-aspartate transporter 1 (GLAST1), and the oligodendrocyte 

marker O4. In addition, we also used a commercial saliva fractionation method involving 

overnight incubation with beads using the ExoQuick-TC Ultra system (Systembio), 

according to manufacturer protocol. The isolated fractions and whole saliva and swab 

samples were then subjected to RNA isolation and processing using a combined 

Trizol/RNeasy protocol. 

Cadaver sample processing. Dissection of each of the specific nerves, glands and 

tissues of interest was performed under expert guidance by trained neuroanatomists and 

RNA isolated using the High Pure FFPE RNA Micro Kit (Roche). The RNA yield and 

quality were assessed on the Bioanalyzer PicoChip (Agilent) using 1 µL per sample. 

Stranded libraries were constructed using the TruSeq Small RNA Library Preparation kit 

(Illumina). Reads were trimmed of adapter sequences 

(TGGAATTCTCGGGTGCCAAGG) using Trim adapters 1.2.1, with a minimum length of 

17 nucleotides, and then aligned to RefSeq hg38 v101 using Bowtie, with quantification 

to deduplicated mature miRbase 22. Reads were then filtered to remove those with less 

than 1 read in 80% of the samples, and normalized using counts per million (CPM) 

followed by adding 1, log2 scaling, and quantile transformation. 

 

RESULTS 

RNA yields and quality assessment. The isolation of saliva-derived bulk RNA 

produced high amounts of RNA, while selection with antibody-conjugated beads resulted 

in less RNA yield. The lowest yields were obtained for samples from the 3 salivary 

glands themselves, which was likely due to the reticulated nature of the tissues, but also 

potentially reduced size of the glands in the PD subject. Representative RNA traces, 

with RNA Integrity Numbers (RINs) and concentrations are shown in Figure A2.1, for 

one cadaver specimen. 
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Small RNA Profiling.  Alignment of all samples to miRbase 22 was performed, and read 

metrics were fairly consistent across the samples within each type. A total of 1384 

miRNA features were identified.  

 

Figure A2.1. Small RNA purified from embalmed human cadaver tissues.  Note the 

uniform appearance of low molecular weight RNA, with RIN values from 1.2 – 5.1, and 

yields from 12 pg/µL – 2.5 ng/µL. 

 

In order to examine general patterns in the miRNAs across tissues, the alignment 

data were filtered to the 50 features with the highest median values and subjected to 

hierarchical clustering analysis, using an average distance cluster metric with Euclidian 

point distances (Figure A2.2). This revealed the presence of clear patterns associated 

with the most abundant miRNAs.  For example, the whole saliva, oral samples and 

saliva processed with ExoQuick beads that were obtained from living subjects clustered 

at the bottom of the heatmap (gray bar on left), while the saliva samples fractionated 

with antibody-conjugated beads all clustered at the top of the heatmap (purple bar), and 

all cadaver samples clustered in the middle (white bar). 

 

Close inspection of the abundance data was also performed to identify potential 

“neuronal-enriched” miRNAs by focusing on those which were highly abundant in the 

PSA-NCAM selected fractions. This highlighted a total of 10 miRNAs that were 

subjected to a closer heatmap analysis (miR-107, miR-103a-3p, miR-92a-3p, miR-182-

5p, miR-148a-3p, miR-191-5p, miR-423-5p, miR-181a-5p, miR-10b-5p, and miR-22-3p; 

Figure A2.3). 
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Figure A2.2. Hierarchical clustering/heat map analysis of 50 most abundant miRNAs 

across 42 cadaver, saliva, and oral cavity samples. Note that saliva exosomes were 

purified using pan-exosomal ExoQuick bead protocol or antibodies conjugated to 

magnetic beads. Abbreviations: Ant, anterior; Cd, cadaver; N, nerve; Post, posterior; 

Sup, superior.  
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Figure A2.3. Hierarchical clustering/heat map analysis of 10 most abundant miRNAs 

from previous cluster based on expression level in PS-NCAM exosome saliva fraction. 

Abbreviations: same as Figure A2.2. Note that several of the miRNAs that appear red in 

the upper right quadrant are also low in the upper left and moderate in many of the 

cadaver nerve paths leading to the mouth. These may represent neuron-enriched or 

specific miRNAs that are transported from brainstem neurons for release (e.g., miR-107, 

miR-103a-3p, miR-92a-3p). 

 

DISCUSSION 

The results presented provide clear evidence of the ability to isolate miRNA from 

embalmed human cadavers that can be used for RNA-sequencing. Moreover, the data 

demonstrated the feasibility of fractionating exosomes for sequencing small RNAs, 

including miRNAs, from whole saliva using exosome-specific protein marker selection 

with conjugated beads, as well as general exosome selection with ExoQuick reagent.  At 

this point, the methodology clearly merits additional refinement. Nonetheless, several 

miRNAs have emerged from this analysis that would appear to have the potential to be 

deposited in the oral cavity by virtue of their presence in neuron-derived exosomes, 

nerves, ganglia, and whole saliva.  
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Table A2.1. RNA-Seq read and alignment metrics. 

Sample name Site Dx Reads Alignments Aligned % 

C1_S1 Parotid gland CTL 9,234,052 2,287,657 19.52 

C2_S2 Submandibular gland CTL 12,835,360 1,350,446 7.70 

C3_S3 Sublingual gland CTL 8,825,259 3,402,326 28.24 

C4_S4 Submandibular ganglion CTL 7,327,349 1,092,323 12.53 

C5_S5 Superior cervical ganglion CTL 2,154,787 272,891 11.06 

C6_S6 Pre-sympathetic to SCG CTL 5,029,603 451,486 7.80 

C7_S7 Chorda tympani CTL 7,719,710 143,019 1.56 

C8_S8 Auriculotemporal nerve CTL 3,979,629 295,807 6.35 

C9_S9 Lingual nerve CTL 5,771,213 344,861 5.06 

C10_S10 Hypoglossal nerve CTL 3,041,076 41,706 1.12 

C12_S11 Cheek (cadaver) CTL 3,424,841 917,128 19.56 

C13_S12 Parotid gland PD 1,968,472 512,585 21.28 

C14_S13 Submandibular gland PD 2,497,359 169,056 5.25 

C15_S14 Sublingual gland PD 1,367,283 56,870 3.07 

C16_S15 Submandibular ganglion PD 1,280,927 59,213 3.74 

C17_S16 Superior cervical ganglion PD 834,398 7,531 0.78 

C18_S17 Pre-sympathetic to SCG PD 2,297,017 7,582 0.26 

C19_S18 Chorda tympani PD 1,894,017 23,685 1.07 

C20_S19 Auriculotemporal nerve PD 872,675 1,959 0.13 

C21_S20 Lingual nerve PD 979,022 31,314 2.48 

C22_S21 Hypoglossal nerve PD 1,034,968 1,453 0.10 

C24_S22 Cheek (cadaver) PD 1,634,987 14,719 0.74 

C38_S23 Tongue (cadaver) CTL 3,411,837 119,103 2.79 

C40_S24 Tongue (cadaver) PD 1,419,050 14,833 0.97 

C43_S25 Anterior Vagal Trunk PD 2,342,670 29,013 0.98 

C44_S26 Posterior Vagal Trunk PD 1,674,606 20,537 0.99 

C45_S27 Superior Vagus PD 2,836,720 262,662 7.77 

C46_S28 Anterior Vagal Trunk CTL 2,590,366 254,948 8.54 

C47_S29 Posterior Vagal Trunk CTL 1,407,775 41,564 2.68 

C48_S30 Superior Vagus CTL 1,680,475 62,713 2.99 

E1_S31 Whole Saliva E 12,384,330 10,692 0.07 

E2_S32 Whole Saliva E 11,459,407 6,592 0.04 

E3_S33 Whole Saliva E 43,690,577 264,667 0.46 

E4_S34 Saliva Exosome E 1,506,939 5,097 0.24 

E5_S35 Saliva Exosome E 1,977,121 3,159 0.13 

E6_S36 Saliva Exosome E 1,191,712 48,031 2.77 

E7_S37 Saliva Exosome E 656,740 53,581 5.92 

E8_S38 Saliva Exosome E 816,631 17,184 1.65 

E9_S39 Saliva Exosome E 1,674,172 18,395 0.78 

E13_S43 O4 Exosome E 573,153 52 0.01 

E14_S44 GLAST Exosome E 155,547 374 0.19 

E15_S45 NCAM Exosome E 277,696 13,146 3.50 

E27_S46 Cheek E 3,979,016 96,341 1.49 

E30_S47 Tongue E 8,961,314 53,298 0.40 

E33_S48 Under tongue E 22,098,943 28,647 0.09 
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Abstract 

Background 

Traumatic brain injury (TBI) is a major cause of death and disability worldwide, 
with mild TBI (mTBI) accounting for 85% of cases. mTBI is also implicated in serious 
long-term sequelae including second impact syndrome, post-traumatic epilepsy, and 
chronic traumatic encephalopathy. mTBI often goes undiagnosed due to delayed 
symptom onset and the limited sensitivity of conventional assessment measures 
compared with severe TBI. To address this limitation, much attention currently focuses 
on efforts to identify accurate and reliable non-invasive biomarkers that are associated 
with functional measures relevant to long-term outcomes.  In the present study, we 
evaluated the utility of serum and salivary microRNAs (miRNAs) to serve as sensitive 
and specific peripheral biomarkers of possible mTBI. miRNAs are small non-coding 
RNAs that suppress protein expression and have emerged as useful biomarkers in 
various conditions. Notably, although miRNAs are made in all cell types, many of them 
show tissue-specificity. Our primary objectives were to establish the relationship 
between peripheral measures of miRNA, objective quantification of head impacts, and 
sensitive indices of balance and cognitive function in healthy young adult athletes. A 
secondary objective was to compare the sensitivity of miRNA versus commonly used 
blood-based protein biomarkers.  

Methods and Findings 

50 amateur mixed martial arts (MMA) fighters participated in this study. A total of 
216 saliva and serum samples were collected from these subjects at multiple time 
points, both pre- and post-fight. Levels of 10 serum proteins were compared in a subset 
of the fighters (n=24). Levels of miRNAs were obtained by next generation sequencing. 
Functional outcomes were evaluated using a computerized assessment system that 
measured performance during 3 cognitive tasks, body sway during 8 different stances, 
and both cognitive performance and body sway during combined dual task performance. 
Statistical analysis of the data was performed using multivariate logistic regression for 
predictive classification, analysis of variance, correlation analysis and principal 
component analysis to identify functional and molecular outcomes with strong utility for 
predicting possible mTBI. 

 We identified a subset of salivary and serum miRNAs that showed robust utility at 
predicting TBI likelihood and demonstrated quantitative associations with head impacts 
as well as cognitive and balance measures. In contrast, the serum proteins 
demonstrated far less utility in this cohort. We also found that the timing of the 
responses varies in saliva and serum, which is a critical observation for biomarker 
studies to consider. However, a potential limitation on this included the use of different 
sets of subjects at some of the timepoints. 

