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ABSTRACT

Paraquat (PQ) is a potent herbicide that induces oxidative stress and
mitochondrial dysfunction. In humans, it is highly toxic, and it can induce
Parkinson's Disease (PD). PD is a chronic and progressive neurodegenerative
disease, with a worldwide prevalence of 315 per 100,000 people of all ages.
Recent studies have revealed that neurons from PD patients exhibit stress
responses, mitochondrial dysfunction, and metabolic deficits involving ATP and
nicotinamide adenine dinucleotide (NAD*). While studies have demonstrated the
potential of nicotinamide riboside (NR) to mitigate age- and disease-related
metabolic decline in PD, the specific effects of NR on PD induced by pesticide
exposure, such as paraquat, have not been extensively explored. Saccharomyces
cerevisiae is a model organism that has allowed the study of relevant biological
processes over time. It exhibits remarkable genetic diversity, making it an ideal
model for studying the genetic basis of phenotypic variation. In this study, we
hypothesized that genetically diverse Saccharomyces cerevisiae strains exposed
to paraquat exhibit cellular and molecular responses that reveal potential modifier
genes associated with its toxicity. We treated 1,011 isolates and 96 segregants
from the cross of the SA x WE Saccharomyces cerevisiae strains with PQ (75
pg/mL). We measured their growth curves and calculated the specific growth rate
(uMax), used as a phenotypic trait for the genome-wide association studies
(GWAS) and quantitative trait loci (QTL) mapping. We performed mixed-model

association analysis using FaST-LMM for GWAS and linkage analysis using R/qtl

'

XVi

——



® e
ICIM ui

INSTITUTO DE CIENCIAS E INNOVACION EN MEDICINA
Facultad de Medicina
Clinica Alemana - Universidad del Desarrollo

software, calculating LOD scores with a nonparametric model. We used diploid
strains (603 isolates) for GWAS and 96 segregants for QTL mapping, identifying
variants and markers that exceeded the significance threshold. Using these
variants and markers, we identified candidate genes for validation. We validated
NRT1 in a yeast mutant and showed that NR treatment protected significantly
against PQ-induced damage in both the S288C laboratory yeast strain and iPSC-
derived dopaminergic neurons from GBA-PD patients. In conclusion, this study
provides valuable insights into the genetic and metabolic factors underlying PQ
resistance in S. cerevisiae. The findings highlight the importance of NAD*
metabolism and mitochondrial function in mitigating the toxic effects of PQ. The
identification of Nrt1 as a key transporter of NR, suggests potential therapeutic

targets for interventions aimed at preventing or treating PQ-induced toxicity in PD.

Keywords: Paraquat, Saccharomyces cerevisiae, Parkinson's disease,

herbicides, NAD* metabolism
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1. INTRODUCTION

1.1.  Human health risk from pesticides

Pesticides and herbicides are frequently employed to eradicate insect and plant
pests and harmful organisms that cause substantial damage to crops (Tudi et al.,
2021). Approximately 3.5 million tons of pesticides are applied by farmers
worldwide each year (Pretty & Bharucha, 2015). Herbicide poisoning causes
~20,000 deaths yearly, making it a significant global public health concern (Ball et
al., 2019; D. R. Sharma et al., 2012). In the USA, herbicides have been used since
the 60's, while in Chile their use has grown rapidly, due to rising exports (Coria &
Elgueta, 2022; Paul et al., 2024). This has allowed identifying these molecules as
relevant risk factors, affecting people at geographical and occupational levels

(Pouchieu et al., 2018).

1.2. Paraquat mechanisms and Parkinson's risk

Paraquat (PQ) is a potent herbicide that induces oxidative stress and
mitochondrial dysfunction (Elkholy et al., 2023; Ossowska et al., 2006; Prasad et
al., 2007). In humans, it is highly toxic (Sukumar et al., 2019). It can be absorbed
through the gastrointestinal tract, skin contact, or inhalation (Hsieh et al., 2013; L.

Shi et al., 2022; M. Shi et al., 2023), and it can induce lung fibrosis, liver tumors,

——
—
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and Parkinson Disease (PD) (Donaher & Van den Hurk, 2023a; Kumar et al.,
2021; P. Sharma & Mittal, 2024).

PQ is classified as an inhibitor of the mitochondrial complex I, increasing reactive
oxygen species (ROS) levels (Berry et al., 2010; Romero-Aguilar et al., 2022;
Tanner et al., 2011; Torres-Rojas et al., 2020). Enzymatically, PQ is reduced by
NADH-cytochrome b5 and NADH-ubiquinone oxidoreductases, forming
superoxide anion (O2°) and hydrogen peroxide (H202). PQ induces the opening
of the mitochondrial permeability transition pore (mPTP), reducing calcium
retention capacity inside the mitochondria and exacerbating oxidative stress
(Akhter et al., 2017; X. Liu et al., 2022; See et al., 2022; Tién Nguyén-nhu &
Knoops, 2003). Mitochondrial damage directly impacts the lysosomal pathway
through membrane contact sites, which results in reduced lysosomal enzyme
activity, impaired sphingolipids breakdown and autophagy blockage (D. Li et al.,
2020; Rubilar et al.,, 2024). These disruptions lead to a-synuclein (a-syn)
aggregation, dopaminergic neuron death (Klein & Mazzulli, 2018; McCormack et
al., 2002; Ossowska et al., 2006; Zhang et al., 2016), which in turn causes motor
deficits (Blesa et al., 2022; Islam et al., 2021; LeWitt & Chaudhuri, 2020). These
cellular and molecular processes contribute to PD pathogenesis by causing
damage to dopaminergic neurons in the brain (Dinis-Oliveira et al., 2006; See et
al., 2022). Idiopathic Parkinson's disease (iPD) has been linked to PQ as an

etiological factor (Tanner et al., 2011; Zhang et al., 2016). Actually, a California
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case-control study conclusively linked PQ exposure to an increased risk of PD

(Paul et al., 2024).

1.3. Paraquat in Parkinson's disease models

Model organisms are relevant for developing new therapies and unveiling disease
mechanisms. Rats, mice, and even yeast have been employed in PD models
(Dominguez-Oliva et al., 2023). Recently, using rat models exposed to PQ at low
doses, showed progressive neurodegeneration in the nigrostriatal region with loss
of motor function. A decrease in dopamine levels, an increase in a-syn
aggregation, and oxidative stress were observed (Cicchetti et al., 2005; Cristévao
et al., 2020; Uversky, 2004). The damage in the dopaminergic mechanisms is due
to PQ, which can cross the blood-brain barrier (Bastias-Candia et al., 2019). In
the substantia nigra pars compacta (SNpc) of mice exposed to PQ, oxidized
glutathione (GSSG) and NADPH oxidase levels were increased, causing a
depletion of these antioxidant factors with elevated oxidative stress in the system.
These suggest the major role of PQ in inducing oxidative stress and mitochondrial

dysfunction (Cicchetti et al., 2005; Kang et al., 2009).

——
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1.4. Parkinson's disease: A genetic and environment overview

PD is a progressive neurodegenerative disease, which is mediated by genetic and
environmental factors (See et al., 2024). PD has a prevalence of 315 per 100,000
people of all ages (Han et al., 2019), and it is the second most common
neurological disorder in the population (Ou et al., 2021). The progressive loss of
dopaminergic neurons in the SNpc is an essential characteristic of PD. This loss
mostly results in motor and cognitive function impairments (Gupta et al., 2023).
Recently, PD patients exhibited diverse hallmarks, which are oxidative stress
response, mitochondrial dysfunction, and metabolic deficits of ATP and
nicotinamide adenine dinucleotide (NAD*) (Mischley et al., 2023; Schdndorf et al.,
2018). NAD" is a crucial coenzyme in cellular energy processes like glycolysis,
fatty acid beta-oxidation, the Krebs cycle, and oxidative phosphorylation
(OXPHOS) (P. Belenky, Bogan, et al., 2007; Gaare et al., 2023). Given the
potential of NAD* precursors to mitigate age- and disease-related metabolic
decline, researchers investigated the effects of nicotinamide riboside (NR) on
mitochondrial function in PD neurons. The supplementation with NR in
dopaminergic neurons derived from induced pluripotent stem cells (iPSC) from
GBA-PD patients and fly models of GBA-PD prevented the loss of neurons and
motor impairment (Schondorf et al., 2018).

Reports indicate a strong interaction between genetic and environmental factors

and their association with increased risk of PD (Burbulla & Kruger, 2011; Dardiotis

——
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et al., 2013). This gene-environment interaction plays a relevant role in the
heterogeneity of the disease. This diversity is characterized by different ages of
disease onset, variety in motor and cognitive symptoms, and genetic mutations
that affect PD. While individual factors may have a limited influence, their
combined effect can contribute to the development of PD (Cannon & Greenamyre,
2013; Dardiotis et al., 2013; Gao & Hong, 2011). PD is influenced by genetic
factors. In familial and sporadic forms of PD different genetic variations in SNCA,
LRRK2, PINK1, PARK2, and PARK7 genes have been observed (Singleton et al.,
2013). Although monogenic causes only explain 10% of cases (de Lau & Breteler,
2006), family studies and twin studies indicate a genetic influence, specifically in
early-onset PD (Marder et al., 2003; Tanner et al., 1999).

The pathogenesis of PD seems to be modulated by mitochondria, which is
associated with oxidative stress (Pan-Montojo et al., 2010; Pereira et al., 2015;
Zhu et al., 2003) and lysosomal dysfunction (Klein & Mazzulli, 2018). Genetic
studies have identified a strong association between variants in mitochondrial and
lysosomal genes, including GBA1, and the risk of developing iPD (Blauwendraat,
Nalls, et al.,, 2020; Goker-Alpan et al., 2004). Notably, GBA1 encodes for
lysosomal B-glucocerebrosidase (GCase). GBA1 variants are a major genetic risk
factor for developing PD (Blauwendraat, Nalls, et al., 2020; Sidransky et al.,
2009). Remarkably, GCase plays roles in both organelles: in the lysosome it
degrades certain ceramides, while in mitochondria it promotes complex | stability

(Blauwendraat, Nalls, et al., 2020; Brooker et al., 2024; Klein & Outeiro, 2023;
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Rubilar et al., 2024). Since pesticides target mitochondria, a recent study
identified enrichment in genomic variants in 26 genes associated with lysosomal
function. These results support that impaired lysosomal and mitochondria
dysfunction are necessary to develop PD (Ngo et al., 2024). However, identified
genes explain a limited portion of the disease's heritability, indicating the existence
of undiscovered genetic factors. Estimates suggest that approximately 40% of the
variation in disease susceptibility is due to these unidentified genes (Hamza &

Payami, 2010).

1.5. Parkinson's variability and modifier genes

The heterogeneity in PD patients is characterized by different ranges of symptom
severity and is due to the interaction between parietal-premotor compensation
and basal ganglia dysfunction. Although parietal-premotor areas attempt to
compensate for the loss of dopaminergic neurons and the resulting basal ganglia
dysfunction, this compensatory mechanism is insufficient (Johansson et al.,
2024). The genetic factors only can explain a proportion of individual differences
in patients' PD symptom severity, suggesting other genetic elements. The modifier
genes may influence the phenotypic expression of the causal or primary variation,
contributing to the common heterogeneity in PD patients (Kearney & Jorge, 2012;
Nadeau, 2001).

Modifier genes are not causative, but can affect the phenotypic expression or

severity, and have been described for various genetic diseases and disorders
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(Marian, 2002). The expression of modifier genes affects and changes the
phenotypes of the disease; although these intermediating genes do not directly
contribute to the disease causality, they could initiate or delay the onset of
symptoms and severity (Haldane, 1941; Rahit & Tarailo-Graovac, 2020). Modifier
genes also provide options for exploring disease pathogenesis mechanisms and

the underlying biology (Nadeau, 2001).