Conclusions 

Our data reveal that several salivary and serum miRNAs are robustly altered 
after a sport-related head impact. Some of these miRNAs show association with the 
quantity of head impacts, as well as objective functional measures of balance and 
cognitive function. Future studies involving a variety of ages and other sports will be 
required to determine the most generalizable molecular biomarkers of mTBI from 
peripheral biofluids. 
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Introduction 

Traumatic brain injury (TBI) is an important public health problem, affecting at 
least 1.7 million individuals annually in the U.S. alone (Faul et al., 2010), and is predicted 
to "surpass many diseases as the major cause of death and disability by the year 2020" 
according to the WHO (Hyder et al., 2007). The disorder is classified on a spectrum 
ranging from mild to severe, with mild TBI (mTBI) accounting for at least 85% of total TBI 
cases (Bazarian et al., 2005).  Notably, the incidence of mTBI is commonly regarded as 
under-reported, particularly in the context of sports competitions, where athletes may 
wish to avoid being forced to stop participation until completion of a formal medical 
evaluation and return to play protocol. As a result, mTBI has been referred to as a “silent 
epidemic” (Goldstein, 1990). 

The typical head impact in mTBI induces rapid percussive (coup/contracoup) 
and/or torsional (rotational) damage to the brain, leading to parenchymal bruising and 
subarachnoid hemorrhage with direct brain cell loss, as well as stretching of axons and 
diffuse axonal injury (D. H. Smith et al., 2003) that may persist for years (V. E. Johnson 
et al., 2013). Furthermore, repetitive mTBI is associated with serious long-term sequelae 
including post concussive syndrome and chronic traumatic encephalopathy (CTE), the 
latter often leading to cognitive impairment, neuropsychiatric symptoms, dementia, and 
pugilistic parkinsonism. Because these symptoms develop across time and the initial 
injuries often escape detection by conventional neuroimaging techniques, mTBI presents 
a diagnostic challenge, which has slowed efforts to examine the time course of its 
pathophysiology. Consequently, diagnostic, prognostic, and therapeutic approaches for 
mTBI are lacking.  Compounding this issue, the failure to ascertain that mTBI has 
occurred in the first place can easily lead to repetitive mTBI and increase the risk of 
CTE. Thus, it is critically important to establish accurate and reliable diagnostic markers 
to aid in the early detection and diagnosis of mTBI, inform its prognosis, and ultimately 
provide a means to monitor response to treatment.  

MicroRNAs (miRNA) are small non-coding RNAs (~22 nucleotides) that suppress 
target mRNA translation and stability (Mariana Lagos-Quintana et al., 2001) for a large 
fraction of the transcriptome, and have emerged as useful biomarkers of several 
disorders including cancer and diabetes. The influence of miRNAs on gene expression 
occurs both within the cells that synthesize them as well as within remote cells through 
extracellular trafficking. Once released from donor cells, miRNAs can travel through 
various extracellular fluids and exert regulatory effects on gene expression in recipient 
cells. Hence, miRNAs are important master regulators of cellular function within and 
between a wide range of cells and tissues.  Recent data indicating that circulating 
miRNAs are elevated in plasma following injury (Omar F. Laterza et al., 2009), and that 
miRNA expression profiles differ between healthy and disease states, has generated 
considerable interest in their potential to serve as peripheral biomarkers of cell and 
tissue damage or cancer (reviewed in (Hayes et al., 2014)). In addition, dysregulation of 
specific miRNAs networks has been associated with several neurodegenerative 
disorders including Alzheimer's and Parkinson's disease (reviewed in (Tan et al., 2015)), 
as well as alcoholism (Ignacio et al., 2015).  While brain tissue is not readily available 
from living subjects with mTBI or neurodegenerative disease, the fact that brain-specific 
miRNAs are released into peripheral biofluids suggests that miRNA profiles can serve as 
a proxy, or indirect readout of pathological processes occurring in the central nervous 
system (CNS). Thus, identifying specific biomarkers for mTBI could facilitate early 
detection at the presymptomatic stage, and provide insight into novel targets to minimize 
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or even prevent post-mTBI sequelae.  Support for the feasibility of using peripheral 
miRNA biomarkers to predict outcome measures following mTBI was recently provided 
in two studies on pediatric populations. The first study demonstrated considerable 
overlap in the miRNA present in both cerebrospinal fluid (CSF) and saliva (63%), and 
also indicated parallel changes for a number of these miRNAs in children with severe 
and mild TBI (Hicks et al., 2017). A follow up study from the same group showed that 
salivary miRNA patterns in children who were brought to a concussion clinic within a few 
days after mTBI could predict whether those children would develop prolonged 
concussive symptoms (PCS) or acute symptom resolution with high accuracy (J. J. 
Johnson et al., 2018).    

Notably, one of the elements missing from the aforementioned studies is any 
type of molecular or functional baseline assessment in the individuals that subsequently 
experienced an mTBI episode. This was specifically addressed in the present study, 
where we directly compare the pattern of changes in saliva and serum miRNAs, and 
changes in numerous neurocognitive functional measures in adult athletes after they 
experienced sport-related head impacts and possible mTBI during an amateur mixed 
martial arts (MMA) competition.  Furthermore, we quantified the strength of association 
between the changes in miRNAs and functional measures, and assessed their potential 
diagnostic utility.  
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Methods 

Ethics Statement 

All protocols regarding the use of human subjects were reviewed and approved 
by the Institutional Review Board of SUNY Upstate Medical University.  Written consent 
was obtained from all human subjects prior to study enrollment and sample collection.  
Subjects received monetary compensation for their participation. 

Samples 

A total of 216 samples were collected from 50 MMA fighters (42 unique, 8 repeat 
fighters), including 85 saliva and 131 serum samples. These were collected at 1 week or 
1 hour pre-fight time points, and at one or more of 4 post-fight time points: immediately 
post-fight (15-30 min), 2-3 days, 1 week, and 3+ weeks (Figure 1, Table 1).  Each MMA 
fight consisted of three rounds of 3 minutes each, unless a fighter was knocked out or 
forfeited by submission. Blood collection was performed on-site by a trained 
phlebotomist into sterile BD Vacutainer SST tubes (Becton-Dickenson), allowed to sit for 
20 minutes and centrifuged per manufacturer instructions. Saliva was collected by 
expectoration into Oragene RNA collection vials (RE-100, DNAGenotek, Ottawa, ON) or 
by swab absorption using the Oragene Nucleic Acid Stabilizing Kit swab (P-157, 
DNAGenotek, Ottawa, ON).  

The MMA subjects included 40 males and 2 females, with an average age of 
26.5 yrs (SD ±5.8) and mean BMI of 24.6 (SD ±3.3). Twenty-eight (66%) of the subjects 
self-reported as Caucasian, 7 (17%) African American, and 5 (14%) Hispanic. A total of 
12 (29%) of the fighters also reported a prior history of concussion, without complication.  
Serum samples from a subset of these fighters were used to evaluate potential changes 
in pre- and post-fight protein biomarkers of mTBI. These samples were derived from 24 
fighters (23 male), aged 18 - 42 (mean 24.9 yrs), with a mean BMI of 23.4. One of the 
subjects had a noted history of hearing loss, and 5 had a previous history of a single 
concussion (without complication).  The majority (57%) of these fighters were 
Caucasian, 20% were African American, and 20% were Hispanic. 

 

 

 

 

Figure 
1.  Samples and analyses in the present study.  HTH, Hits to the Head; PCA, 
principal component analysis. 
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Table 1. Saliva and serum samples used for miRNA analysis. 

 

Functional Studies 

Assessment of MMA fighter balance and cognitive function was performed using 
a version of the ClearEdge™ assessment system developed by Quadrant Biosciences 
Inc. (Syracuse NY). ClearEdgeTM is a Class I medical device approved by the FDA that 
measures body sway in three dimensions during 8 different stances, as well as body 
sway and completion times during the performance of dual motor and cognitive tasks. 
The dual tasks and cognitive tasks were completed by each subject using a hand-held 
tablet computer (Toshiba, Model: WTB-B) and stylus. The analysis of body sway 
(balance) was measured via the use of an inertial sensor worn by each subject around 
the waist that sampled motion in all three planes at a frequency of 250 Hz with the 
resulting data downloaded from each tablet for post-processing.  Stances were held by 
each subject for 30 seconds, with their shoes removed, while standing either on the floor 
or on a foam pad and data were obtained with the eyes open or closed. During the 
stances, the feet were either positioned side by side with the ankles or medial aspects of 
the feet touching, or they were in a tandem position with the dominant foot forward and 
the non-dominant foot positioned directly behind and the heel of the lead foot in contact 
with the toes of the trailing foot. The cognitive component of the dual tasks included a 
digital version of the Trails A and Trails B tasks, and an auditory working memory task 
(Backward Digit Span) in addition to a simple dual task of merely holding the tablet 
steady while maintaining fixation on it. In Trails A, subjects had to quickly connect an 
ascending series of encircled numbers (1-2-3 etc.) with a stylus on the screen. In Trails 
B, subjects had to connect an ascending series of encircled numbers and letters in an 
alternating alpha-numeric sequence (1-A-2-B-3-C etc.).  The Backward Digit Span task 
consisted of measuring reverse-order auditory recall of increasingly long number 
sequences that were delivered to each subject via headphones.  Altogether, 14 tasks 
were measured on the fighters (Table 2). Notably, it was only possible to obtain 
simultaneous functional and biofluid measures on the same subjects in approximately 
half (48%) of the sample times (Table 1).  

Subject Binning – A prior study of more than 840 professional MMA matches 
established that the likelihood of a fighter experiencing a technical knockout (which 
would be consistent with concussion symptoms) was related to the number of hits to the 
head (HTH) they received (Michael et al., 2014). Thus, we binned our subjects based on 
the likelihood of a sports-related concussion consistent with mTBI based on HTH levels. 
Samples were split into 3 groups based on HTH scores obtained from video recordings 
and defined by their probability of mTBI as Low (0-3 HTH; mean = 0.3), Moderate (4-9 
HTH; mean = 6.5), and Very Likely (10+ HTH; mean = 24.2) (Table 3). 