1.6. Strategies to uncover modifier genes

Genome-wide association studies (GWAS) are an efficient and successful tool for
the identification of modifier genes in complex diseases. GWAS are categorized
as unbiased approaches because they can study the whole genome through
associations between genotype and phenotype, in search for disease risk and
uncover unexpected genetic markers or SNPs (Nalls et al., 2019; Satake et al.,
2009). Despite all efforts, GWAS cannot fully explain the missing heritability of
complex traits. However, they are a valuable tool for uncovering novel disease-
associated loci. For example, a study in 2017 identified 17 new susceptibility loci
for PD (Chang et al., 2017), and revealed 90 significant independent genome-
wide risk signals associated with human diseases (Nalls et al., 2019). Another
GWAS was performed to investigate the genetic determinants of GBA risk and
age at onset in PD. They were able to identify common genetic variants near

SNCA and CTSB (encoding cathepsin B). These elements are modifier genes for
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GBA risk and age at onset. The interplay between GBA and CTBS has
implications for lysosomal dysfunction in PD (Blauwendraat, Reed, et al., 2020).

On the other hand, linkage analysis has proven to be another powerful technique
in identifying genetic modifiers, as exemplified by the discovery of SNCA
(encoding a-syn), as a major modifier of age at onset in PD. A nonsense mutation
(A53T) in the SNCA gene was identified using a large Italian family and three
Greek families in 1996 (Polymeropoulos et al., 1997). Additionally, other studies
have identified mutations in the SNCA gene, such as A30P and E64K confirming
SNCA as an essential gene in PD (Brockmann et al., 2013; Hyun et al., 2013).
Other studies focused on identifying genes associated with heterogeneity in the
onset and progression of PD (Ross & Rademakers, 2016). The success in finding
modifier genes was corroborated with genome-wide linkage analysis on 113
individuals with leucine-rich repeat kinase 2 (LRRKZ2) mutations to identify genetic
modifiers influencing the age of onset of PD. This analysis led to the identification
of two novel genomic regions that may harbor modifiers of LRRK2-related PD

onset or penetrance (Latourelle et al., 2011).

1.7. Genetic panels and diseases

In humans, the studies of neurodegenerative diseases are limited many times by
insufficient sample sizes making it impossible to perform GWAS and Linkage
analyses. Although several studies have reported risk loci associated with these

diseases, GWAS usually requires large sample sizes and Linkage analysis is
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challenging due to the difficulty in finding large families with multiple affected
individuals. To address this limitation, panels of model organisms are an
invaluable source for these genetic analyses. The sequencing of gene panels in
flies, rats, mice, and yeast represents a valuable strategy for studying a spectrum
of phenotypes, enhancing our understanding of genetic diseases (Aitman et al.,
2011).

In addition, using these sequenced panels of model organisms facilitates the
understanding of the variability in a large cohort of individuals and a deep
exploration of the correlation between phenotypic severity and genetic variants
(Olivares et al., 2019). Bloom and colleagues used a panel of yeast segregants
harboring genotypic and phenotypic variability and measured the heritable
components of 46 quantitative trait loci (QTLs), enabling the identification of

underlying loci and deeper missing heritability (Bloom et al., 2013).

1.8. Saccharomyces cerevisiae as a model for identifying modified
genes
Saccharomyces cerevisiae is a model organism that has allowed the study of
relevant biological processes over time (Bai et al., 2022a; Karathia et al., 2011a;
Oftadeh et al., 2021a). Yeast has been a key organism in elucidating signal
transduction, vesicle trafficking, and protein exchange (Menezes et al., 2015).
Sharing 2,564 orthologous genes with humans (O’Brien et al., 2005), which
constitutes one-third of its genome (Kachroo et al., 2015), makes it a valuable

model organism. Despite a billion years of evolutionary divergence, yeast and
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human genes retain remarkable functional similarity in cellular and metabolic
processes associated with human diseases (W. Liu et al., 2017). Yeast has been
widely employed to identify novel therapeutic targets for PD by elucidating the
molecular mechanisms underlying a-synuclein toxicity and enabling high-
throughput screening of potential drug candidates (Outeiro & Lindquist, 2003;
Tenreiro et al., 2017).

Whole-genome screens in yeast identified 52 genes linked to mutant huntingtin
toxicity and 86 genes associated with a-syn toxicity. Huntingtin-responsive genes
were primarily involved in stress response, protein folding, and ubiquitination,
while a-syn modifiers were enriched in lipid metabolism and vesicular transport
(Willingham et al., 2003). In another study, a yeast model was employed to
investigate the mechanisms underlying TAR-DNA-binding protein 43 (TDP-43)
aggregation and toxicity. The yeast cells exhibited TDP-43 overexpression,
forming cytoplasmic aggregation and cell toxicity, recapitulating key pathological
features of TDP-43-related neurodegenerative diseases (Johnson et al., 2008).
Finally, a yeast-based study identified genes that modify a-syn toxicity. Expression
of human a-syn in S. cerevisiae disrupted endoplasmic reticulum-to-Golgi
trafficking. The GTPase Rab (Ypt1p) was found to be associated with a-syn
inclusions, while Gyp8p (a GTPase activator protein) enhanced a-syn toxicity

(Cooper et al., 2006).

1.9. Yeast as a tool to study paraquat-induced responses
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S. cerevisiae exhibits extensive genetic diversity, representing an ideal biological
system for studying the genetic basis of phenotypic variation. To identify the
genetic bases of phenotypic differences among the strains, a strategy is to use
QTLs, because QTL mapping can uncover how the genetic diversity in S.
cerevisiae is responsible for a wide range of phenotypic traits. These traits include
variations in energy metabolism, stress response, and cellular morphology
(Cubillos et al., 2011; Warringer et al., 2011). Thus, the yeast has allowed
dissection of the underlying genetic and molecular mechanisms of PD
pathogenesis due to their high degree of conservation with humans (W. Liu et al.,
2017), rapid growth rate and generation time, availability of panels of strains
bearing genotypic variability and the capacity for rapid characterization and
implementation of large-scale studies using yeast strains with single gene
deletions (Milleder et al., 2012; Winzeler et al., 1999).

Human peroxiredoxin 5 (Prx5) is crucial for protecting the cells when they are
exposed to stressors, such PQ. In yeast, Prx5 was found to prevent oxidative
stress inside the cell, specifically in the mitochondria and cytosol. These results
indicate that a redox imbalance and cellular alterations are caused by PQ
exposure (Tién Nguyén-nhu & Knoops, 2003). Additionally, PQ-treated cells
exhibited altered metabolism, including an inability to metabolize ethanol
(Hansson & Haggstrom, 1986) and a decreased growth rate in susceptible strains
(Cubillos et al., 2013). Most PQ studies in S. cerevisiae have been performed in

one strain, revealing reduced replicative lifespan (Jarolim et al., 2004a;
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Nestelbacher et al., 2000a), and mitochondrial damage (Y. Li et al.,, 2021;
Stenberg et al., 2022; Tién Nguyén-nhu & Knoops, 2003). However, the genomic
variations between yeast strains have not been harnessed in depth to study the
cellular and molecular adaptive strategies to PQ.

This thesis seeks to unravel the genetic foundations of genotype-by-environment
interactions using S. cerevisiae as a model organism. By exposing yeast strains
to PQ, we will investigate cellular and molecular responses to this herbicide. To
identify potential modifier genes, we will employ GWAS and QTL mapping,
leveraging the natural genetic variation within yeast populations. By focusing on
biochemical, cellular, and physiological phenotypes, we aim to uncover
combinations of genetic variants that contribute to susceptibility or resistance to
PQ. This approach offers a more comprehensive understanding of complex traits
compared to traditional methods that rely on single-gene mutants. Understanding
the biology of the resistant strains is crucial for designing new strategies to prevent

pesticide-induced PD, followed by validations in animal models and human cells.
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2. HYPOTHESIS

Genetically diverse Saccharomyces cerevisiae strains exposed to paraquat
exhibit cellular and molecular responses that reveal potential modifier genes

associated with its toxicity.
3. MAIN OBJECTIVE

To identify paraquat toxicity modifier genes in a genetically diverse collection of

Saccharomyces cerevisiae strains.

13

——
| —



® e
ICIM ui

INSTITUTO DE CIENCIAS E INNOVACION EN MEDICINA

Facultad de Medicina

Clinica Alemana - Universidad del Desarrollo

3.1.

3.1.1.

3.1.2.

3.1.3.

SPECIFIC AIMS

To characterize the cellular and molecular response in four genetically

diverse strains of Saccharomyces cerevisiae exposed to paraquat.

To identify modifier genes responsible for differences in
susceptibility/resistance to paraquat in genetically diverse strains of

Saccharomyces cerevisiae through GWAS and QTL mapping.

To validate candidate modifier genes of the paraquat
susceptibility/resistance phenotype in yeast strains with pre-existing

targeted gene deletions.
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4. Chapter 1: To characterize the cellular and molecular response in four
genetically diverse strains of Saccharomyces cerevisiae exposed to

paraquat.

Strain-dependent oxidative stress and vacuolar adaptations to paraquat in

Saccharomyces cerevisiae

Juan Carlos Rubilar!, Francisco A. Cubillos?34, Andrés. D. Klein'
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Abstract

Paraquat (PQ) is an herbicide that increases Parkinson's disease (PD) risk in
humans. Saccharomyces cerevisiae represents an ideal system for studying PQ
toxicity/resistance due to its evolutionary conservation with mammals and strain-
specific responses to PQ. However, the biological effects of PQ exposure across
genetic backgrounds are unknown. To address this, we treated four yeast strains
(NA, SA, WA, and WE) with PQ and assessed physiological, molecular and
cellular consequences on each genetic background. First, we measured the
strain's physiological growth kinetics and calculated the specific growth rate
(uMax). PQ significantly reduced pMax in WE and WA, but not in SA and NA.
Additionally, PQ increased superoxide and peroxide levels in all strains, but to
different extents, being the SA and WE the most affected. PQ also influenced
vacuolar morphologies strain-dependently, shifting from one large organelle to
small disaggregate vacuoles, with WE being the most susceptible. Surprisingly,
we found an inverse association between superoxide levels and the percentage
of semi-disaggregate vacuoles. In support of our findings, we observed significant
Pearson correlations between non-synonymous gene polymorphisms (CTT1,
YHC3) and vacuolar B phenotype. These genes encode a hydrogen peroxide
detoxification enzyme and a vacuolar arginine transporter, respectively. SA
carried a deleterious variant in YHC3, while NA and WA had deleterious variants
in CTT1. In conclusion, our findings demonstrate that genetically diverse yeast

exhibit distinct cellular and molecular effects to PQ exposure. We speculate that
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the most resistant strains may facilitate the development of novel therapeutics for

humans exposed to PQ.
Introduction

Paraquat (PQ) is a potent herbicide widely employed globally due to its efficacy
in eradicating harmful organisms detrimental to crops (1). Despite its widespread
use, with an estimated global consumption of 3.5 million tons annually (2), PQ
poisoning causes ~20,000 deaths yearly (3, 4). A clear link between PQ exposure
and Parkinson's disease (PD) has been established (5), raising environmental

and human health concerns (6).

PD pathogenesis is complex, with the etiology of most cases remaining unknown
(7, 8). However, it is well-established that a complex interplay between genetic
and environmental factors contributes to its development. Several PD genetic risk
factors interact with pesticide and herbicide exposure (9, 10). Nevertheless, the
precise molecular mechanisms of gene-environment interaction remain elusive.
Elucidating them is essential for achieving early diagnosis, preventative

strategies, and translating potential therapeutic interventions (11, 12).

PQ inhibits mitochondrial complex | by reducing NADH-cytochrome b5 and
NADH-ubiquinone oxidoreductases, increasing superoxide anion (O27), which is
further converted into hydrogen peroxide (H202) and hydroxyl radicals (HO-) (13—
18). Additionally, PQ induces the opening of the mitochondrial permeability

transition pore (mPTP), reducing intra-mitochondrial calcium retention capacity
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and decreasing the membrane potential, which also contributes to increasing
reactive oxygen species (ROS) levels (19-23). Mitochondrial damage directly
impacts the lysosomal pathway via membrane contact sites, leading to decreased
lysosomal enzyme activities, impaired sphingolipids degradation and autophagy
blockage (24, 25). These disruptions contribute to a-synuclein (a-syn)
aggregation, dopaminergic neuron death (26-29), and ultimately motor

impairments (30-32).

Yeast models represents a powerful biological tool for dissecting the underlying
genetic and molecular mechanisms of PD pathogenesis due to its high degree of
conservation with humans (33), rapid growth rate and generation time, availability
of panels of strains bearing genotypic variability, and capacity for rapid
characterization and implementation of large-scale studies using yeast strains

with single gene deletions (34, 35).

In this study, we investigated the biological effects of PQ exposure on four S.
cerevisiae strains with distinct genetic backgrounds. We employed a multi-tiered
approach, examining its consequences at three levels: (i) physiological (growth
rates), (ii) molecular (superoxide and hydrogen peroxide levels), and (iii) cellular
(vacuolar morphology). Interestingly, PQ treatment displayed strain-specific
modulation of all phenotypes. Notably, no correlation was observed between the
growth rate (physiological phenotype) and any other measured parameter. This

finding implies that additional processes contribute to PQ toxicity and resistance,
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potentially reflecting the presence of strain-specific adaptive and compensatory

mechanisms.

Results
Paraquat-induced strain-specific growth rates responses

We chose four phylogenetically distinct strains exhibiting extensive genomic
variability: Y12 (Sake, SA), YPS128 (North American, NA), DBVPG6044 (West
African, WA) and DBVPG6765 (Wine/European, WE). As a proxy of cell health,
we measured their growth rates under control and PQ exposure. Initially, we set
the lowest PQ concentration, which induced reproducible variation across strains.
We tested a range of 12.5 - 125 ug/mL (Supplementary Figure 1) and chose 75
pg/mL to discriminate between strains. Under control conditions (YNB media 2%
glucose) all strains exhibited similar growth patterns (Figure 1A). However, upon
PQ exposure we identified a lower growth rate in the WE background than
untreated cells (susceptibility phenotype) (Figure 1B). This effect was quantified
by calculating the Area Under the Curve (AUC) (P-value = 0.0013, ANOVA)
(Figure 1C). Conversely, SA, NA and WA exhibit the highest tolerance to PQ

(resistance phenotype, P-value = ns, ANOVA) (Figure 1B and C).

Then, we calculated the specific growth rate (uMax). PQ exposure differentially
impacted pMax across the strains. PQ-treated WE exhibited a decrease in uMax

compared to NA (P-value = 0.0012, ANOVA) (Figure 1D). Notably, the WE strain
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exhibited a 40% reduction in pMax compared to SA (P-value = 0.0001, ANOVA),
with WA showing a 20% decrease when compared to SA (P-value = 0.033,
ANOVA) (Figure 1D). Furthermore, we found a significant difference between WA
and WE (P-value = 0.033, ANOVA). These results demonstrate that PQ
differentially impacts each strain, with WE and WA exhibiting the most significant
susceptibility. Therefore, PQ exposure appears to have a strain-specific impact

on yeast reproductive fithess and physiological adaptation.
PQ-induced strain-specific ROS responses.

Since PQ inhibits mitochondrial complex |, we analyzed superoxide anion levels
with DHE, under control and PQ treatments (75 ug/mL for 48-hours). PQ
treatment significantly increased superoxide levels in SA (P-value = 0.007,
ANOVA) and WE strains (P-value = 0.005, ANOVA) (Supplementary Figure 2).
Interestingly, PQ-treated NA and WA strains showed no significant differences in
superoxide anion levels (Supplementary Figure 2). Notably, the NA strain, which
displayed high PQ resistance in the growth curves (Figure 1B and 1E), exhibited
a 30% reduction in superoxide anion production compared to SA (P-value = 0.017,
ANOVA), and a 35% reduction compared to WE (P-value = 0.003, ANOVA)
(Figure 2A). In contrast, the WE strain showed increased superoxide anion
production compared to the other strains (Figure 2A), despite its greater PQ

susceptibility in growth assays.

Complementary to the fluorometric measurement, we analyzed DHE labeling
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through confocal microscopy to visualize the spatial distribution of superoxide
anion within yeast cells and assess cell viability. Under control conditions, the
probe remained in the cytoplasm, emitting a blue signal (Figure 2B). Upon PQ
exposure, oxidized DHE binds to DNA, emitting red fluorescence (Figure 2B). All
PQ-treated strains exhibited probe oxidation (red fluorescence), confirming cell
viability. Furthermore, probe localization shifted from primarily cytoplasmic
distribution in the control groups to a predominantly nuclear pattern in PQ-treated
cells, correlating with superoxide anion levels (Figure 2C). Interestingly, the NA
strain exhibited lower fluorescence intensity compared to SA (P-value = 0.001,
ANOVA) and WE (P-value = 0.0002, ANOVA), suggesting potentially lower

oxidative stress levels in this strain when exposed to PQ (Figure 2C).

To assess the impact of PQ on hydrogen peroxide production, another major
ROS, we used the 2'7'-dichlorofluorescein diacetate (DCFH-DA) probe. PQ
exposure significantly increased hydrogen peroxide levels compared to controls
in SA, NA, and WE (P-value = 0.035; P-value = 0.006; P-value = 0.023,
respectively; Kruskall Wallis) (Supplementary Figure 3). In contrast, the WA strain
showed no significant change (Supplementary Figure 3). Furthermore, the rate of
DCF fluorescence (PQ-treated cells normalized to control groups) also exhibited
significant differences among strains (P-value < 0.05, Kruskal Wallis) (Figure 3A).
Consistent with the previous observations, NA and WA displayed lower hydrogen
peroxide production, while SA and WE showed higher production. Notably, SA

exhibited a significant increase in superoxide levels compared to NA (33.4%, P-
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value = 0.048, Kruskal Wallis) and WA (42.6%, P-value = 0.016, Kruskal Wallis)

(Figure 3A).

Confocal microscopy analysis of DCFH-DA labeling corroborated findings on
hydrogen peroxide levels (Figure 3B). Strains grown under control conditions
displayed weaker fluorescence than PQ-treated strains (Figure 3B and 3C),
indicating higher ROS levels upon exposure. These results indicate that PQ
differentially impacts the yeast strains superoxide anion and hydrogen peroxide

levels.
PQ induced strain-specific vacuolar adaptations

To investigate how yeast strains adapt to PQ exposure, we examined their
vacuolar morphology, as changes in vacuole structure often indicate activation of
stress response mechanisms (36). Vacuoles are typically classified into three
phenotypes: A, up to three large vacuoles per cell; B, multiple small vacuoles with

defined borders, and C, highly fragmented vacuoles (Figure 4A and 4B) (37).

We quantified the percentage of each phenotype under control conditions and PQ
exposure (75 pg/mL for 48 hours) (Table 1). We observed distinct changes in
vacuolar morphology across the four yeast strains. Specifically, phenotype A
prevalence significantly decreased in NA (64% control vs. 13% PQ; P-value =
0.002, Kruskal Wallis) and WE (79% control vs. 19% PQ; P-value = 0.006, Kruskal

Wallis) strains upon PQ treatment compared to the control condition (Figure 4C,
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4D). In contrast, no significant differences were found for phenotype A in SA (P-

value = 0.273, Kruskal Wallis) and WA (P-value = 0.184, Kruskal Wallis).

Surprisingly, a significant increase in phenotype B, characterized by multiple small
vacuoles (51% increase), was observed exclusively in strain NA (32% control to
83% PQ; P-value = 0.009, Kruskal Wallis) (Figure 4C, 4D). In contrast, phenotype
C, characterized by highly fragmented vacuoles, increased significantly only in
strain WA (33% increase; 6% control vs. 0% PQ; P-value = 0.016, Kruskal Wallis)
(Figure 4C, 4D). Micrographs (Figure 4A, 4B) support these findings, showing a
clear decrease in phenotype A and a corresponding increase in phenotype B in

PQ-treated WA strain compared to the control (Figure 4C, 4D).

Intriguingly, the WE strain exhibited a striking increase in phenotype C, rising from
4% in the control condition (Figure 4C) to 53% in PQ-exposure cells (Figure 4D)
(P-value = 0.082, Kruskal Wallis). While this change did not reach statistical
significance, a shift in vacuolar morphology is observed (Figure 4A & 4B).
Compared to the control condition, the PQ-treated WE strain displays a marked
decrease in phenotype A and a dramatic increase in phenotype C. This transition
towards a fragmented vacuolar state (phenotype C) in WE upon PQ exposure
may represent a stress response mechanism to preserve organelle integrity for

survival.

The percentage of phenotype B inversely correlates with ROS levels in PQ-

treated yeast.
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To elucidate the compensatory mechanism to PQ exposure, we examined the
relationships between the different measured traits through correlations. Multiple
correlations were performed between pMax fold change, DHE and DCFH-DA
probes, and vacuolar morphologies A, B and C. Most traits were not
interconnected (Pearson and Spearman correlations) (Supplementary Table 1).
However, a significant negative correlation (Pearson correlation: r=-0.96, P-value
= 0.038) emerged between changes in superoxide anion levels and the change
in the percentage of phenotype B (Figure 5A and Figure 5B), suggesting a shared
adaptive response to PQ exposure involving intracellular ROS levels and vacuolar

morphology.
Genetic determinants of phenotypic responses to PQ exposure.

Genomic variants in genes that participate in oxidative stress response and
lysosomal function have been implicated in PD development, including humans
exposed to pesticides (38) (Table 2). Given this, we hypothesized that these
variants might contribute to PQ responses across different yeast strains (Figure
6). To test this hypothesis, we correlated the number of deleterious variants as
predicted by SIFT (Sorting Intolerant From Tolerant) in oxidative stress and
vacuolar genes (listed in Table 2) with multiple phenotypes: specific growth rates
(uMax), ROS levels (measured using DHE and DCFH-DA probes), and vacuolar

phenotype across four yeast strains (Table 2).

Significant Pearson's correlations (P-value < 0.05) emerged between variant
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counts in specific genes and these phenotypes. YEH71 and DALS variants
correlated with yMax (Pearson's r = -0.980, P-value = 0.020; r = 0.980, P-value =
0.019, respectively). A significant positive correlation was found between SSA2
variant count and DHE-measured ROS levels (r = 0.972, P-value = 0.028).
Phenotype B was positively correlated with variants in THI73, FEN2, ICT1, and
ATGS5, while a negative correlation was observed with variants in YHC3 (Table 2).
Additionally, vacuolar phenotype B positively correlated with variants in oxidative
stress genes CTT1 and COX171, while a negative correlation was observed with
variants in TSA7 (Table 2). However, following adjustment for multiple
comparisons (see “Experimental procedures”) these correlations did not remain
significant when considering all nonsynonymous and synonymous variants in the
gene set. The conservative nature of the Bonferroni correction likely contributed
to this outcome. Additionally, we identified one deleterious variant in the YHC3
gene on chromosome 10 in the SA strain and found three deleterious variants
within the CTT17 gene: two in the NA strain and one in the WA strain. Among the
339 predicted variants in the four strains, 18.3% were nonsynonymous, 81.4%

were synonymous, and 0.3% were frameshift deletions (Supplementary Table 2).
Discussion

In humans, PQ is highly toxic (39). It can be absorbed through the gastrointestinal
tract, skin contact, or inhalation (40-42). It can induce lung fibrosis, liver tumors,

and PD (43-45). PQ disrupts the intracellular redox cycle (43, 46), inducing
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mitochondrial fragmentation via ROS and reactive nitrogen species, which, in
turn, can trigger apoptosis (47—49). These cellular and molecular events
contribute to PD pathogenesis by causing damage to dopaminergic neurons in

the brain (20, 50).