Statistical Analysis of Functional Data –  Functional data were converted to 
standardized difference measures by comparison of all post-fight timepoints with a 

 N 1 wk pre 0 d pre 0 d post 2-3 d post 1 wk post 3+ wks post Functional Data 

  Saliva.   85 4 23 23 15 12 8 54 64% 

Serum.  131 7 52 52 17 3 0 49 37% 

Total.  216 11 75 75 32 15 8 103 48% 
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common pre-fight timepoint within each subject. Missing data points for some of the 
Backward Digit Span task measures were filled in using a K-nearest neighbor approach. 
The normalized functional data were screened for sphericity prior to statistical analysis 
using principal component analysis (PCA). Then, a two-way analysis of variance 
(ANOVA) was performed to screen for functional measures with a significant effect of the 
TBI risk classification assignment at the time of collection, while controlling for the 
biofluid type, with the False Discovery Rate (FDR) < 0.05.  We also examined the 
relationships of the significantly changed functional parameters with each other using 
Pearson’s correlation metric and an R to T test of significance.    
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Table 2. Functional outcome measures  

Standing on floor 

1)  Sway during Two Legs Eyes Open (TLEO) 

2)  Sway during Two Legs Eyes Closed (TLEC) 

3) Sway during Tandem Stance Eyes Open (TSEO) 

4) Sway during Tandem Stance Eyes Closed (TSEC) 

Standing on foam pad 

5)  Sway during TLEO Foam Pad (TLEOFP) 

6)  Sway during TLEC Foam Pad (TLECFP) 

7)  Sway during TSEO Foam Pad (TSEOFP) 

8)  Sway during TSEC Foam Pad (TSECFP) 

Dual task 

9)  Sway during Holding Tablet (HT) 

10)  Sway during Dual Task Trails B Task (TMB_Dual_Bal) 

11)  Sway during Dual Task Digit Span Backwards (DSB_Bal) 

12)  Completion Time for Trails A Task (TMA_Cog) 

13)  Completion Time for Trails B Task (TMB_Cog) 

14)  Completion Time for Dual Task Digit Span Backwards (DSB_Cog) 

 

Table 3.  Sample classifications used in analysis, separated by fluid type 

Comparison Types by mTBI Risk 
(HTH) 

Sample N Fluid Type Ave HTH 

Low 0 - 3 HTH 50 24 saliva 
26 serum 

0.3 

Moderate 4 - 9 HTH 41 15 saliva 
26 serum 

6.5 

Very Likely 10 - 65 HTH 50 23 saliva 
27 serum 

24.2 

   HTH, Hits to the head (observed by video)  
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Protein Biomarkers in Serum 

On a subset (n=24) of the fighters for whom we had blood samples available 
immediately pre- and post-fight, we examined expression of several candidate protein 
biomarkers of TBI based on pre-existing literature (which often focused on severe TBI 
cases or animal models) using an ELISA or Luminex platform, with aliquots taken from 
the same vial and stored at -80°C for subsequent processing. 

Luminex assay – Using a custom 8-plex Magnetic Luminex® Screening Panel 
(R&D Systems, Minneapolis, MN; catalog # LXSAHM), serum samples were assayed for 
the expression level of BDNF, CCL2/MCP-1, CRP, ICAM1, IL-6, NSE2, S100B, and 
VCAM according to the manufacturer's protocol.  The sensitivity limits for each analyte 
were 0.32, 9.9, 116, 140, 87.9, 1.7, 4.34, and 238 pg/mL, respectively.  Sample 
fluorescence was read on a Bio-Rad Bioplex® 200 System and analyzed using Bioplex® 
Manager 6.1 software (Bio-Rad, Hercules, CA).  

ELISA – Serum levels of UCHL1, MBP, GFAP were detected using Mybiosource 
ELISA kits (MyBiosource, Inc., San Diego, CA) according to the manufacturer's 
instructions. The catalog numbers and detection limits were as follows: UCHL1 (# 
MBS2512760), 78.125-5000pg/mL; MBP (#MBS261463), 15.6 pg/ml-1000 pg/ml; and 
GFAP (#MBS262801), 0.312 ng/ml-20 ng/ml.  The optical density of the peroxidase 
product was measured spectrophotometrically using a Synergy 2 microplate reader 
(Biotek, Winooski, VT) at a wavelength of 450 nm.  

Statistical analysis of the protein biomarker data was performed using a pairwise 
T test comparing the post-fight levels to the pre-fight levels for the 24 fighters, as well as 
linear regression to examine the relationship of the changes in post-fight levels 
compared to the number of hits to the head (HTH) that were observed from fight videos 
for each subject. 

Next Generation Sequencing of Serum and Saliva RNA 

RNA Isolation –  RNA was isolated from serum and saliva using the miRNeasy 
Serum/Plasma Kit (Qiagen, Inc.) according to the manufacturer's instructions.  Serum:  
frozen serum samples were thawed on ice, and 200μL of serum was added to 1mL of 
QIAzol lysis reagent.  Following vigorous vortexing, 200μL of chloroform was added and 
the samples were incubated for 5 minutes at room temperature (RT), then centrifuged at 
12,000 x g for 15 minutes at RT.  The resultant aqueous phase was removed, mixed 
with 1.5 volumes of 100% ethanol, transferred to an RNeasy MinElute spin column, and 
centrifuged for 15 seconds.  The column was washed with Buffers RWT and RPE at the 
manufacturer's indicated volumes, and the RNA was eluted with 30μL of RNase-free 
water.  Saliva:  refrigerated saliva samples originally collected in an Oragene vial or 
swab collection kit were incubated at 50˚C for 1 hour.  A 250μL aliquot was then 
removed, transferred to a microcentrifuge tube, incubated at 90˚C for 15 minutes, and 
cooled to RT.  750μL of QIAzol lysis reagent was added, and the sample was vortexed 
vigorously for 1 minute, and incubated for 5 minutes at RT.  Chloroform (200μL) was 
added, and the sample was vortexed for 1 minute, then centrifuged at maximum speed 
(>13,000 x g) for 10 minutes.  450μL of the resultant aqueous phase was transferred to 
a new tube, mixed with 675μL of 100% ethanol, transferred to an RNeasy MinElute spin 
column, and centrifuged for 15 seconds.  The column was sequentially washed with 
Buffers RWT and RPE at the manufacturer's indicated volumes, and the RNA was eluted 
with 30μL of RNase-free water.  RNA quality was assessed using the Agilent 
Technologies Bioanalyzer on the RNA Nanochip.  
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Stranded RNA-sequencing libraries were prepared using the TruSeq Stranded 
Small RNA Kit (Illumina) according to manufacturer instructions. Samples were indexed 
in batches of 48, with a targeted sequencing depth of 10 million reads per sample.  
Sequencing was performed using 36 bp single end reads on an Illumina NextSeq 500 
instrument at the SUNY Molecular Analysis Core (SUNYMAC) at Upstate Medical 
University. FastQ files were trimmed to remove adapter sequences, and alignment 
performed to the mature miRbase21 database using the Shrimp2 algorithm in Partek 
Flow (Partek, Inc., St. Louis, MO).   

RNA-Seq Analysis  –   The aligned reads were quantified and normalized to an 
internal invariant reference miRNA (miR-24-3p) and converted to log2 scale. As with the 
functional data, each subject’s normalized miRNA post-fight data was contrasted with 
their respective pre-fight/baseline values (obtained at either 1 week pre-fight or 
immediately prior to the fight), yielding a total of 141 sample difference values (n=62 
saliva, 79 serum). These normalized miRNA difference values were screened for 
sphericity using principal component analysis (PCA) prior to statistical analysis and 
filtered to eliminate those with more than 60% missingness.  

Effects of HTH on miRNA Levels  –   We initially used a two-way analysis of 
variance (ANOVA) to examine the main effects of Sample Type and mTBI Risk (as 
defined by HTH) as well as their interaction to screen for miRNAs with a significant effect 
of the mTBI Risk on their expression level. This was performed in all of the samples from 
both biofluids with a False Discovery Rate (FDR) correction < 0.15. The miRNAs which 
passed this filter were then used in a stepwise linear regression to establish the miRNAs 
that best predicted the actual HTH values. A logistic regression classification analysis 
was then completed to assess the ability to distinguish all of the Very Likely and Low 
probability TBI samples from each other (holding out the Moderate group). 100-fold 
Monte-Carlo Cross-Validation (MCCV) was performed to estimate empirical accuracy 
across biofluids. miRNAs that showed the strongest predictive utility were then subjected 
to functional analysis using Diana Tools miRpathv3. The difference levels of miRNAs 
showing strong discriminatory and predictive power were also assessed in relation to 
various functional measures using Pearson correlation analysis. 

Effects of Time on miRNA Levels  –   Because the first miRNA analysis 
combined all the initial samples from each subject post-fight into the same TBI 
probability class, it was possible some miRNAs may have eluded detection if they only 
had acute or delayed effects at particular time points. Such temporal-dependent 
responses, if present, could be as meaningful as any derived from the subject binning. 
To reveal potential acute or delayed effects we used a General Linear Model to examine 
the effects of Time and Sample Type, and their interaction, on relative miRNA 
expression based on four different temporal bins. A total of 122 of the samples were 
used in this analysis. Time 1 contained samples from subjects who showed up to the 
MMA match but did not participate in a fight, and still provided a biofluid sample (these 
serve as controls for non-specific effects of the event) as well as subjects that 
participated in a match but experienced no hits to the head (these serve as exercise 
controls). Collectively, these are referred to as Time 1 HTH negative (HTH -) Controls. 
The remaining temporal bins were from fighters who participated in a match and 
received at least 2 hits to the head (HTH+). These HTH+ samples were grouped by 
collection time point into Time 1 HTH+ (within 1 hour post-fight), Time 2 HTH+ (2-3 days 
post-fight), and Time 3 HTH+ (7 days post-fight). The temporal profiles of all miRNAs 
with significant Time effects were visualized using line plots and subjected to supervised 
classification analysis to identify the most salient patterns.  miRNAs with expression 



161 
 

profiles of interest were then subjected to functional analysis using Diana Tools 
miRpathv3 and compared with the miRNAs from the Subject Binning analysis. 

Analysis of Temporal Patterns in Functional and miRNA Data  –  After 
identifying miRNAs with expression profiles of interest, we examined the balance and 
cognitive score data along with the molecular data using principal component analysis 
(PCA) to detect the molecular and functional features that show the most similarity 
across time. For this analysis, only miRNAs with defined patterns (Acute Saliva 
Response miRNAs or Delayed Serum Response miRNAs) were used with the functional 
data from all of the post-fight samples (n=39 saliva, n=31 serum). Iterative principal axis 
PCA was performed using a quartimax root curve extraction. Factor weights were 
examined to identify functional variables most similar to the miRNA variables, with line 
plots created for visualization purposes.   
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RESULTS      

 

Functional changes in MMA fighters  

Four of the 14 functional measures showed a significant difference due to TBI 
likelihood classification, while controlling for the type of biofluid that was being sampled 
at the time of collection and none showed any interaction effect (Table 4).  These tasks 
included three measures of body sway (TLEC, DSB_Bal, TMB_Bal) and one measure of 
cognitive function (TMA_Cog).  

 

Table 4.  Significant effects on functional data obtained during biofluid sampling. 