While S. cerevisiae has served as a valuable model for elucidating PQ toxicity
mechanisms (51, 52). Yeast has been enormously helpful in identifying
mechanisms that regulate mammalian cellular processes (53, 54), but most
studies have been confined to a single strain. Although these studies have
revealed important insights, such as reduced replicative lifespan (55, 56), and
mitochondrial damage (19, 57, 58), the genomic variations between yeast strains
have not been harnessed in depth to study the cellular and molecular adaptive

strategies to PQ.

Our findings demonstrate a differential impact of PQ on pyMax across four
genetically diverse S. cerevisiae strains. PQ reduced pyMax in WE and WA (PQ-
susceptible) while SA and NA presented a higher tolerance to PQ-induced growth
inhibition. Under control conditions, pMax is controlled by Gcn4, a transcriptional
factor that regulates amino acid biosynthesis, along with other factors as Fil1 and
Gen2 (59-62). Whether changes in Gen4, Fil1l and Gen2 with amino acid
metabolism relate to the strain-specific variations in yMax upon PQ exposure has
to be determined. Our results highlight the significance of genetic background in

determining yeast susceptibility to PQ toxicity, which is consistent with previous
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findings in other models (52, 63—-65).

Genetic studies demonstrate a direct association between various mitochondrial
and lysosomal genes and the risk of idiopathic Parkinson disease (iPD) (66, 67).
Among them is the GBA7 gene, which encodes for lysosomal -
glucocerebrosidase (GCase). GBA1 variants are a major genetic risk factor for
developing PD (67, 68). Remarkably, GCase plays roles in both organelles: in the
lysosome it degrades certain ceramides, while in mitochondria it promotes
complex | stability (24, 67, 69, 70). Since pesticides target mitochondria, a recent
study identified enrichment in genomic variants in 26 genes associated with
lysosomal function. These results support the idea that impaired lysosomal and
mitochondrial dysfunction is necessary to develop PD (38). Similarly, our yeast
study shows correlations between the number of missense variants in different
genes associated with vacuolar/lysosomal function and PQ-induced phenotypes.
For instance, WE, the most susceptible strain to PQ, exhibited more vacuolar
variants, including in the YHC3 gene, the yeast ortholog of human CLN3 (71).
While CLN3 variants are linked to Batten disease (72), they induce ceramide
accumulation and are unable to detoxify oxidative species in tissues (73, 74), like
GBA1 variants, which have also been implicated in PD (75). Ceramide buildup in
yeast inhibits cell growth and participates in stress responses (76). This suggests
that YHC3 may play a crucial role in stress-induced phenotypic alterations and
that the tested yeast strains are a good proxy for studying PQ susceptibility in

humans.
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While PQ is a ROS inductor, it was not equal in all strains. SA and WE strains
exhibited the highest DHE and DCFH-DA fluorescence levels compared to the
others. In contrast, NA showed the lowest superoxide levels. NA also has a high
tolerance to oxalic acid (77), a toxic product of ascorbic acid oxidation (78, 79).
Similarly to PQ, oxalate exposure impairs mitochondrial metabolism and
promotes free radical formation (79). These results suggest that NA likely
possesses enhanced antioxidant defenses, which may include increased
superoxide dismutase activity (Sod; a superoxide scavenger), catalase (Ctt1; a
peroxide scavenger), high glutathione (Gsh) levels, or others (80). In addition, NA
and WA strains showed the lowest hydrogen peroxide levels than the other
strains. In yeast Tsa7 (dominant peroxide scavenger) is the major peroxiredoxin,
acting as a specific antioxidant to reduce peroxide (81-83). Surprisingly, our SIFT
variant analysis revealed that NA and WA strains, unlike SA and WE strains, lack
variants in the TSA17 gene. This finding suggests that NA and WA strains may
have higher levels of functional Tsa protein during PQ exposure, enhancing their

ability to protect the cell from oxidative stress.

Vacuoles are highly dynamic organelles that adapt to environmental cues, such
as oxidative and osmotic stress, by undergoing regulated fusion and fission
processes (37, 84). Superoxide anion levels are known activators of cellular
adaptations that reduce phenotype B vacuoles (85-87). Upon PQ treatments, WE
strain exhibited the largest shift in vacuolar morphology from phenotype B to C,

which correlates with high ROS levels, reduced growth rates, indicating a
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transition towards fission yeast-like cytokinesis (88, 89). Vacuolar protein sorting
1 (Vps1) and autophagy-related protein 8 (Atg8) tightly regulate vacuole
fragmentation (90). Vps1, a key protein involved in intracellular trafficking, is also
essential for developing resistance to oxidative stress, while Atg8 stabilizes the
vacuole membrane independently of autophagy (90, 91). Double mutants in Vps1
and Atg8 exhibit enhanced sensitivity to PQ, osmotic stress, and Ca?+ overload
than the single mutations, indicating impaired vacuolar function (90-93). The
potential strains-specific role of these proteins in determining each PQ

susceptibility has to be determined.

Our study has limitations: i) We used a small number of strains; which makes it
difficult to identify significant associations across traits; ii) we focused only on two
PD-related phenotypes: ROS and vacuolar adaptations, omitting other like
proteostasis that could be involved on PD pathogenesis (94); iii) we used
domesticated strains which have been selected by their abilities to tolerate
stressors and higher genetic stability, thereby minimizing the risk of spontaneous
mutations and related to genotypic and phenotypic variability; iv) this is a
phenotypic characterization, lacking mechanistic assays; among other. However,
by investigating the cellular and molecular responses underlying resistance and
susceptibility to PQ, our study reveals the biological foundation supporting these
differences and highlights the fundamental role of genetics in understanding these

complex processes.
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In conclusion, our work explores cellular and molecular mechanisms underlying
PQ toxicity in four different yeast backgrounds, which resulted in good proxies for
studying PQ susceptibility/resistance in humans. Understanding the biology of the
resistant strains is crucial for designing new strategies to prevent pesticide-
induced PD. These can be achieved by gene mapping studies and omics in S.

cerevisiae, followed by validations in animal models and human cells.
Experimental procedures
Yeast strains and culture conditions

The four haploid (MAT a and MAT a) S. cerevisiae strains used in this study were:
North American (NA; YPS128, MAT a/a, ho: HygMX, ura3::kanMX), West African
(WA; DBVPG6044, MAT a/a, ho: HygMX, ura3::kanMX), Sake (SA; Y12, MAT a/a,
ho: HygMX, ura3::kanMX) and. Wine/European (WE; DBVPG6765, MAT a/a, ho:
HygMX, ura3::kanMX) (95, 96). These strains were stored in solid media (YPD)
at 4°C. Liquid and solid culture media were used depending on the experiments
to be performed: YPD media (2% glucose, 2% peptone, 1% yeast extract) and
YNB (0.67% YNB base without amino acids, 0.2% uracil, 0.0875% com drop out

and 2% glucose).
Growth curves conditions

Yeast cells were pre-cultured in 200 pL of YNB medium supplemented with uracil

(0.2% uracil) for 48 h at 28 °C. For the experimental run, the four yeast strains
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were inoculated to an optical density (OD) of 0.03-0.1 (wavelength of 620 nm) in
200 pL of medium and incubated without shaking at 28 °C for 48 h (YNB control
and Paraquat (Sigma Aldrich-Merck, CAS No. 75365-73-0) at 75 pg/mL) in a
Tecan Sunrise absorbance microplate reader (Tecan Trading AG, Mannedorf,
Switzerland). OD was measured every 30 min using a 620 nm filter. Each
experiment was performed in triplicate. Growth rates for each strain were
calculated as previously described (97, 98). Briefly, OD measurements as a
function of time were fitted to the mathematical model of the re-parameterized
Gompertz sigmoid curve describing microbiological temporal growth, previously
proposed (99) from which growth rates were obtained. The parameters of each
curve were processed in the GrowthRates software to obtain OD max, ymax, and
the average time of the lag phase. Finally, the area under the curve (AUC) values

of the growth curves were calculated using R commands.
Measurement of levels of Reactive Oxygen Species (ROS)

The yeast strain cultures were incubated for 48 hours at 28°C in 3 ml of YNB
medium and centrifuged at 1700 x g at 4 °C for 4 min. Intracellular levels of
superoxide anion were detected through the dihydroethidium (DHE) probe
(Thermofisher Scientific, N°D1168, U.S.A), and intracellular levels of hydrogen
peroxide (H202) were detected through the 2',7'-dichlorofluorescein diacetate
(DCFH-DA) probe (Sigma Aldrich, N°D6883, U.S.A). The pellet was incubated

with the DHE probe at a concentration of 10 pg/mL (100) in 500 uL of PBS (80
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mM NazHPO4, 20 mM NaH2PO4 and 100 mM NacCl) (101) for 30 min and washed
with PBS as previously reported (100, 101). The DCFH-DA probe was used at a
concentration of 10 uM (102) in 500 uL of PBS for 1 h and washed with a PBS
buffer. Fluorescence intensity was measured using a fluorometer Cytation3
microplate reader (BioTek Instruments, Santa Clara, CA, U.S.A) at 518/605 nm
for DHE and 490/530 for DCFH-DA. For microscopic analysis, 4 uL of each
incubated strain (DHE and DCFH-DA probe) were taken, added to a slide, and
squeezed with a coverslip gently for in vivo visualization and observed under a
Leica SP8 confocal microscope (Leica Microsystems, Germany), using a 63X
objective and 5X magnification. Images were processed in ImagedJ (103) and

LASX software (Leica Microsystems, Germany).
FM4-64 internalization assay in S. cerevisiae: Vacuolar phenotypes

Yeasts were seeded on a plate with YPD medium and 2% agar-agar. Isolations
were made from each strain to obtain single colonies previously incubated at 28°C
without shaking for 48 hours. Then, inocula were transferred into 500 pL of liquid
YPD and incubated with 3 yM of FM4-64 (Ex: 565 nm - Em: 744 nm)
(ThermoFisher Scientific, N° F34653, U.S.A) for 24 hours in 48-hour cultures in
control condition (104) and with 75 pg/mL Paraquat at 28°C with shaking (150
rpm) in the dark. 4 uL of each incubated strain was added to a slide and squeezed
with a coverslip gently for in vivo viewing and observed on Leica SP8 confocal

microscope (Leica Microsystems, Germany), using 63X objective and 5X
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magnification. Images were processed in Imaged and LASX software (Leica
Microsystems, Germany). The vacuolar characteristics of 110-150 cells per field
were analyzed and classified according to their phenotype into "A", "B" or "C", as
proposed by Seeley E. et al. (2002) (104). The assay was repeated three times

and quantified by three researchers independently for each yeast strain.
Statistical analysis

Growth parameters pMax, ROS level by DHE and DCFH-DA, and percentage of
vacuolar phenotypes were used as quantitative variables in the control condition
and PQ at a 75 pg/mL concentration. Shapiro Wilk normality test p>0.05,
parametric ANOVA test P<0.05 with multiple comparisons, and non-parametric
Kruskal Wallis test p-value < 0.05 with multiple comparisons were used for all
measurements. Sample “N” in the experiments was 5 biological replicates and 3
technical replicates per sample for yMax, 6 biological replicates and 3 technical
replicates per sample for ROS level by DHE and DCFH-DA probe, and 3 biological
replicates with 3 technical replicates per sample for quantification of vacuolar
phenotypes. Statistical significance was considered for a value of P<0.05.
Furthermore, multiple correlations were conducted in this study. Pearson
correlations were performed for the fold change of DHE, DCFH, pMax, and
vacuolar phenotypes A and B, as the data exhibited normal distribution (Shapiro-
Wilk test P > 0.05). However, a Spearman correlation was employed for vacuolar

phenotype C and its combinations due to their departure from the normality
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assumption. The potential effects of variants in each gene of the four yeast strains
were determined using SIFT software (Table 2) and the S. cerevisiae S288C
reference genome (https://www.yeastgenome.org/). The number of variants in
oxidative stress and lysosomal genes was correlated with uMax, ROS levels
(DHE and DCFH-DA probes), and phenotype B using Pearson correlations. To
adjust for multiple comparisons, we applied the Bonferroni procedure to control
for the error rate and establish a corrected statistical significance threshold and
adjusted P-value (Paq; @) based on a significance level of 0.05. Statistical analysis
was performed in SPSS software version 20.0 (lllinois, U.S.A) and plotted in

GraphPad (California, U.S.A) and RStudio (U.S.A).
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Figure legends

Figure 1: Reproductive fithess in S. cerevisiae parental strains against PQ
exposure. (A) Growth curves in four yeast strains in control condition (B) Growth
curves in four yeast strains exposed to 75 ug/mL PQ. (C) Area under the curve
(AUC) in four yeast strains (D) Fold change of pMax (PQ/mock). N= 5, Shapiro
Wilk normality test P-value > 0.05, ANOVA test P-value < 0.05, post-hoc Holm-
Sidak (AUC and fold change). P-value < 0.05 (*), P-value < 0.01 (**), P-value <
0.001 (***), P-value < 0.0001 (****), ns = not significant (P-value > 0.05). Statistical

analysis was performed in SPSS software version 20.0 and plotted in GraphPad.

Figure 2: Cellular response of S. cerevisiae to oxidative stress (superoxide
anion) induced by PQ exposure. (A) Fold change of DHE signal in four strains
after exposure to PQ (75 pyg/mL). N=6, Shapiro Wilk normality test P-value > 0.05,
ANOVA test P-value < 0.05, post-hoc Tukey. (B) DHE staining of untreated and
paraquat-exposed (75 pg/mL) yeast strains visualized using an EVOS FL
epifluorescence microscopy with a 40x objective and 2.6x zoom. White arrows:
blue fluorescence in the cytosol indicates unoxidized probe (DHE). Yellow arrows:
red fluorescence marks the probe oxidized by reactive molecules (DHEox). (C)
Quantification of ROS levels obtained in confocal micrographs. N=3, Shapiro Wilk
normality test P-value > 0.05, ANOVA test P-value < 0.05, post-hoc Tukey. . N =3.
P-value < 0.05 (*), P-value < 0.01 (**), P-value < 0.001 (***), P-value < 0.0001

(****), ns = not significant (P-value > 0.05). Statistical analysis was performed in
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SPSS software version 20.0 and plotted in GraphPad and RStudio.

Figure 3: Cellular response of S. cerevisiae to oxidative stress (hydrogen
peroxide) induced by PQ exposure. (A) Fold change of DCFH-DA signal in S.
cerevisiae parental strains after exposure to PQ (75 pg/mL). N=6, Shapiro Wilk
normality test P-value > 0.05, Kruskal Wallis test P-value <0.05. (B) DCFH-DA
staining of untreated and paraquat-exposed (75 ug/mL) yeast strains visualized
using an EVOS FL epifluorescence microscopy with a 40x objective and 2.6x
zoom. White arrows: green fluorescence in SA and NA strains (control and PQ).
Yellow arrows: green fluorescence in WA and WE strains (control and PQ). (C)
Quantification of ROS levels obtained in confocal micrographs. N=3, Shapiro Wilk
normality test P-value > 0.05, ANOVA test P-value < 0.05, post-hoc Tukey. N =3.
P-value < 0.05 (*), P-value < 0.01 (**), P-value < 0.001 (***), P-value < 0.0001
(****), ns = not significant (P-value > 0.05). Statistical analysis was performed in

SPSS software version 20.0 and plotted in GraphPad.

Figure 4: Cellular response of S. cerevisiae to PQ-exposure involving
vacuolar changes. (A) Confocal microscopy on four S. cerevisiae strains through
FM4-64 probe (control condition and PQ treatment). Yellow arrows: Phenotype A,
blue light arrows: Phenotype B and white arrows: Phenotype C. (B) Quantification
of vacuolar phenotypes without PQ treatment (top) and 75 ug/mL PQ (bottom).
N= 3, Shapiro Wilk normality test P-value > 0.05, Kruskal Wallis test P-value

<0.05. P-value =< 0.05 (*), P-value < 0.01 (**), P-value < 0.001 (***), P-value <
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0.0001 (****), ns = not significant (P-value > 0.05). Statistical analysis was

performed in SPSS software version 20.0 and plotted in GraphPad.

Figure 5: Interplay between physiological parameters, oxidative stress and
vacuolar morphology. (A) Plot of multiple correlations between fold change of
MMax, DHE probe, DCFH-DA probe, phenotype A, phenotype B and phenotype
C. (B) Pairwise correlations between fold change of uMax, DHE probe, DCFH-DA
probe, phenotype A, phenotype B and phenotype C. N=4, Pearson correlation p-
value < 0.05 in yMax, DHE probe, DCFH-DA probe, phenotype A and phenotype
B. For phenotype C and combinations with other parameters were used
Spearman correlation. Shapiro Wilk test P-value > 0.05. P-value < 0.05 (*), P-
value <0.01 (**), P-value < 0.001 (***), P-value < 0.0001 (****), ns = not significant
(P-value > 0.05). Statistical analysis was performed in SPSS software version

20.0 and plotted in RStudio.

Figure 6: PQ affect differentially biological processes in four backgrounds
of S. cerevisiae. The effect of PQ on the four yeast strains is specific. SAand NA
strains exhibit resistance to PQ, while WA and WE strains are susceptible,
impacting their low specific growth rate. SA and WE strains produce higher levels
of ROS, including superoxide anion and hydrogen peroxide, compared to NA and
WA strains. Finally, PQ affects vacuolar morphology. The percentage of
phenotype C increases in the WE strain, while NA and WA strains show an

increase in phenotype B compared to the control condition. Figure created with
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BioRender.com

Table 1: Vacuolar morphology in four Saccharomyces cerevisiae strains in
control and PQ conditions. Vacuolar phenotypes were determined for each
strain. The number of cells in each phenotype, expressed as mean * standard

deviation and percentage (%), is presented.

Table 2: Correlations of lysosomal and oxidative stress genes with the
number of variants in yeast strains. The potential effects of variants in each
gene of the four yeast strains were determined using SIFT. The number of variants
in oxidative stress and lysosomal genes was correlated with yMax, ROS levels
(DHE and DCFH-DA probes), and phenotype B using Pearson correlations. To
adjust for multiple comparisons, we applied the Bonferroni procedure to control
for the error rate and establish a corrected statistical significance threshold and
adjusted P-value (Paq @) based on a significance level of 0.05. Statistical analysis

was performed in RStudio.

Supplementary Figure 1: Growth curves in four yeast strains exposed to
different PQ concentrations. Growth curves in PQ concentrations of 12.5
pg/mL, 25 pg/mL, 50 pyg/mL, 75 ug/mL, 100 pg/mL, and 125 ug/mL to determine

the optimal concentration with a differential effect in the four strains yeast.

Supplementary Figure 2: Cellular response of S. cerevisiae to superoxide
anion induced by PQ exposure. A.F.U (arbitrary fluorescent unity) of DHE signal

in S. cerevisiae parental strains in the control condition and after exposure to PQ
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(75 ug/mL). N=6, Shapiro Wilk normality test P-value > 0.05, ANOVA test P-value
< 0.05, post-hoc Tukey. P-value < 0.05 (*), P-value < 0.01 (**), P-value < 0.001
(***), P-value < 0.0001 (****), ns = not significant (P-value > 0.05). Statistical
analysis was performed in SPSS software version 20.0 and plotted in GraphPad

and RStudio.

Supplementary Figure 3: Cellular response of S. cerevisiae to hydrogen
peroxide induced by PQ exposure. A.F.U (arbitrary fluorescent unity) of DCFH-
DA signal in S. cerevisiae parental strains in the control condition and after
exposure to PQ (75 pg/mL). N=6, Shapiro Wilk normality test p-value > 0.05,

Kruskal Wallis test P-value <0.05. P-value < 0.05 (*), P-value < 0.01 (**), P-value

< 0.001 (***), P-value < 0.0001 (****), ns = not significant (P-value > 0.05).
Statistical analysis was performed in SPSS software version 20.0 and plotted in

GraphPad.

Supplementary Table 1: Correlations between the different phenotypes
studied. Method: Pearson or Spearman, r = the correlation coefficient and P-
value based on a significance level of 0.05. Statistical analysis was performed in

RStudio.

Supplementary Table 2: SIFT-predicted variants in vacuolar and oxidative
stress genes in the four yeast strains. Ref allele: reference allele, Ref amino

acid: reference amino acid.
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Table 1.

Vacuolar morphology percentage: no. cells = sd (%)

SA control NA control WA control WE control SA PQ NA PQ WA PQ WE PQ

Phenotype A 78+ 1.53 (54) 99 +9.29 (64) 61=+4.73(46) 100+ 9.07 (72) 51+4.36(34) 19+4.73(13) 30=+3.05(19) 22=3.79(19)

Phenotype B 63 2.52 (43) 50+ 9.16 (32) 63+3.60 (48) 34153 (24) 93:265(62) 122:7.81(83) 130 6.51 (81) 34 = 4.04 (28)

Phenotype C  4+1.73(3) 6:153(4) 8x252(6) 6:600(4) 6:153(4) 6=153(4) 0 64 = 4.73 (53)
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Table 2.

Number of variants pMax DHE DCFH-DA Phenotype B
Human lysosomal genes Orthologue in S. cerevisiae SA NA WA WE P-value Pagj @ r P-value Pagj @ r P-value Pagj @ r P-value Pagj @ r
CLN3 YHC3 5 4 3 9 0.438 1.000 -0.562 0.489 1.000 0.511 0.690 1.000 0.310 0.025 0.300 -0.975
LIPA YEH1 0 3 6 11 0.020 0.240 -0.980 0.745 1.000 -0.256 0.572 1.000 -0.428 0.368 1.000 -0.633
SLC17A1 DAL5 11 9 5 4 0.019 0.228 0.980 0.555 1.000 0.445 0.439 1.000 0.561 0.585 1.000 0.415
SLC17A1 THI73 3 4 4 0 0.346 1.000 0.654 0.522 1.000 -0.478 0.714 1.000 -0.286 0.009 0.108 0.991
SLC17A1 FEN2 6 7 8 1 0.398 1.000 0.601 0.528 1.000 -0.472 0.732 1.000 -0.268 0.026 0.312 0.974
ABHD5 ICTL 8 10 12 3 0.540 1.000 0.460 0.400 1.000 -0.600 0.593 1.000 -0.407 0.032 0.384 0.968
ATG5 ATG5 6 7 6 3 0.197 1.000 0.803 0.659 1.000 -0.341 0.835 1.000 -0.165 0.048 0.576 0.952
HSPA8 SSA2 32 27 27 31 0.965 1.000 0.035 0.028 0.336 0.972 0.088 1.000 0.912 0.255 1.000 -0.745
Human oxidative stress genes Orthologue in S. cerevisiae SA NA WA WE P-value Pagj @ r P-value Pagj @ r P-value Pagj @ r P-value Pagj @ r
CAT CTT1 13 22 16 1 0.302 1.000 0.698 0.501 1.000 -0.499 0.655 1.000 -0.345 0.030 0.360 0.970
PRDX4 TSA1 1 0 0 2 0.528 1.000 -0.473 0.312 1.000 0.688 0.475 1.000 0.525 0.010 0.120 -0.990
COXi11 Coxi1 2 3 4 0 0.595 1.000 0.405 0.357 1.000 -0.643 0.545 1.000 -0.455 0.041 0.492 0.959
87 96 91 65 0.273 1.000 0.727 0.565 1.000 -0.436 0.744 1.000 -0.256 0.018 0.216 0.982
Paraquat: pMax (OD/h) 0.257 0.238 0.180 0.142
Paraquat: DHE (A.F.U) 8214 5644 5258 7039
Paraquat: DCFH-DA (A.F. U) 29473 10410 9663 17217
Paraquat: Phenotype B (%) 61.67 83.07 80.60 27.80
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Supplementary Figure 1.
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Supplementary Table 1.