Functional Task TBI Fluid Interaction 

Digit Span Backwards (Sway) 0.00004 0.84799 0.23975 

Two Legs Eyes Closed (Sway) 0.00049 0.84799 0.71747 

Trail Making B Dual Task (Sway) 0.02047 0.84799 0.83046 

Trail Making A (Cognitive) 0.04340 0.84799 0.83046 

P values are FDR-corrected from a 2-way ANOVA 

 

Although there was no effect of biofluid type, we examined the patterns of 
functional changes for the sets of subjects providing saliva and serum separately, to help 
gauge reproducibility. Examples of the patterns of change in the body sway measures 
during the DSB and TLEC tasks are provided (Figure 2). Overall, both of these 
functional measures increased in the Moderate and Very Likely TBI groups relative to 
the Low likelihood group. Notably, the patterns were not identical in both subject sample 
sets because different groups of subjects were assessed, with only partial overlap for 14 
of the subjects who provided both saliva and serum along with functional data at the time 
of collection. 
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Figure 2.  Hits to the head increase postural sway post-fight versus pre-fight. MMA 
fighters who provided saliva or serum samples were classified into three different TBI 
likelihood categories (Low, Moderate, Very Likely) based on video recordings. Note that 
one of the sway measures was obtained during a cognitive task performance (Digit Span 
Backwards, upper) while the other was obtained during a balance test performed without 
visual guidance (Two Legs, Eyes Closed, lower). The increase in sway is evident for 
both sets of measures in the Moderate and Very Likely groups compared with Low TBI 
likelihood groups. 

In addition to the two functional measures that showed clear stepwise gradients 
of impairment in the MMA fighters according to probability of TBI, there were two other 
significantly changed functional measures that did not show as clear a pattern according 
to TBI likelihood (Figure 3). These included the sway during the Trailmaking B task 
(TMB_Bal) and the difference score of the completion time for the Trailmaking A task 
(TMA_Cog). For the TMB_Bal task, there was a trend for elevated scores in the Very 
Likely group, particularly in subjects providing a serum sample, but it was not as evident 
in the subjects who provided a saliva sample (Figure 3, top). For the TMA_Cog task, 
the pattern was mixed, with a potential elevation in completion time seen in the 
Moderate group, but no change or a slight decrease in the Very Likely group (Figure 3, 
bottom). 
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Figure 3.  Changes in body sway or completion time scores post-fight are less 
consistent in two different dual-task functional tests. Subjects are grouped by TBI 
likelihood. Same conventions as Figure 2. Note slightly elevated scores in the Very 
Likely group of the TMB_Bal task (upper) when a serum (but not a saliva) sample was 
taken, and the slight elevation in the TMA_Cog score (lower) in the Moderate (but not 
Very Likely) group.  

Exploration of the functional changes indicated that difference score measures in 
body sway during the TLEC task and DSB_Bal tasks were the most strongly associated 
with TBI likelihood. We thus examined the correlation between these two variables. 
Using 51 pairs of measures (excluding the missing values replaced by the K-nearest 
neighbor algorithm) we observed a complete absence of correlation in the two measures 
(Pearson’s R = 0.00, p = 0.99). Thus, although both tasks are sensitive to differences in 
balance as a function of the likelihood of TBI (i.e., the hits to the head), they clearly 
provide different information.  However, given the increased difficulty in obtaining Digit 
Span scores on all subjects because of the need to wear headphones, the TLEC task 
clearly has practical advantages. 
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Serum Protein Biomarkers 

We examined the potential changes in levels of 11 serum proteins in 24 fighters 
immediately after their fight compared to pre-fight. These proteins included UCHL1, 
MBP, GFAP (analyzed by ELISA) and BDNF, CCL2/MCP-1, CRP, ICAM1, IL-6, NSE2, 
S100B, and VCAM (analyzed by a custom Luminex assay.  All of the IL-6 sample values 
were below the lowest standard concentration for that assay, and thus no results were 
available for this analyte. The majority (21/24) of the S100B values for pre-fight samples 
were also below the lowest standard concentration. However, 16 of the samples from 
the same fighters had measurable levels of S100B post-fight.  In order to estimate the 
magnitude of changes and perform statistical comparisons for these 16 samples, we set 
the pre-fight concentration equal to half the lowest post-fight concentration value (22.7 
pg/mL).   

Of the 10 proteins we obtained concentrations for, four demonstrated significant 
pairwise changes (all increases) in post-fight versus pre-fight serum samples.  These 
included GFAP (p = 1.4e-7, median % change = 33.1%), MBP (p = 0.003, median % 
change =65.4), NSE2 (p =0.037, median % change = 50.4), and S100B (p = 0.006, 
median % change = 747%). Notably, however, the mean increases were present across 
all HTH levels. To further explore this observation, we examined the potential 
relationship of changes in all 10 proteins to the number of hits to the head that each 
fighter received. Only 1 of the biomarkers (UCHL1) demonstrated a significant 
regression (r2 = 0.7339, Figure 4). Notably, however, UCHL1 did not demonstrate a 
significant overall post- vs pre-effect (p = 0.934, median % change = 1.2), with 
approximately equal numbers of samples showing decreases and increases. The 
remaining proteins demonstrated r2 coefficients ranging from 0.005 – 0.09 (S1 Figure).   

   

 

 

 

 

 

 

 

 

 

 

 

Figure 4.  Change in serum UCHL1 post-fight related to hits to the head (HTH). 
Note that this regression was largely driven by 4 fighters who received more than 30 
HTH. Overall, however, there was no significant difference in the group of fighters post-
fight versus pre-fight.  
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miRNA Biomarkers 

A total of 925 miRNAs were reliably quantified in the combined saliva and serum 
samples by RNA-Seq and subjected to downstream analysis. After normalization, the 
changes in miRNA values were visually screened for sphericity and normality prior to 
statistical analysis using principal component analysis (PCA) (Figure 5). The results 
demonstrated a generally unbiased data set regardless of the biofluid type, with no 
obvious outliers based on the clustering and the size of the PCA axes.  

 

Figure 5.  Principal component analysis (PCA) of miRNA data. The data were 
normalized across biofluid types and TBI likelihood prior to statistical analysis. The 
image at left shows intermixing of the samples, with only a slight suggestion of 
separation of Very Likely serum samples (green boxes) from the main data cloud.  When 
all the data are collapsed, the change values are distributed in a highly normal fashion 
(lower right). 

After correcting for multiple testing (FDR < 0.15), a total of 21 miRNAs 
demonstrated significant changes according to the HTH/mTBI likelihood classification 
(Figure 6, Table 5). Of these, two also showed a significant effect of Fluid type and two 
showed an Interaction effect of Fluid type x TBI likelihood. 
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Figure 6. Effects of HTH (mTBI likelihood) on miRNA expression changes in serum 
and saliva. A total of 925 miRNAs were tested, with 21 showing a significant main effect 
of TBI likelihood, of which two also showed a significant main effect of Fluid and two 
showed a significant Fluid x TBI interaction. 
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Table 5.  miRNAs with changes related to TBI likelihood. 

miRNA TBI Fluid Interaction 
Change 
Saliva 

Change 
Serum 

hsa-miR-7-1-3p 0.147 0.853 0.417 ↓ - 

hsa-miR-10a-5p 0.136 0.131 0.417 ↓ ↑ 

hsa-miR-10b-5p 0.119 0.234 0.739 ↑ ↑ 

hsa-miR-20a-5p 0.136 0.987 0.396 ↑ - 

hsa-miR-30b-5p 0.136 0.408 0.723 ↑ ↑ 

hsa-miR-92a-3p 0.119 0.987 0.594 ↓ ↓ 

hsa-miR-122-5p 0.119 0.024 0.162 - ↑ 

hsa-miR-128-3p 0.147 0.850 0.803 ↓ ↑ 

hsa-miR-155-5p 0.147 0.589 0.806 - ↑ 

hsa-miR-455-5p 0.136 0.803 0.896 ↓ ↓ 

hsa-miR-1307-3p 0.147 0.720 0.760 ↓ ↑ 

hsa-miR-3146 0.119 0.649 0.844 ↓ - 

hsa-miR-3678-3p 0.147 0.922 0.821 ↓ ↓ 

hsa-miR-376a-5p 0.021 0.535 0.749 ↓ - 

hsa-miR-4637 0.136 0.689 0.516 - ↑ 

hsa-miR-4649-3p 0.119 0.091 0.139 ↓ - 

hsa-miR-4693-5p 0.119 0.320 0.812 - ↑ 

hsa-miR-4766-5p 0.147 0.015 0.139 ↓ - 

hsa-miR-5694 0.147 0.649 0.665 ↓ ↓ 

hsa-miR-6770-5p 0.136 0.235 0.825 ↓ - 

hsa-miR-6809-3p 0.119 0.269 0.668 ↓ ↓ 

Note: miRNAs in bold are displayed in Figure 8  
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Further examination of the miRNAs was performed in attempt to identify those 
with the strongest ability to predict the HTH level/mTBI likelihood, using Receiver 
Operating Curve (ROC) binary classification testing with feature selection and 100-fold 
Monte Carlo Cross Validation. In this case, we compared only the Low and the Very 
Likely TBI groups.  In addition, we limited our selection of TBI predictors to those 
miRNAs that specifically showed a relationship between their expression changes and 
the number of hits to the head in the full set of samples (as determined by a stepwise 
linear regression). The results from this analysis yielded a multivariate prediction model 
with almost 90% accuracy (AUC = 0.89) for predicting mTBI in a given sample, 
regardless of fluid type, using as few as 13 miRNAs (Figure 7). 

 

Figure 7.  Accuracy of predicting highest and lowest TBI likelihood based on 
changes in miRNA expression from serum or saliva. Stepwise linear regression was 
used to pre-select an optimal number of miRNAs for prediction of Hits to the Head (HTH) 
values, and this set of 13 was subjected to 100-fold Monte Carlo Cross Validation 
(MCCV) using Random Forest, in order to estimate classification accuracy for 
distinguishing Very Likely from Low likelihood TBI samples. 

To further establish the validity of the miRNA biomarkers we identified, we also 
complemented the ROC analysis with a logistic regression based analysis that either 
combined or separated the two different biofluid sample types.  The results indicated that 
the same 13 miRNAs could achieve perfect classification when separate logistic 
regression models (with different beta coefficients for each biofluid) were utilized (Table 
6). Thus, we both serum and saliva appear to contain subsets of miRNAs that can 
accurately classify samples according to TBI likelihood, but that the information provided 
by each is somewhat distinct. 
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Table 6.  Logistic regression model performance for binary HTH classification using 13 

miRNAs. 

Saliva Only Model 
 Predicted Low Predicted Very Likely % Accuracy 

Observed Low 21 0 100 

Observed Very Likely 0 21 100 

   100 

Serum Only Model 

 Predicted Low Predicted Very Likely % Accuracy 

Observed Low 24 0 100 

Observed Very Likely 0 24 100 

   100 

Combined Biofluid Model 

 Predicted Low Predicted Very Likely % Accuracy 

Observed Low 38 7 84.4 

Observed Very Likely 5 39 88.6 

   86.5 

 

Examples of some of the 21 miRNAs in serum and saliva with significant 
changes in expression post-fight are shown in Figure 8. Interestingly, some of these 
miRNAs showed a pattern of increased expression in both biofluids post-fight (Figure 8, 
miR-30b-5p, top), while others showed a change that was most evident in only a single 
biofluid type. For example, miR-92a-3p was decreased largely in the saliva post-fight, 
while miR-122-5p was increased largely in the serum post-fight (Figure 8).   
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Figure 8.  Changes in miRNA expression levels in saliva and serum post-fight, 
binned according to HTH levels /mTBI likelihood.  Data displayed are whisker-box 
plots. Each row represents a different miRNA (three miRNAs are shown), and each dot 
represents the expression level of that miRNA in a sample. Note that some miRNAs 
showed a pattern of increase in both biofluids post-fight (30b-5p, top), while others 
showed a change that was most evident in only a single biofluid type (e.g., 92a-3p and 
122-5p).  

Biological Mapping of Changed miRNAs  

We further explored the biological relevance of the findings for the 21 significantly 
changed miRNAs using DIANA Tools miRpath v.3 (with FDR correction set <0.05). This 
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analysis was based on predicted targets and indicated a distinct set of biological 
pathways was overrepresented in the target genes of the top miRNAs. The top 10 
pathways defined within the Kyoto Encyclopedia of Genes and Genomes (KEGG) 
database were displayed along with the net expression change of each associated 
miRNA in comparisons of the highest and lowest HTH groups for each biofluid (Table 7). 
Notably, across all the most enriched pathways, the associated miRNAs displayed 
mixed effects, with several increasing and several decreasing.  More than half of the 
miRNAs (n=13) showed mixed directionality of changes in the two biofluids, with an 
increase or decrease in one biofluid accompanied by no change or a change in the 
opposite direction in the other biofluid.  However, 7 miRNAs did show changes in the 
same direction in the two biofluids, including 2 that increased (miR-10b-5p, miR-30b-5p) 
and 5 that decreased (miR-3678-3p, miR-455-5p, miR-5694, miR-6809-3p, and miR-
92a-3p).    

Table 7. Biological pathways overrepresented by target genes of HTH-related 

miRNAs. 

 

 

Notably, of the top ten ranked KEGG pathways, four were of particular interest 
for their potential relevance to TBI. These pathways included Ubiquitin-mediated 
proteolysis, Transforming growth factor-beta (TGF-beta), Axon guidance, and 
Glutamatergic synapse. Within each of these pathways a total of 46 - 80 genes were 
targeted by a total of 20 of the miRNAs. We examined these findings further using 
DIANA Tools to display maps of each pathway with the genes targeted by 1 or more 
miRNAs (S2-S5 Figures). 

 

Correlation of miRNA changes and functional changes 

Finally, we examined the quantitative relationships of the 21 most significantly 
changed miRNAs from the two-way ANOVA and the top-changed functional measures 
as well as actual HTH values, across all subjects.  This analysis revealed a single 
nominally significant negative correlation between the changes in serum miR-4766-5p 
levels and TLEC functional measures (Table 8). Notably, this same miRNA also had a 
weak positive correlation between its changes in the serum and the balance score 
differences in the DSB_Bal test.  In contrast to these nominally significant correlations 
with functional outcomes, we observed several highly significant correlations with the 
HTH values themselves that survived Bonferroni correction (n=7 in salivary miRNAs, 
n=3 serum miRNAs, and n=8 in the combined samples).   
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Table 8. Correlations between changes in miRNA levels (post-fight), HTH, and 

functional measures.  

 

 

Temporal Analysis of miRNA Changes 

In addition to probing for changes in expression based solely on HTH values/TBI 
likelihood, we also sought to identify miRNAs with more complex and potentially more 
biologically relevant changes in expression that might have escaped detection when 
combined across all the sampling times. This was accomplished through a General 
Linear Model encompassing Time and Sample Type. Using this approach, out of 1197 
tested miRNAs, we found 47 miRNAs with significant effects of Time, 226 with significant 
effects of Fluid and 44 with significant effects of the Interaction between Time and Fluid 
(Figure 9). Since our goal was to identify temporal effects that might reflect the 
occurrence of an mTBI event in either biofluid, we focused exclusively on the 47 miRNAs 
with significant effects of Time (Table 9).  Of these, 21 had significant effects of Fluid, 
and 20 had significant Interaction effects, indicating that their changes showed different 
temporal effects in the two biofluids. From the 47, we identified 25 with fairly distinct 
patterns by visual inspection following supervised clustering analysis (S1 Table).  
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Figure 9. miRNAs with changes in abundance due to Time, Fluid, and Interaction 
effects in serum and saliva. Venn diagram denotes the number of genes with 
significant effects of Time, Fluid, or the Interaction (Intx) of Time x Fluid.   
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Table 9. 47 miRNAs with significant effect of time in relation to MMA fight in saliva and serum. 
Bold miRNAs were changed due to HTH levels. Patterned miRNAs shown in Figs 9 & 10. Tissue data from miRGator. 

miRNA Time (47) Fluid (21) Interaction (20) Pattern Top Tissues 
hsa-miR-4529-3p 0.001048* 0.000171* 0.000260* Delayed Serum CNS 

hsa-miR-4782-5p 0.001478* 0.771777 0.007645*  PBMC, Tonsils 

hsa-miR-4495 0.002438* 0.001105* 0.068731  Breast, Umbilicus 

hsa-miR-3663-3p 0.004628* 0.393426 0.006147*  CNS 

hsa-miR-203a-3p 0.005004* 0.953766 0.019048*  Skin, Head/Limb 

hsa-miR-3170 0.005494* 0.082871 0.001233* Acute Saliva Liver, Kidney 

hsa-miR-5588-5p 0.005613* 0.000210* 0.342059 Delayed Serum Liver, Lymphocyte 

hsa-miR-3677-5p 0.005844* 0.000047* 0.277949  Neurospheres 

hsa-miR-4485-3p 0.006945* 0.002592* 0.006234*  Germ cell, Tonsil, Nose 

hsa-miR-6755-5p 0.007367* 0.429112 0.008562*  - 

hsa-miR-6855-3p 0.010420* 0.15248 0.013031*  - 

hsa-miR-8089 0.013930* 0.157337 0.960979 Delayed Serum - 

hsa-miR-365a-5p 0.014130* 0.012816* 0.125236  
Lymphocyte, Pigmented 

cell 

hsa-miR-550a-3-5p 0.014394* 0.000366* 0.014623* Delayed Serum Nose, Adipose Tissue 

hsa-miR-3919 0.015643* 0.000245* 0.475008 Acute Saliva CNS 

hsa-miR-499a-5p 0.016956* 0.184234 0.529812  Heart, Kidney, Germ cell 

hsa-miR-433-3p 0.017808* 0.000472* 0.535641 Acute Saliva Pharynx, CNS 

hsa-miR-139-5p 0.019453* 0.000483* 0.016949* Delayed Serum Bladder, Kidney, Spleen 

hsa-miR-8082 0.021022* 0.013965* 0.027255*  - 

hsa-miR-2682-5p 0.021615* 0.000003* 0.411552 Acute Saliva CNS 

hsa-miR-548ab 0.021980* 0.891496 0.018717*  Lymphocyte, Tonsil, CNS 

hsa-miR-3678-3p 0.022890* 0.002552* 0.24893 Delayed Serum Lymphocyte, Tonsil 

hsa-miR-4632-3p 0.024974* 0.190454 0.020774* Acute Saliva Spleen 

hsa-miR-5583-5p 0.025676* 0.012704* 0.399673  Embryonic kidney 

hsa-miR-6870-3p 0.026225* 0.028773* 0.109315 Acute Saliva - 

hsa-miR-1270 0.026246* 0.009370* 0.361532 Delayed Serum 
Lymphocyte, Tonsil, 

Thyroid 

hsa-miR-3664-3p 0.027180* 0.102718 0.023126* Delayed Serum Liver, Tonsil 

hsa-miR-421 0.028354* 0.055815 0.014727* Delayed Serum Stem cell, Kidney 

hsa-let-7b-3p 0.028535* 0.070946 0.839897 Acute Saliva Umbilicus, Nose 

hsa-miR-4800-5p 0.029069* 0.942453 0.412773  Lymphocyte, Tonsil, Lung 

hsa-miR-4749-5p 0.029116* 0.378594 0.885014  Lymphocyte, Tonsil 

hsa-miR-30c-1-3p 0.029679* 0.529053 0.216003 Delayed Serum Heart, Nose 

hsa-miR-616-5p 0.029836* 0.41128 0.177306  Nose, Adipose tissue 

hsa-miR-135b-5p 0.031594* 0.422428 0.031404*  Nose, Testes 

hsa-miR-6840-5p 0.037916* 0.264125 0.274613  - 

hsa-miR-608 0.038108* 0.003982* 0.532572 Acute Saliva Breast, Spleen, Thymus 

hsa-miR-374c-5p 0.038280* 0.209441 0.412421  CNS 

hsa-miR-4760-5p 0.040453* 0.275308 0.027557* Acute Saliva Keratinocytes, CNS 

hsa-miR-4727-3p 0.042900* 0.045677* 0.189207 Delayed Serum Stem Cell, Vertebral disc 

hsa-miR-501-3p 0.043792* 0.113446 0.042896* Delayed Serum Nose, Adipose tissue 

hsa-miR-3187-5p 0.043874* 0.579419 0.189533  PBMC, Tonsil 

hsa-miR-3118 0.046986* 0.134052 0.028899* Acute Saliva PBMC, Tonsil Plasma Cell 

hsa-miR-766-3p 0.047390* 0.212496 0.78748  Pharynx, Tonsil, Nose 

hsa-miR-6809-3p 0.047799* 0.000051* 0.411403 Delayed Serum - 

hsa-miR-601 0.049388* 0.056646 0.113978 Acute Saliva 
Placenta, Cerebellar 

Cortex 

hsa-miR-4660 0.049499* 0.012181* 0.210414 Acute Saliva Pigment cell, Tonsil 

hsa-miR-4699-5p 0.049827* 0.000083* 0.031381*  Adipose tissue, Nose, Liver 
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Visual inspection of the temporal patterns of significant changed miRNAs was 
used to identify potential biomarkers with salient patterns of either acute, delayed or 
sustained effects at the post-fight timepoints of interest. To be considered a specific 
HTH-related pattern, the magnitude of the observed change had to exceed the 
magnitude of non-specific changes seen on the day of the fight associated with the 
event and possibly exertion, but not hits to the head (HTH). We used two criteria for this 
procedure: the post-fight change (at any time point) had to exceed 1.3-fold (a log2 
change of +/- 0.28), and it had to exceed the magnitude of change in the HTH – control 
group by at least two-fold. These two simple criteria revealed two sets of miRNAs with 
highly-distinct patterns in the biofluid samples. The first set of miRNAs showed an acute 
increase in saliva immediately post-fight that then returned to normal levels on days 2-3 
and 1 week post-fight.  This pattern was evident primarily in saliva samples and 
accurately described 12 of the 47 miRNAs with significant ANOVA effects (Figure 10, 
upper; S1 Table). We termed these Acute Saliva Response (ASR) miRNAs. 
Remarkably, these same miRNAs demonstrated a distinctly different pattern of change 
in the serum samples. Specifically, none were increased, a small number showed no 
change, and several showed a delayed decrease, beginning at 2-3 days post-fight 
(Figure 10, lower).  