Correlations between phenotypes

Method r P-value
DHE probe - DCFH probe Pearson 0.537 0.463
DHE probe - Phenotype A Pearson 0.429 0.571
DHE probe - Phenotype B Pearson -0.962 0.038
DHE probe - Phenotype C Spearman 0.800 0.200
DHE probe - uMax Pearson -0.426 0.574
DCFH probe - Phenotype A Pearson 0.700 0.299
DCFH probe - Phenotype B Pearson -0.364 0.636
DCFH probe - Phenotype C Pearson 0.800 0.200
DCFH probe - pMax Pearson 0.479 0.521
Phenotype A - Phenotype B Pearson -0.459 0.541
Phenotype A - Phenotype C Spearman 0.000 1.000
Phenotype A - uMax Pearson 0.525 0.475
Phenotype B - Phenotype C Spearman -0.800 0.200
Phenotype B - uMax Pearson 0.491 0.508
Phenotype C - uMax Spearman -0.200 0.800
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5. Chapter 2: To identify modifier genes responsible for differences in
susceptibility/resistance to paraquat in genetically diverse strains of

Saccharomyces cerevisiae through GWAS and QTL mapping.

6. EXPERIMENTAL PROCEDURES: Chapter 2

6.1. Yeast strains and culture conditions

The four haploid (MAT a and MAT a) S. cerevisiae strains used in this study were:
North American (NA; YPS128, MAT a/a, ho: HygMX, ura3::kanMX), West African
(WA; DBVPG6044, MAT a/a, ho: HygMX, ura3::kanMX), Sake (SA; Y12, MAT a/a,
ho: HygMX, ura3::kanMX) and Wine/European (WE; DBVPG6765, MAT a/a, ho:

HygMX, ura3::kanMX) (Brice et al., 2018; Salinas et al., 2016).

The segregating strains used were provided by Professor Francisco Cubillos
previously generated, through crosses between four haploid strains with opposite
mating types (MAT a and MAT a) in YPD media (Cubillos et al., 2009). 96
segregants were obtained from the SA x WE cross. All segregants were SNP-
genotyped for the same 171 markers placed every approximately 70 kb
(genotyping covers 88.9% of the genome using the S288c strain as reference).
The only region of the genome not covered was the subtelomeric containing the

repetitive multicopy gene families (Cubillos et al., 2011).
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The 1,011 S. cerevisiae isolates used in this study and their corresponding
genome sequences were described previously (Peter et al., 2018). These strains
were stored in solid media (YPD) at 4°C. Liquid and solid culture media were used
depending on the experiments to be performed: YPD media (2% glucose, 2%
peptone, 1% yeast extract) and YNB (0.67% YNB base without amino acids, 0.2%

uracil, 0.0875% com drop out and 2% glucose).

6.2. Growth curves conditions: phenotyping

Yeast cells were pre-cultured in 200 pL of YNB medium supplemented with uracil
(0.2% uracil) for 48 h at 28 °C. For the experimental run, the four yeast strains
were inoculated to an optical density (OD) of 0.03-0.1 (wavelength of 620 nm) in
200 pL of medium and incubated without shaking at 28 °C for 48 h in different
conditions, i) control (YNB media, 2% glucose) and PQ (Sigma Aldrich-Merck,
CAS No. 75365-73-0) at 75 upg/mL (dissolved in distilled water) for the
phenotyping of 1,011 isolates; ii) control (YNB media, 2% glucose), PQ 200
Mg/mL, nicotinamide riboside chloride (NR), dissolved in distilled water (Cayman
Chemicals, CAS No. 23111-00-4) at 20 uM and co-treatment PQ 200 ug/mL and
NR 20 uM for the validation assays in a Tecan Sunrise absorbance microplate
reader (Tecan Trading AG, Mannedorf, Switzerland). OD was measured every 30
min using a 620 nm filter. Each experiment was performed in triplicate. Growth
rates for each strain were calculated as previously described (Garcia-Rios et al.,

2014; Quispe et al., 2017). Briefly, OD measurements as a function of time were
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fitted to the mathematical model of the re-parameterized Gompertz sigmoid curve
describing microbiological temporal growth, previously proposed (Zwietering et
al., 1990) from which growth rates were obtained. The parameters of each curve
were processed in the GrowthRates software to obtain OD max, ymax, and the

average time of the lag phase.

6.3. Genome-wide association study (GWAS) analysis

6.3.1. Genotype files

We conducted mixed-model association analysis using FaST-LMM v.2.07
software (Lippert et al., 2011; Peter et al., 2018). We converted the VCF (Variant
Call Format) file to MAP and BED formats using PLINK to prepare the data. Binary
genotype files were then transformed into ASCII plain text files. The resulting files
were “map” and “.ped”. The “.map” file is a tab-separated matrix containing all
SNPs. The “.ped” file contains individual genotypes coded as 0 (NA), 1 (first
allele), and 2 (second allele). Rows represent individuals, and columns represent
variants (in the same order as the “.map” file). Each variant has two columns due
to the diploid nature of yeast. The PLINK command used for the VCF conversion
was: plink --vef ALLECOLIBAM/ECOLI20200319.rehead.vcf --maf 0.05 --geno
0.1 --recode12 --allow-extra-chr --noweb --list-duplicate-vars suppress-first --

double-id --out ECOLI20200319.maf0.05.geno0.1.r12.
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6.3.2. Phenotype files

The raw phenotype file, containing yMax measurements for 1,011 isolates in three
biological replicates, was organized as a three-column file with “sample ID”,
“family ID”, and “phenotype value”. The phenotype value was calculated for the
control condition, PQ treatment, and fold change (PQ/control), depending on the
specific analysis. The sample ID and family ID were identical and matched those
in the genotype data. To normalize the phenotype values, we applied a quantile
transformation using the ggnorm function in Rstudio v4.3.1. This transformation
orders the values into a normal distribution ranging from -3 to 3. Any NA values

were replaced with -9 in the final file.

6.3.3. Running a GWAS

We selected genetic markers with a minor allele frequency (MAF) greater than
5% and excluded variants with missing genotypes labeled as "fs." We decided to
apply an arbitrary threshold and remove variants present in fewer than 1,000
individuals. The GWAS analysis was conducted using the following command:
fastimmc -file Genotype_filename -maxThreads 22 -pheno pehnotype_filename -
mpheno 1 -fileSim Genotype_filename -verboseOutput -out
GWAS output_filename.out > GWAS_output_filename.err. To estimate the trait-
specific P-value threshold, we conducted 100 permutations of the phenotypic

values between individuals. The command to go over 100 files was: for f in
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{1..100};do echo "fastimmc -file Genotype_ filename -maxThreads 22 -pheno
shuffled_phenotypes_filename_"$f".txt -mpheno 1 -fileSim Genotype_filename -
verboseOutput -out Shuffled GWAS output "$f".out 2> Shuffled "$f".err">>
autoindex_shuffled.sh;done. In addition, we used a 5% family-wise error rate
(FWER) threshold, determined by the 5% quantile (the 5th lowest P-value from
the permutations). The commands used were: i) for i in
shuffled_phenotypes_filename_*.out,do head -2 $i | tail -1 >> phenotype.heads
;done ii) awk {print $6}' phenotype.heads | sort | head -6 | tail -1 >> file.out. Finally,
to quantify the extent of volume inflation and excessive false positive rate (FDR),
we calculated the genomic inflation factor, A, for each condition in Rstudio v4.3.1.
We used Rstudio v.4.3.1 with the ggnorm package to create a Q-Q plot, visualizing
the correlation between a given sample and the normal distribution. Additionally,

we employed the gqgman package to generate a Manhattan plot.

6.4. Quantitative trait loci (QTL) mapping

QTL mapping was performed with R/qtl software where LOD scores were
calculated using a nonparametric model (Cubillos et al., 2011). The significance
of a QTL was determined from permutations. For each phenotypic trait (uMax)
and cross (SAx WE), we permuted the phenotype values within the intervals 1000
times, recording the maximum LOD score each time. A significant QTL is
recognized when the LOD score is greater than the 0.05 tail of the 1000 LOD

scores obtained. The phenotypic variance score explained for a QTL is calculated
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using Formula 1, where 'n’ represents the sample size. Formula 1: Percentage of

variance explained = 100(1-10(-2LOD/n)) (Cubillos et al., 2011).

6.5. Analysis and selection of candidate modifier genes

6.5.1. QTL mapping.

To identify and prioritize candidate modifier genes, all genomic regions located 40
kb upstream and downstream of the markers identified in the QTL mapping peaks
were analyzed. The selection of these genes was based on the following criteria:
i) matching with results from GWAS; ii) presence of human orthologs in databases
such as Alliance of Genome Resources and Saccharomyces Genome Database;
and iii) association with NAD+, mitochondrial or lysosomal metabolism. In
addition, the SIFT software was used to identify non-synonymous variants in
these genes, comparing the sequences of the four strains (SA, NA, WA, and WE)
with the reference genome S288C (https://www.yeastgenome.org/). The number

of variants in NRT17 and YOR072W genes was correlated with yMax.

6.5.2. GWAS analysis

We identified variants that crossed the significance threshold. We were able to
locate these variants within the reference genome
(https://www.yeastgenome.org/) and determine their location relative to genes

(genic or intergenic). Notably, most variants associated with the trait (uMax) were

65

——
| —


https://paperpile.com/c/N9lzJB/A7Hc

Iciv & uph

INSTITUTO DE CIENCIAS E INNOVACION EN MEDICINA
Facultad de Medicina
Clinica Alemana - Universidad del Desarrollo

found to be genic regions. Once these candidate genes were obtained, we

prioritized them based on: i) their association with NAD+ metabolism and ii) their

known biological functions.

7. RESULTS: Chapter 2

7.1. Phenotypic diversity in specific growth rates (uMax) between
species
1,011 isolates of S. cerevisiae strains were selected for this thesis (Peter et al.,
2018). These strains were isolated from diverse geographical locations and were
chosen for their extensive genomic variability. They belong to distinct clades and

dispersed across different branches of the phylogenetic tree (Figure 1).
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Figure 1. Neighbor-joining tree constructed with the biallelic SNPs. Twenty-
six clades and three mosaic groups (M1 to M3) were identified. Colors represent
the ecological origins of the clade: domesticated (red), wild (green), and human

(cyan). Figure obtained from Peter. J., et al. 2018 (Peter et al., 2018).
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To analyze the phenotypic diversity of the 1,011 isolates of S. cerevisiae, we
evaluated the distribution of their specific growth rates (uMax) through scatter and
frequency plots. Under control conditions, our results show that the majority of
isolates (55%) exhibit yMax between 0.28 and 0.30 OD/h. In contrast, only 2% of
the isolates showed very low uMax, between 0.08 and 0.18 OD/h (Figure 2A).
These data suggest a wide variability in growth rate among the different S.
cerevisiae isolates. For PQ exposure (75 upg/mL), we found that 49% of the
isolates show a pMax between 0.28 and 0.30 and 8% between 0.04 and 0.18
(Figure 2B), indicating that a higher proportion of the isolates are susceptible to
PQ. However, we found 29 strains (5%) with uMax between 0.32 and 0.34, being
resistant to PQ (Figure 2B). Finally, we calculated the fold change and observed
that 446 isolates (74%) exhibited no change against PQ exposure, while 124 of
them (25%) showed a decrease in growth in PQ treatment. Surprisingly, we found
that 6 of the isolates (1%) showed an increased growth rate against PQ (Figure

2C).
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Figure 2. Characterization and distribution of Saccharomyces cerevisiae
isolates in natural environments, PQ exposure, and fold change
(PQ/control) according to their growth parameters. (A) Dispersion map using
MMax as a growth parameter in control (left) and Distribution of the yeast isolates
according to their uMax in the control condition (right) (B) Dispersion map using
MMax as a growth parameter in PQ treatment (left) and Distribution of the yeast
isolates according to their uMax in PQ treatment (right). (C) Dispersion map using
MMax as a growth parameter in fold change (left) and Distribution of the yeast
isolates according to their yMax in fold change (right). N sample = 603 isolates of
S. cerevisiae. Non-linear Histogram function in yMax using GraphPad. Statistical

analysis was performed and plotted in GraphPad.