The second pattern was a delayed effect, usually a graded increase or decrease 
in expression on days 2-3 that reached a peak at 1 week post-fight, and was not present 
at the initial post-fight time point.  This pattern was highly apparent in serum samples, 
and accurately described changes in 13 of the 47 miRNAs (Figure 11, upper; S1 
Table). We termed these Delayed Serum Response (DSR) miRNAs. Notably, these 
same miRNAs did not exhibit this pattern in the saliva samples. Rather, most were either 
unchanged or showed a trend for modestly increased expression at earlier time points, 
including potentially non-specific or exercise-related changes (Figure 11, lower).  
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Figure 10. Detection of acute saliva response (ASR) miRNAs. 12 miRNAs were 
identified with robust temporal effects (all increases) at the 1 hr Post-fight time point 
(blue shaded area) in saliva samples (upper) that exceeded those at the non-specific 
exercise- or event-related timepoint (green shaded area). Note that most of the miRNAs 
returned to near baseline by 2-3 days Post-fight. The pattern for the same miRNAs was 
distinctly different in serum (several were unchanged and several had delayed 
decreases).  
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To ascertain the potential for the saliva and serum miRNAs to reflect release 
from central nervous system sources, we used the miRGator3.0 tool. A miRNA was 
considered “brain- enriched” if its median expression across multiple CNS sources 
exceeded the median expression in any of the 31 non-neural organs and 51 non-neural 
tissues in the miRGator 3.0 database.  Of the 11 ASR miRNAs with mapping information 
available, four were identified as brain-enriched, suggesting possible CNS origin for the 
salivary miRNAs that increased within an hour post-fight (Table 9).  This finding stands 
in contrast with the DSR miRNAs, where of the 11 serum miRNAs with mapping 
information available, only 1 was found to be brain-enriched (Table 9).    
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Figure 11. Detection of miRNAs with delayed serum response (DSR). A subset of 
miRNAs were identified with predominantly delayed increases (solid lines) and 
decreases (dashed lines) in serum at 1 week Post-fight (upper, blue shaded area) that 
exceeded those at the non-specific exercise- or event-related timepoint (green shaded 
area). Note that these miRNAs were unchanged or showed some evidence for non-
specific increases in saliva (lower).   
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Biological Mapping of miRNAs with HTH-Related Acute or Delayed Changes   

We further explored the biological relevance of the findings for the 12 miRNAs 
with notable increases in the saliva at the acute 1 hour post-fight time point and the 13 
miRNAs identified in the serum with delayed changes (both increases and decreases) 
that peaked at 1 week post-fight.  This analysis was performed using DIANA Tools 
miRpath 3.0, with the top 15 KEGG pathway enrichments identified for each set of 
miRNAs. Among the pathways enriched in the predicted targets of the acute saliva 
response miRNAs were several related to brain function, including Prion disease, Long-
term depression, Glutamatergic synapse, Axon guidance, Amphetamine addiction, and 
Cocaine addiction (Table 10). Because these miRNAs were all increased (denoted by 
red upward arrows), the implication is that each of these brain-related pathways (and the 
others listed) were potentially being suppressed.  

 

Table 10. Top biological pathways overrepresented by acute saliva response miRNAs. 

Note: Pathways in bold were the same or highly-related to pathways enriched in the delayed serum response miRNA 

targets. 

Several KEGG pathways related to brain function were also among those 
enriched in the predicted targets of the delayed serum response miRNAs, including 
Axon guidance, Long-term potentiation, and Glutamatergic synapse (Table 11). 
Because some of these miRNAs were increased and others decreased (red arrows and 
green arrows, respectively), it is more difficult to interpret the consequences of these 
findings.  Notably, several of the pathways enriched with miRNA targets in Table 10 and 
Table 11 were the same or highly-related to each other (e.g., Long-term depression and 
Long-term potentiation). These similar enrichment findings were further examined at the 
gene level within selected pathways. 
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Prion diseases 7.8E-11 7 5 ↑ ↑ ↑ ↑ ↑

Long-term depression 3.4E-06 28 10 ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑

Hippo signaling pathway 7.1E-06 46 11 ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑

Proteoglycans in cancer 1.2E-05 60 11 ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑

Signaling pathways regulating pluripotency of stem cells 1.5E-05 51 11 ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑

Thyroid hormone signaling pathway 1.8E-05 41 11 ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑

N-Glycan biosynthesis 0.0001 15 8 ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑

Glutamatergic synapse 0.0001 36 11 ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑

Glycosaminoglycan biosynthesis - heparan sulfate / heparin 0.0008 10 8 ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑

Axon guidance 0.0009 43 10 ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑

Adherens junction 0.00193 29 6 ↑ ↑ ↑ ↑ ↑ ↑

Amphetamine addiction 0.00193 21 10 ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑

Estrogen signaling pathway 0.00193 31 11 ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑

Cocaine addiction 0.00349 18 10 ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑

ErbB signaling pathway 0.00361 30 9 ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑
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Table 11. Top biological pathways overrepresented by delayed serum response 

miRNAs. 

Note: Pathways in bold were the same or highly-related to pathways enriched in the acute saliva response miRNA targets. 

The first pathway that we directly compared was the Glutamatergic synapse 
pathway (S6 Figure).  We noted that many of the same genes were targeted by miRNAs 
found in saliva or serum. Some exceptions to the overlapping targets included 
SLC1A2/EAAT2 (only targeted by acute response salivary miRNAs) and 
Glutaminase/GLS2 and the vesicular glutamate transporter/SLC17A7 (only targeted by 
the delayed response serum miRNAs). 

Possibly related to the Glutamatergic synapse pathway findings, we also found 
evidence of potentially paradoxical actions of salivary and serum derived miRNAs on two 
brain-related pathways involved in learning and memory – Long-term depression (LTD; 
targeted by acute response salivary miRNAs) and Long-term potentiation (LTP; targeted 
by delayed response serum miRNAs) (S7 Figure). These two biological processes are 
critical for the process of synaptic plasticity, with LTP promoting the insertion of post-
synaptic glutamate (AMPA) receptors and enhancing synaptic growth, while LTD 
functions to internalize AMPA receptors and reduce post-synaptic responses.  

 

Combined Analysis of Temporal Patterns in Functional and miRNA Data  

 Saliva Data – Because we were able to identify temporal changes in the saliva 
and serum miRNA data, we also examined the balance and cognitive score data to 
detect those which might show the largest changes at particular timepoints and correlate 
with the ASR or DSR miRNAs. This was first performed using PCA on a total of 12 ASR 
miRNAs and 14 functional measures in 39 post-fight saliva samples with functional data. 
Our results indicated that 3 factors described approximately half the variance in the 
combined data.  Factor 1 was the maximal loading component of 9/12 miRNAs and 4 
functional measures (S2 Table), although some miRNAs and functional measures 
loaded strongly on multiple components.  Notably, most Factor 1 loading saliva miRNAs 
showed large positive weights, along with several functional measures indicating 
increased body sway. In contrast, only 1 saliva miRNA showed a large negative weight 
on Factor 1, along with multiple functional measures indicating decreased cognitive 
performance (TMA_COG, TMB_Dual_COG, and TMB_COG). Graphical display of these 
data revealed a likely learning effect in one of the balance measures (TLEOFP), with 
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Mucin type O-Glycan biosynthesis  2.9E-07 11 6 ↓ ↑ ↑ ↓ ↓ ↓

Adrenergic signaling in cardiomyocytes  2.3E-05 48 12 ↓ ↑ ↑ ↓ ↓ ↑ ↓ ↑ ↑ ↓ ↓ ↓

ErbB signaling pathway  0.0002 30 12 ↓ ↑ ↑ ↓ ↓ ↑ ↓ ↑ ↑ ↓ ↓ ↓

ECM-receptor interaction  0.0004 20 8 ↓ ↓ ↓ ↑ ↑ ↑ ↓ ↓

Lysine degradation  0.0004 16 10 ↓ ↑ ↓ ↓ ↑ ↓ ↑ ↓ ↓ ↓

Axon guidance  0.0004 43 12 ↓ ↑ ↑ ↓ ↓ ↑ ↓ ↑ ↑ ↓ ↓ ↓

Proteoglycans in cancer  0.0015 65 13 ↓ ↑ ↑ ↓ ↓ ↑ ↓ ↓ ↑ ↑ ↓ ↓ ↓

Estrogen signaling pathway  0.0029 33 12 ↓ ↑ ↑ ↓ ↓ ↑ ↓ ↑ ↑ ↓ ↓ ↓

Glioma  0.0047 22 11 ↑ ↑ ↓ ↓ ↑ ↓ ↑ ↑ ↓ ↓ ↓

Thyroid hormone synthesis  0.0049 20 8 ↓ ↓ ↑ ↓ ↑ ↑ ↓ ↓

Oxytocin signaling pathway  0.0077 51 13 ↓ ↑ ↑ ↓ ↓ ↑ ↓ ↓ ↑ ↑ ↓ ↓ ↓

TGF-beta signaling pathway  0.0085 25 11 ↓ ↑ ↑ ↓ ↓ ↑ ↓ ↑ ↑ ↓ ↓

Long-term potentiation  0.0085 26 12 ↓ ↑ ↓ ↓ ↑ ↓ ↓ ↑ ↑ ↓ ↓ ↓

Glutamatergic synapse  0.0125 33 10 ↓ ↑ ↓ ↓ ↑ ↓ ↑ ↑ ↓ ↓

Prostate cancer  0.0165 30 11 ↑ ↑ ↓ ↓ ↑ ↓ ↑ ↑ ↓ ↓ ↓
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decreased body sway evidence across time, other than the immediate post-fight time 
point (Figure 12). 

Figure 12.  Functional measures correlated with acute saliva response miRNAs. Solid 
lines show cognitive measures (higher values indicate better performance).  Dashed 
lines show normalized body sway measures (higher values indicate worse performance).  
Note that cognitive measures showed a trend for drop in performance at the 1 hr post-
fight time point, while body sway showed an increase at the same time point.  Also note 
that two of the cognitive measures (TMB_COG and TMB_Dual_COG) showed an 
apparent learning effect (improved performance across time, other than the immediate 
post-fight time point).  A learning effect was also seen in 1 of the balance measures 
(TLEOFP), with decreased body sway evidence across time, other than the immediate 
post-fight time point. 

 Serum Data –  The serum miRNAs we identified with temporal effects tended to 
show delayed changes, with increases and decreases seen at 2-3 days and 1 week 
post-fight. Thus, these were examined separately from the saliva miRNAs using PCA on 
the combined data from 31 total samples. This revealed strong reciprocal loadings for 
three miRNAs that showed delayed decreases in expression (miR-139-5p, miR-30c-1-
3p, miR-421) and six miRNAs (miR-6809-3p, miR-5588-5p, miR-3678-3p, miR-4529-3p, 
miR3664-3p, and miR-4727-3p) and four functional measures (TSEO, DSB_Bal, 
TMB_DualBal) that showed delayed increases (S3 Table; Figure 13). Notably, one of 
these functional measures showed an apparent learning effect (TSEO) and one was 
also identified as highly-associated with acute response salivary miRNAs (DSB_Bal). 
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Figure 13.  Functional measures correlated with delayed serum response miRNAs. 
Solid line shows a balance measure (TSEO) with apparent learning effects (decreased 
sway at the No HTH control and 1 hr Post-fight time points) that subsequently showed 
increased sway at 2-3 days Post-fight.  The dashed lines indicate two balance measures 
with delayed effects (TMB_Dual_Bal) or acute plus delayed effects (DSB_Bal).    
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DISCUSSION 

 In the present study, we investigated saliva and serum molecular measures and 
neurocognitive and balance measures in young adult athletes, both at baseline and 
various time points following an MMA event, with the goal of establishing diagnostic 
measures that might accurately predict the likelihood of sports-related concussion based 
on head impact frequency. This was performed using four complementary approaches. 
First, we binned subjects on mTBI probability based on the number of hits to the head 
received during an MMA bout and analyzed a set of potential serum protein biomarkers 
in a subset of the subjects, based on claims in the existing literature. Our protein data 
indicated that only one of the potential biomarkers (UCHL1) showed changes that were 
quantitatively related to the number of hits to the head, while other biomarkers may have 
shown non-specific increases, potentially due to exercise effects present in subjects who 
experienced no hits to the head. We then examined serum and salivary miRNA data as 
well as neurocognitive and balance measures using two-way ANOVA and ROC curve 
analyses to identify other potential measures which could distinguish low-probability and 
high-probability TBI samples. Next, we examined the miRNA data using a temporal 
analysis and revealed molecular biomarkers with either acute or delayed effects relative 
to the MMA competition. This was true of both saliva and serum miRNAs, although the 
patterns tended to differ in the two biofluids, with saliva miRNAs responding acutely and 
serum miRNA exhibiting a delayed response. Because we felt that the most informative 
biomarkers would be those associated with changes in quantifiable functional measures, 
we then used PCA analysis of the combined data to delineate temporal patterns in the 
functional measures related to these miRNAs. This confirmed strong relationships 
between selected saliva or serum biomarkers and distinct sets of functional measures, 
which also tended to show acute or delayed effects, despite the presence of practice-
related improvement. Overall, our results indicate that studies of molecular and 
functional biomarkers in mTBI must be rigorously performed and incorporate sensitive 
measures that are sampled at sufficient frequency to identify potential learning effects in 
the data.  Moreover, our data also indicate that the biomarkers which are most sensitive 
to mTBI may have strong biological implications. In the discussion that follows, we focus 
on placing these outcomes in the context of the existing literature. 

 

Functional Outcome Measures 

 Numerous balance measures have been used to evaluate subjects at baseline or 
following sports related concussion.  Our testing included several different types of 
balance, measures using a computerized accelerometer and tablet device.  We also 
added dual task assessments of balance while subjects were distracted with the 
requirement to complete a cognitive task, and tasks with purely cognitive demands.  Our 
initial analysis of 14 different measures performed without regard to the timing of the 
assessments revealed that three measures of balance were potentially sensitive to mTBI 
likelihood, including the Two Legs Eyes Closed (TLEO) task and two dual tasks 
including the Digit Span Backwards Balance test (DSB_Bal) and Trail Making B Dual 
Task Balance test (TMB_Dual_Bal). We also found that the Trail Making A cognitive test 
(TMA_Cog) was potentially sensitive to mTBI likelihood. While there are many reports in 
the literature of alterations in balance or neurocognitive function in subjects with mTBI, 
very few have benefitted from the incorporation of baseline and time-course data.  In the 
present study, the temporal effects on the functional measures were not subjected to a 
formal repeated measures ANOVA due to the use of mostly different sets of subjects at 
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the different time points and the presence of potential learning effects that would, by 
their very nature, be subject-dependent. Nonetheless, our PCA analysis of the functional 
data across time confirmed the presence of significant learning effects in some of the 
measures, as well as differences in the time point which demonstrated the largest 
change. These observations suggest that some balance measures, particularly those 
involving high dual-task cognitive demands, such as the TMB_Dual_Bal and DSB_Bal, 
may reveal their maximal effects at a somewhat delayed time point rather than acutely 
(Figure 13). In contrast, the acute time point assessments that were performed within an 
hour of the MMA fight indicated that the most sensitive and reliable measures included 
several simple balance measures (e.g., TSECFP) as well as cognitive measures 
(TMA_Cog, TMB_Dual_Cog) (Figure 12). While other balance tests did reveal an 
increase in body sway post-fight relative to immediately pre-fight, they also 
demonstrated varying degrees of overall decreased sway across time, particularly the 
TLEOFP, which we believe represents a learning effect. Improvement in this task 
performance might not be surprising given the ability of subjects to use visual feedback 
signals to help adjust their postural stability.  In contrast, the TSECFP task likely 
represents the most difficult task and subjects can only use proprioceptive cues but not 
visual information, and this did not demonstrate any apparent improvement across time. 

The trail making A and B tests have been widely used to assess cognitive performance, 
and recent studies have implemented computerized versions of these tests for 
examining performance in subjects with mTBI.  For example, Woods and colleagues 
(Woods et al., 2015) examined the evidence for practice-related learning and sensitivity 
to TBI using a computerized version of the trail making A and B tests in separate cohorts 
of subjects. Notably, they found evidence of a significant learning effect in the trail 
making B test, but not the A test, although they also claimed that both tests were 
sensitive to TBI. Our data strongly support their findings, but also indicate that there may 
be an optimal time point for examination of trail making performance in subjects who 
have had prior exposure to the test. 

 

Molecular Outcome Measures 

 Protein biomarkers –  Numerous studies in both human subjects and rodent 
models have examined the potential utility of different serum proteins in the context of 
mTBI and more commonly severe TBI. The results of these studies have been 
extensively reviewed (H. Zetterberg & Blennow, 2016; Henrik Zetterberg et al., 2013). 
Based on these findings, we examined a set of 11 potential biomarkers in a subset of 
our MMA fighter samples, obtained immediately pre- and post-fight. While some of these 
proteins showed elevations post-fight relative to pre-fight, this was largely true 
regardless of whether subjects experienced many (or any) hits to the head. The only 
exception to this was UCHL1, which showed an increase post-fight that was correlated 
with the number of hits to the head.  Interestingly, although the literature on UCHL1 
contains many reports of changes in different studies, this is not a uniform finding and 
many studies have also claimed decreases in expression or a lack of change following 
mTBI (see (H. Zetterberg & Blennow, 2016; Henrik Zetterberg et al., 2013)). Our data 
indicate that the increased expression of UCHL1 in the serum may only be observed in 
the most severe cases of mTBI (i.e., MMA fighters with 30 or more hits to the head). 
Notably, a blood test for concussion was recently approved by the Food and Drug 
Administration involving measures of UCHL1 and GFAP 
[https://www.fda.gov/newsevents/newsroom/pressannouncements/ucm596531.htm].   
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 miRNA biomarkers –  There have been several human studies published on 
potential blood or other biofluid measures of mTBI using miRNAs, including recent work 
on TBI in teenage children (Hicks et al., 2017, Johnson, 2018 #14). These studies have 
generally focused on examination of a single time point in a cross-sectional comparison 
of mTBI and control subjects, or on focused examination of a small number of miRNAs 
across multiple time points. Very few studies have utilized exercise- or non-head injury 
(e.g., musculoskeletal injury controls in mTBI). Other studies in laboratory animals have 
generally involved rodents, and often employed multiple timepoints or open TBI 
procedures more analogous to severe TBI. Open procedures clearly introduce 
conditions that are beyond the scope of what occurs in mild TBI. Our study attempted to 
explore the issues of mTBI severity and time on the miRNA data and place the changes 
within the context of the functional data and previous findings in the field. 

The majority of our candidate miRNA biomarkers have not been reported in the previous 
literature. It is likely that our use of a baseline timepoint to normalize each miRNA and 
functional outcome measure produced greater sensitivity for detection.  However, 
several of our candidate mTBI biomarkers have been previously reported. These miRNA 
biomarkers can be specified as exact matches or highly-related matches that derive from 
the same miRNA gene. Among the miRNAs that we detected with changes related to the 
hits to the head, 12 were novel and 9 are exact matches or highly-related to those 
identified in previous studies of TBI.  Among the miRNAs with definitive time-course 
changes in our data, 17 were novel and 7 were exact matches or are highly-related to 
those reported in previous studies of TBI (S4 Table).  Notably, three of the current 
miRNAs we identified were the same and three were highly-related to those previously 
reported as changed in saliva from children with mild TBI (Hicks et al., 2017; J. J. 
Johnson et al., 2018)(S4 Table). Notably, it is likely that differences in the findings from 
those reports compared with the present study may have arisen due to the much later 
collection times (6 days post-injury) as well as differences in subject age and the 
mechanism of injury. Nonetheless, some of the same and related miRNAs were still 
identified. Moreover, several of the exact and highly-related matches were also found in 
studies of TBI that sampled peripheral blood in humans or rodents, as well as human 
CSF or rodent brain tissue (S4 Table).   

 Biomarker routes of transfer –  We are highly interested in the trafficking of 
miRNAs between the central nervous system (CNS) and peripheral locations. Because 
blood brain barrier (BBB) disruption occurs in all levels of TBI severity, it is generally 
understood that serum biomarkers can serve as an indirect readout of pathological 
processes occurring in the CNS of affected individuals.  What is less apparent, however, 
is how changes in brain function could be reflected in saliva. Two potential routes are 
worth noting. First, the brain stem provides a potential CNS-to-oral cavity route via the 
sensory (V, VII, IX) and motor (XII, X, XII) nerves that innervate the salivary glands and 
tongue.  A similar mechanism of transmission from CNS to saliva occurs in Rabies virus 
infection, wherein the virus travels from muscle, to brain, and eventually to the cranial 
nerves that innervate the salivary glands. A second route for likely miRNA delivery to the 
mouth involves slow transport via the glymphatic system, which has been strongly 
implicated in CNS responses to TBI (reviewed in (Plog & Nedergaard, 2018; Sullan et 
al., 2018)).  