7.2. Association analysis between SNPs and pMax in isolates.

We used PLINK to filter SNPs with low allele frequency (MAF < 5%) and create
the input files for FaST-LMM. We used FaST-LMM software to fit the mixed
models in GWAS, allowing us to control for population structure. The final data
used for the GWAS studies contained 101,635 SNPs genotyped in 603 S.
cerevisiae isolates. We tested the 101,635 SNPs for associations with the
phenotype data, which contained the pMax data from the 603 diploid isolates. To
maintain population structure and accurately identify genetic associations, GWAS

analyses were restricted to diploid isolates.
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We generated Manhattan plots for the control condition, which is the natural
variability, PQ exposure (to see the effect) and Fold change (PQ/control), to see
the gene-environment interaction (Figure 3A, B and C, respectively). Under
control conditions, we identified seven SNPs that were significantly associated
with the phenotype analyzed (-logio(P-value) >5) (Figure 3A). These variants
surpassed the permutation-based significance threshold, demonstrating strong
associations (P-value = 1.17x10®). The significance threshold was determined by
permuting phenotypic values 100 times, creating a null distribution. The 5th
percentile of this null distribution served as the threshold, controlling the family-
wise error rate (FWER) at 5%, thus minimizing false positives. In addition, we
found one SNP that surpassed an even more stringent threshold, with a -log1o(P-
value) >8. This indicates a very strong association (Figure 3A). After identifying
the positions of these variants, we mapped them to the reference genome
(https://www.yeastgenome.org/). This revealed that some variants resided within
gene regions, while others were located upstream or downstream of genes (Table
1).

In PQ exposure, we identified six SNPs that surpassed the permutation-based
significance threshold, demonstrating strong associations (P-value = 1.08x10°).
These variants allowed us to map associated genes (Figure 3B and Table 2). In
our association analysis using fold change (PQ/control), we identified four SNPs
on chromosome 15 that exceeded the significance threshold (P-value = 1.13x10"

5). Two of these variants were located near the YOR072W gene (sv86664 =107
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bp and sv86663 =91 bp upstream, respectively), while the others were within the
NRT1 gene (Figure 3C and Table 3). Among the candidate genes identified, NRT1
stood out as a particularly interesting one. It is a high-affinity nicotinamide riboside
(NR) transporter associated with rescuing Parkinson's phenotypes in flies (P. A.

Belenky et al., 2008; Schondorf et al., 2018).
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Figure 3. Genome-wide association studies (GWAS) in a collection of S.
cerevisiae in PQ treatment through growth parameters. (A) Manhattan plot
with significant SNVs and markers identified using GWAS with a threshold of
1.17x10E-5 using pMax as a phenotypic trait. These markers were found in a
biological sample of 3 (603 isolates analyzed). (B) Manhattan plot with significant
SNVs and markers identified using GWAS with a threshold of 1.08x10E-5 using
MMax as a phenotypic trait. These markers were found in a biological sample of 3
(603 isolates analyzed) (C) Manhattan plot with significant SNVs and markers
identified using GWAS with a threshold of 1.08x10E-5 using pMax as a phenotypic
trait. These markers were found in a biological sample of 3 (603 isolates
analyzed). Mixed-model association analysis was performed using FaST-LMM

v.2.07 and we used the markers showing a minor allele frequency (MAF) >5%.
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We estimated a trait-specific P-value threshold for each condition by permuting
phenotypic values between individuals 100 times. The significance threshold was
the 5% quantile (the 5th lowest P-value from the permutations). N sample: 603

isolates. Plotted in Rstudio v4.3.1.
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Table 1. List of genes found across GWAS pMax variants in the control condition

Control Condition

Variant

Position

Chromosome p-value

Gene

Human orthologue Gene position

Length

Function

PA560 599352 - 600872

13

4.80E-10

ALD3 ALDH1L1

5!

99352 - 600872 1,521 bp

Cytoplasmic aldehyde dehydrogenase; involved in beta-alanine
synthesis; uses NAD+ as the preferred coenzyme; expression is induced
by stress and repressed by glucose.

sv82553

33671

15

2.10E-05

ZPS1 -

34658 - 35407 750 bp

Putative GPl-anchored protein; transcription is induced under low-zinc
conditions, as mediated by the Zap1p transcription factor, and at alkaline
pH.

HPF1 -

28703 -31606 2,904 bp

Haze-protective mannoprotein; reduces particle size of aggregated
proteins in white wines, thereby decreasing turbidity; intragenic repeat
expansion controls chronological aging; expansion of intragenic tandem
repeats within N-terminus sufficient to cause pronounced life span
shortening.

sv28182

80290

2.15E-06

CAF16 -

79344 -80213 870 bp

Part of evolutionarily-conserved CCR4-NOT regulatory complex; contains
single ABC-type ATPase domain but no transmembrane domain.

GYP8 TBC1D20

80419-81912 1,494 bp

GTPase-activating protein for yeast Rab family members; Yptlp is the
preferred in vitro substrate but also acts on Sec4p, Ypt31p and Ypt32p;
involved in the regulation of ER to Golgi vesicle transport.

sv63320

537230

12

3.58E-06

PEX13 PEX13

537272 -538432 1,161 bp

Peroxisomal importomer complex component; integral peroxisomal
membrane protein required for docking and translocation of peroxisomal
matrix proteins.

MMR1 -

535214 - 536689 1,476 bp

Phosphorylated protein of the mitochondrial outer membrane; localizes
only to mitochondria of the bud; interacts with Myo2p to mediate
mitochondrial distribution to buds.

sv14394

451706

5.57E-06

NTH1 TREH

450220 - 452475 2,256 bp

Neutral trehalase, degrades trehalose; required for thermotolerance and
may mediate resistance to other cellular stresses.

LoF_WHI2 410870 - 412330

15

6.88E-06

WHI2 GPATCH1

4

10870 - 412330 1,461 bp

Negative regulator of TORCL1 in response to limiting leucine; suppresses
TORCL1 activity with binding partners Psrlp/Psr2p, acting in parallel with
SEACIT; regulates cell cycle arrest in stationary phase; inhibits Ras-
CAMP-PKA regulation of apoptosis during nutrient depletion.

LoF_YIL15¢ 47292 - 47693

1.06E-05

YIL156W-A -

47292 -47693 402 bp

Dubious open reading frame; unlikely to encode a functional protein,
based on available experimental and comparative sequence data;
overlaps ORF COA1/YIL157C

sv43415

47525

1.11E-05

COAl -

46949 - 47542 594 bp

Mitochondrial inner membrane protein; required for assembly of the
cytochrome ¢ oxidase complex (complex IV); interacts with complex IV
assembly factor Shylp during the early stages of assembly

——
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Table 2. List of genes found across GWAS pMax variants in PQ-exposure

Paraquat

Variant

Position

Chromosome p-value

Gene

Human orthologue Gene position Length

Function

sv88076

614674

15

4.36E-07

RPB2

POLR2B

612997 - 616671 3,675 bp

RNA polymerase Il second largest subunit B150; part of central
core; similar to bacterial beta subunit

LoF_WHI2 410870 - 412330

15

6.88E-06

WHI2

GPATCH1

410870 -412330 1,461 bp

Negative regulator of TORC1 in response to limiting leucine;
suppresses TORC1 activity with binding partners Psrl1p/Psr2p,
acting in parallel with SEACIT; regulates cell cycle arrestin
stationary phase; inhibits Ras-cAMP-PKA regulation of
apoptosis during nutrient depletion.

sv86657

461014

3.86E-06

NRT1

459480 - 461276 1,797 bp

High-affinity nicotinamide riboside transporter; also transports
thiamine with low affinity; major transporter for 5-
aminoimidazole-4-carboxamide-1-beta-D-ribofuranoside
(acadesine) uptake.

Sv92382

69892

16

5.38E-06

HFI1

TADA1L

69485 - 70951 1,467 bp

Adaptor protein required for structural integrity of the SAGA
complex; a histone acetyltransferase-coactivator complex that
is involved in global regulation of gene expression through
acetylation and transcription functions

sv82926

75860

15

8.12E-06

ALR1

74400 - 76979 2,580 bp

Plasma membrane Mg(2+) transporter; expression and
turnover are regulated by Mg(2+) concentration;
overexpression confers increased tolerance to Al(3+) and
Ga(3+) ions.

Sv71799

458866

13

1.02E-05

SNZ1

458408 - 459301 894 bp

Subunit of a two-component pyridoxal-5'-phosphate synthase;
involved in pyridoxine (vitamin B6) biosynthesis from
glyceraldehyde-3-phosphate, ribose-5-phosphate and
ammonia liberated from glutamine by glutaminase.

——
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Table 3. List of genes found across GWAS puMax variants in Fold change

Fold Change

Variant

Position

Chromosome

p-value

Gene

Human orthologue

Gene position

Length Function

sv86664

461411

15

1.43E-07 YORO72W

461502 - 461816

Putative protein of unknown function;
conserved across S. cerevisiae strains;
315 bp partially overlaps the dubious gene

sSv86663

461395

15

5.61E-06 YORO72W

461502 - 461816

YOROQ72W-A; diploid deletion strains are
methotrexate, paraquat and wortmannin
315 bp sensitive

Sv86656

460871

15

5.50E-07

NRT1

459480 - 461276

High-affinity nicotinamide riboside
1,797 bp transporter; also transports thiamine with low

sv86657

461014

15

1.11E-06

NRT1

459480 - 461276

affinity; major transporter for 5-
aminoimidazole-4-carboxamide-1-beta-D-
1,797 bp ribofuranoside (acadesine) uptake.

——
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7.3. Quantitative growth variation in PQ-exposure

Our preliminary results revealed differential responses to PQ exposure among
four parental strains (Supplementary Figure 1). The SA strain exhibited resistance
in PQ exposure without impacting its pMax. Conversely, the WE strain showed
susceptibility, decreasing its reproductive fitness upon PQ exposure. To study the
phenotypic diversity of the segregants, we exposed the cross SA x WE to PQ (75
Mg/mL) to measure the phenotypic changes as a quantitative trait. We conducted
growth curve analyses on the 96 segregant strains under both control conditions
(to assess natural variability) and PQ exposure. In addition, the resulting fold
change values were calculated. We extracted the uMax from these data and used
it as a phenotypic trait for subsequent QTL mapping analysis.