 Biological pathways of miRNA biomarkers of HTH –  Our unbiased pathway-
based analysis of the miRNAs most strongly-related to hits to the head, implicated 
several with potential relevance to TBI. Four notable ones included Ubiquitin-mediated 
proteolysis (which would be involved in degradation of proteins), Transforming growth 



187 
 

factor-beta (TGF-beta) (involved in anti-inflammatory responses), and Axon guidance 
and Glutamatergic synapse (involved in promoting normal brain communication and 
connectivity (Table 7). Within each of these pathways, the most common patterns seen 
were decreases in salivary miRNAs and a mix of increases or decreases in serum 
miRNAs. Because of this bidirectionality, it is not possible to infer direct cause and effect 
relationships between our findings and the overall impact on a particular pathway.  
Nonetheless, careful analysis of individual miRNAs can be revealing. 

For example, review of the literature indicated that several of our miRNAs were 
implicated in TBI-related processes including BBB disruption, neuroinflammation, and 
neurodegenerative disease.  Notably, the miR-155 family, in particular, appears to 
influence all three of these processes. Evidence suggests that miR-155 is a key 
modulator of inflammation and contributes to proinflammatory signaling via targeted 
repression of anti-inflammatory molecules including suppressor of cytokine signaling-1 
(SOCS-1) (Cardoso et al., 2012) and Src homology-2 domain-containing inositol 5 
phosphatase 1 (SHIP1) (Connell et al., 2009). miR-155-5p is increased in the serum of 
MMA fighters in our study, as well as in the hippocampus of rat and mouse models of 
moderate TBI (S4 Table). miR-155 is likewise elevated in neuroinflammatory disorders 
including Alzheimer’s disease (Lukiw, 2007), amyotrophic lateral sclerosis (Koval et al., 
2013), multiple sclerosis (MS) (Moore et al., 2013), and Parkinson’s disease (Thome et 
al., 2016).  miR-155 is also upregulated at the neurovascular unit of active MS lesions, 
and is reported to negatively regulate BBB function during neuroinflammation associated 
with experimental autoimmune encephalomyelitis, an animal model of MS (Lopez-
Ramirez et al., 2016).  In that study, miR-155 modulated brain endothelial barrier 
function by targeting both cell-cell (annexin-2 and claudin-1) and cell-matrix (DOCK-1 
and syntenin-1) interactions.  miR-155-5p deletion was also shown to reduce 
inflammatory signaling in macrophages, and to enhance their ability to support neuron 
survival and axon growth in macrophage/neuron co-cultures (Gaudet et al., 2016).  
Thus, the alteration in miR-155-5p we detected may represent a hallmark of delayed 
proinflammatory responses to BBB disruption. 

Another individual miRNA, miR-20a-5p, was also altered (elevated) in our study 
where it showed a relationship to HTH. This miRNA has also been reported as elevated 
in the serum of human subjects with TBI (S4 Table) and in various CNS and PNS injury 
models (Roncon et al., 2015) (Phay et al., 2015).  Its close relative, miR-20a, is 
upregulated in a murine model of traumatic spinal cord injury.  Interestingly, infusion of 
miR-20a into the uninjured spinal cord induced inflammation and motor neuron 
degeneration, and inhibiting miR-20a in vivo increased neuronal survival and promoted 
neurogenesis that corresponded with rescued expression of a defined target gene, 
neurogenin 1 (Ngn1), a transcription factor involved in neuronal differentiation (Jee et al., 
2011). Thus, miR-20a may also represent a common response to CNS or PNS injury, 
that could lead to undesired outcomes (inflammation and neurodegeneration) following 
TBI. 

 Biological pathways of temporally-mediated miRNA biomarkers of TBI –  
Our pathway-based analysis of the miRNAs that showed the greatest temporal 
responses to a head impact also implicated several pathways of relevance for TBI. For 
example, the acute salivary response (ASR) miRNAs and delayed serum response 
(DSR) miRNAs were both enriched for gene targets involved in Glutamatergic synapse, 
Axon guidance, ErbB signaling, Thyroid hormone synthesis or signaling, as well as 
Long-term depression or potentiation (Tables 10-11). In the case of the pathways 
targeted by ASRs, it can be inferred that this response would impair the normal function 
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of these pathways (since the biomarkers were all increased in saliva). However, the 
responses in the serum were bi-directional, so a general conclusion is not supported by 
inspection of the DSRs, and detailed inspection of individual miRNAs and the functional 
importance of their specific targets will be required, which is outside the scope of this 
report. Nonetheless, we can point to at least one of the ASR biomarkers that might be 
involved in a protective or adaptive response. For example, let-7b-3p, which was acutely 
elevated in the saliva in our study, was also shown to be upregulated in human brain 
endothelial cells by treatment with proinflammatory cytokines TNFα and IFNγ.  Because 
this treatment significantly impairs the cell monolayer barrier function (Lopez-Ramirez et 
al., 2016), it suggests that let-7b-3p, unlike miR-155, may play a role in maintaining a 
tight BBB following TBI. Additional support for the relative importance of let-7b-3p is 
available from the study of salivary biomarkers of TBI in pediatric populations (J. J. 
Johnson et al., 2018), who reported that let-7b-5p was reduced 4-fold in mild TBI and 
associated with fatigue symptoms 4 weeks post-concussion. These seemingly disparate 
observations can be reconciled when considering the role of arm selection during 
miRNA maturation. Individual cells largely favor either -3p or -5p selection, but not both. 
Thus, the decrease in let-7b-5p reported in the previous study can be viewed as 
complementary to the increase in let-7b-3p we observed.  Another possibility is that 
there is a complex temporal pattern of responses which we did not discern. 

 Non-specific effects – The present study attempted to control for the potential 
influence of individual variation as well as exercise-related exertion and non-head impact 
injuries on the biomarker outcomes, by first normalizing all the miRNA data into changes 
in expression compared to a pre-fight baseline and examining these changes using 
control samples who had either 0 – 3 hits to the head (for the HTH analysis) or no hits to 
the head (for the temporal analysis).  Notably, the control subjects also included some 
samples from subjects whose fight was cancelled on-site.  By including these samples, 
we believe that we have at least partly mitigated the influence of non-specific exercise-
related effects, as well as non-head impact effects that might occur to other parts of the 
body (e.g., musculoskeletal injuries).  Nonetheless, future studies using more fighters 
and potentially athletes engaged in other contact sports would be helpful for determining 
the generalizability of our present results. 

 Relationship to functional measures –  Examination of the miRNAs that were 
identified in our HTH-based analysis indicated only very modest associations with any of 
the functional outcome measures (as opposed to the HTH levels themselves, which was 
the basis for the subject and sample binning) (Table 8). The one possible exception to 
this was miR-4766-5p, which showed a significant negative correlation with the body 
sway measures in the subset of subjects who provided a serum sample post-fight. 
However, this is difficult to interpret given that that there was no meaningful association 
between salivary levels of miR-4766-5p with body sway measures in the subjects who 
provided a saliva sample. A select few other miRNAs did show fairly robust associations 
between their expression changes in both biofluids and the HTH values. The best 
example is miR-6770-5p, which showed a positive correlation that survived FDR 
correction (Table 8). Unfortunately, there are no reports in the literature pertaining to TBI 
for this miRNA. The top predicted targets of this gene (according to TargetScan) are also 
inconclusive. 

 In contrast, several of the miRNAs that showed temporal patterns in their 
changes were at least partly related to the functional measures that were obtained. For 
example, among salivary ASRs, let-7b-3p had strong negative loading on Factor 1 (-
0.622), while miR-3118, miR-3170, miR-3919, miR-433-3p, miR-4632-3p, and miR-
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6870-3p all had strong positive loadings on Factor 1 (>0.683) (S2 Table). This occurred 
along with strong negative loadings (< -0.4) for two functional measures (TMA_Cog and 
TMB_Dual_COG), and strong positive loadings (> 0.4) for three body sway measures 
(TLEOFP, TSEOFP, DSB_Bal). Thus, changes in let-7b-3p are positively correlated with 
cognitive function, while changes in at least 6 salivary ASRs appear to be positively 
associated with impairment of balance. Inspection of the serum DSRs leads to similar 
inferences about a different set of biomarkers. miRNAs miR-139-5p and miR-421 
showed strong negative weights (< -0.4) on Factor 1 which was also seen for four 
measures of balance, including TSEO, TLEOFP, TMB_Dual-Bal, and DSB_Bal (S3 
Table). Thus, these miRNAs are positively associated with impairment of balance, 
whereas miRNAs miR-3664-3p, miR-3678-3p, miR-4629-3p, miR-4727-3p, miR-5588-
5p, and miR-6809-3p all showed strong positive weights (> 0.4) on Factor 1 and are thus 
negatively or inversely associated with impaired balance. Interestingly, no serum DSR 
miRNAs were strongly related to cognitive outcome measures. 

IMPLICATIONS 

 Our analysis has revealed a number of important findings for the mTBI biomarker 
field. First, several salivary and serum miRNAs are robustly altered after a sport-related 
head impact. Some of these miRNAs show association with the quantity of head 
impacts, and affect processes involved in both adaptive and maladaptive responses. 
Other miRNAs show changes that differed across time, which underscores the 
importance of designing studies to capture the time course of biomarker responses. Both 
the HTH-related and temporally-related sets of miRNAs are predicted to alter biological 
processes that are potentially highly-relevant for TBI studies.  Furthermore, the changes 
in some of these same miRNAs also show associations with computerized functional 
outcome measures of both balance and cognitive function. In contrast, our limited 
analysis of potential protein biomarkers did not yield strong associations with the number 
of head impacts, with the possible exception of UCHL1.  Clearly, much additional work 
needs to be done to determine the best molecular biomarkers of mTBI from peripheral 
biofluids and to relate these to the most sensitive functional measures.  
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LIMITATIONS 

It is important to point out a number of limitations in the present study. First, 
subjects were not systematically evaluated for general symptoms of concussion and 
mental responsiveness following the fight using a standardized assessment tool (such 
as the SCAT). Second, we were not able to use a full factorial model in our analysis to 
formally investigate the effect of biofluid and time of sampling due to the use of slightly 
different sets of subjects across time. Finally, although we quantified the hits to the head 
experienced during the MMA fight, there is considerable heterogeneity in the force of 
each head impact, depending on the fighters themselves and the trajectory and location 
of the blow to the head.   
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