In both control and PQ exposure conditions, the SA x WE cross yielded few
transgressive segregants. Under control conditions, only four strains (4.16%)
exhibited positive transgressive behavior, exceeding the parental growth rates by
at least two standard deviations (Figure 4A). When exposed to PQ, we identified
two positive transgressive strains (2.08%) and one negative transgressor (1.04%)
(Figure 4B). These findings might be attributed to epistatic interactions or the
limited genetic variability associated with using one resistant and one susceptible
parental strain in PQ-response. Although we analyzed the distribution based on
fold change, no significant differences were observed in phenotypic changes

(Figure 4C).
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Supplementary Figure 1. Reproductive fitness in S. cerevisiae parental
strains against PQ exposure. Calculation of pMax in the four strains under
control conditions and PQ treated (75 ug/mL). N= 5, Shapiro Wilk normality test
P-value > 0.05, Kruskal Wallis test P-value <0.05 (control and fold change).
ANOVA test P-value < 0.05, post-hoc Tukey (AUC and PQ). P-value < 0.05 (*), P-
value < 0.01 (**), P-value <0.001 (***), P-value < 0.0001 (****), ns = not significant
(P-value > 0.05). Statistical analysis was performed in SPSS software version

20.0 and plotted in GraphPad.
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Figure 4. Distribution of Saccharomyces cerevisiae segregants in control
conditions, PQ-exposure and fold change (PQ/control) according to their
growth parameters. (A) Distribution of the yeast segregants according to their
pMax in the control condition (B) Distribution of the yeast segregants according
to their uMax in PQ treatment (C) Distribution of the yeast segregants according
to their yMax in fold change. N sample = 96 segregants of S. cerevisiae (cross
SA x WE). The log in base 2 of the yMax and transgressive segregants was
calculated by 2 standard deviations. Red dots = founder strains, blue dots =
transgressive segregants (control and PQ), orange dots = transgressive
segregant (fold change). Statistical analysis was performed and plotted in

GraphPad.
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7.4. QTL mapping in segregants and pMax as a phenotypic trait

To identify candidate genes associated with growth rate variation under control
conditions, PQ exposure, and fold change (PQ/control), we conducted linkage
analysis to map QTLs using yMax as a trait. Through permutation testing, we
successfully identified significant QTL peaks in two of the analyzed conditions.

In our QTL mapping, we found no significant peaks in the control condition (Figure
5A), while in the PQ-exposure, we identified a significant QTL, at marker SAW1,
located on chromosome 1, with a LOD score of 2.87 (P-value = 0.028), exceeding
the significance threshold of 2.63 (Figure 5B). This result suggests that the SAW1
locus is associated with variation in growth rate under PQ stress. To identify
potential candidate genes, we analyzed a 40 kb region both upstream and
downstream of the SAW marker using Ensembl (https://www.ensembl.org). We
decided not to explore this genomic region because we prioritized validating fold
change results since they offer to unveil relative changes and eliminate individual
variations and the normalization in this context gave us information about gene-
environment interaction, where these genes may vary under different
environmental conditions. In our analysis of fold change, we identified a significant
QTL peak at the CKA2 marker on chromosome 15, with a LOD score of 2.74 (P-
value = 0.044). This LOD score exceeded the significance threshold of 2.68
(Figure 5C). We identified potential candidate genes in this region, and we

employed the same strategy used for PQ exposure analysis (Figure 5D and Table
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4). In this region, we also found the candidate gene NRT1, as in the GWAS

analyses (Table 4).
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Figure 5. Markers found in QTL mapping associated with a genomic region,
using the S288C reference genome. (A) Linkage analysis using pMax as a
phenotypic trait in the 96 strains of the cross SAXWE in the control condition (B)
Linkage analysis using uMax as a phenotypic trait in the 96 strains of the cross
SAXWE in PQ-exposure. LOD score 2.63 (C) Linkage analysis using the fold

change (PQ/control) as a phenotypic trait in the 96 strains of the cross SAXWE.
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LOD score 2.68 (D) Genomic region in chromosome 15, found through CKA2
marker associated with QTL mapping in fold change (Chromosome XV: 419,891-
470,511 (ensembl.org)). N sample = 3. We calculated LOD scores using a non-
parametric model determined through permutations. For each trait and cross,
phenotype values were permuted within the tetrads 1000 times and the maximum
score of the LOD scores were recorded each time. A significant QTL is recognized
when the LOD score is greater than the 0.05 tail of the 1000 LOD scores obtained.
The phenotypic variance score explained for a QTL is calculated using Formula

1, where “n” represents the sample size. Formula 1: Percentage of variance

explained = 100(1-10(2L00/)) Plotted in Rstudio.
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Table 4. List of genes found in the genomic region of chromosome 15 through QTL mapping in Fold change

Genomic region: Chromosome 15

Yeast gene Human Orthologue Position Function
SNX1 453768 - 455795 Nexin-1 homolog; required for localizing membrane proteins from a prevacuolar/late endosomal compartment back to late Golgi; structural component of retromer membrane coat
VPS5 SIS complex
444686 - 445849 Ribosomal 60S subunit protein L3; homologous to mammalian ribosomal protein L3 and bacterial L3; plays an important role in function of elF5B in stimulating 3' end processing of
RPL3 RPL3 ) 18S IRNA.
459480 - 461276 High-affinity nicotinamide riboside transporter; also transports thiamine with low affinity; major transporter for 5-aminoimidazole-4-carboxamide-1-beta-D-ribofuranoside (acadesine)
NRT1 - uptake.
CKA2 CSNK2 441534 -442553  Alpha catalytic subunit of casein kinase 2 (CK2); CK2 is a Ser/Thr protein kinase with roles in cell growth and proliferation.
CYT1 cyci 447439 - 448368 Cytochrome c1; component of the mitochondrial respiratory chain; expression is regulated by the heme-activated.
432186 - 433373 Cochaperone protein; regulates activity of adenylyl cyclase Cyrlp; involved in kinetochore complex assembly; associates with the SCF (Skp1p/Cdc53p/F box protein) ubiquitin ligase
SGT1 SUGT1 complex.
MSA - 449436 - 451325 Activator of G1-specific transcription factors MBF and SBF; involved in regulation of the timing of G1-specific gene transcription and cell cycle initiation.
464771 - 466543 Component of the spindle checkpoint; involved in sensing lack of tension on mitotic chromosomes; protects centromeric Rec8p at meiosis I, required for accurate chromosomal
SGO1 - segregation at meiosis Il and for mitotic chromosome stability.
VAM10 - 453869 - 454213 Protein involved in vacuole morphogenesis; acts at an early step of homotypic vacuole fusion that is required for vacuole tethering.
TBC1D22A 455907- 457820 Cis-golgi GTPase-activating protein (GAP) for yeast Rabs; the Rab family members are Yptlp (in vivo) and for Yptlp, Sec4p, Ypt7p, and Ypt51p (in vitro); involved in vesicle docking
GYP1 TBC1D22B and fusion,; interacts with autophagosome component Atg8p.
451729 - 453462 Glucosyl transferase; involved in N-linked glycosylation; adds glucose to the dolichol-linked oligosaccharide precursor prior to transfer to protein during lipid-linked oligosaccharide
ALG8 ALG8 biosynthesis
YNG1 - 446079 - 446738 sybunit of the NUA3 histone acetyltransferase complex; this complex acetylates histone H3; contains PHD finger domain that interacts with methylated histone H3.
SLD7 - 440390 - 441163 Protein with a role in chromosomal DNA replication; interacts with Sld3p and reduces its affinity for Cdc45p.
LPL1 FAM135B 438906 - 440258  phospholipase; contains lipase specific GXSXG motif, maintains lipid droplet (LD) morphology; induced by transcription factor Rpn4p.
ASE1 PRC1 433688 - 436345 Mitotic spindle midzone-localized microtubule bundling protein; microtubule-associated protein (MAP) family member; required for spindle elongation and stabilization.
NOB1 NOB1 430247-431626  Pproteininvolved in proteasomal and 40S ribosomal subunit biogenesis; required for cleavage of the 20S pre-rRNA to generate the mature 18S rRNA.
VHS3 PPCDC 427833 - 429857 Negative regulatory subunit of protein phosphatase 1 Ppz1p; involved in coenzyme A biosynthesis.
422668 - 423732 Sphingoid long-chain base (LCB) efflux transporter; integral membrane transporter that localizes to the plasma membrane and may transport long chain bases (LCBs) from the
RSB1 - cytoplasmic side toward the extracytoplasmic side of the membrane.
426772 - 427224 L . . . . - . . S . . .
TMC1 - AN1-type zinc finger protein, effector of proteotoxic stress response; stress-inducible transcriptional target of Rpn4p; induced by nitrogen limitation, weak acid, misfolded proteins
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We decided to investigate potential genetic variants in association with yeast
reproductive growth through SIFT prediction. We compared the number of
variants in NRT1 and YORO072W genes in the four founder strains and the
reference S288C and their corresponding pMax in PQ exposure. Our findings
showed a differential number of non-synonymous variants in these genes (Table
5) and a significant negative correlation was observed between the number of
variants of NRT7 and uMax (P-value = 0.042, r = -0.8928, Pearson) (Figure 6A),
suggesting a strong contribution of these variants to decreased uMax. In contrast,
no significant correlation was found between YORO072W and its reproductive

fithess (P-value = ns, r = -0.7205, Pearson) (Figure 6B).
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Figure 6. Pearson correlations in NRT1 and YOR072W genes in yeast
strains. The potential effects of variants in each gene of the four yeast strains
were determined using SIFT. The number of variants in NRT1 and YOR072W
genes was correlated with yMax. (A) Plot of Pearson correlation between the
number of variants in NRT1 and uMax. (B) Plot of Pearson correlation between
the number of variants in YOR072W and pMax. Shapiro Wilk test P-value > 0.05.
P-value < 0.05 (*), P-value < 0.01 (**), P-value < 0.001 (***), P-value < 0.0001
(****), ns = not significant (P-value > 0.05). Statistical analysis was performed in

SPSS software version 20.0 and plotted in GraphPad.
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Table 5. Variants in NRT1 and YOR072W genes in four parental and
reference strains. The potential effects of variants in each gene of the four yeast

strains and reference were determined using SIFT.

pMax 0.257 0.238 0.180 0.142 0.230
NRT1
Position SA NA WA WE S288C Variant Type SIFT Prediction
459550 T T T G T NONSYNONYMOUS TOLERATED
459560 C C C T © NONSYNONYMOUS TOLERATED
459568 G G A G G NONSYNONYMOUS TOLERATED
459843 T T A T T NONSYNONYMOUS TOLERATED
460379 T T A T T NONSYNONYMOUS TOLERATED
460430 A A A T A NONSYNONYMOUS TOLERATED
460865 A C C C C NONSYNONYMOUS TOLERATED
460871 A A C C A NONSYNONYMOUS TOLERATED
461164 G G G T G NONSYNONYMOUS TOLERATED
461249 A A T A A NONSYNONYMOUS TOLERATED
YOR0O72W

Position SA NA WA WE S288C Variant Type SIFT Prediction
461625 C T T T T NONSYNONYMOUS| DELETERIOUS
461644 C C C C T NONSYNONYMOUS TOLERATED
461659 T T C C T NONSYNONYMOUS TOLERATED
461683 G G G A G NONSYNONYMOUS TOLERATED
461760 A A A G A NONSYNONYMOUS TOLERATED
461776 T C T T T NONSYNONYMOUS| DELETERIOUS
461814 T T T < T STOP-LOSS NA
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8. Chapter 3: To validate candidate modifier genes of the paraquat
susceptibility/resistance phenotype in yeast strains with pre-existing

targeted gene deletions.

9. EXPERIMENTAL PROCEDURES: Chapter 3

9.1. Growth curves conditions: phenotyping

Yeast cells were pre-cultured in 200 pL of YNB medium supplemented with uracil
(0.2% uracil) for 48 h at 28 °C. For the experimental run, the four yeast strains
were inoculated to an optical density (OD) of 0.03-0.1 (wavelength of 620 nm) in
200 pL of medium and incubated without shaking at 28 °C for 48 h in different
conditions, i) control (YNB media, 2% glucose) and PQ (Sigma Aldrich-Merck,
CAS No. 75365-73-0) at 75 pg/mL for the phenotyping in 1,011 isolates; ii) control
(YNB media, 2% glucose), PQ 200 ug/mL, nicotinamide riboside chloride (NR),
dissolved in distilled water (Cayman Chemicals, CAS No. 23111-00-4) at 20 yM
and co-treatment PQ 200 yg/mL and NR 20 uM for the validation assays in a
Tecan Sunrise absorbance microplate reader (Tecan Trading AG, Mannedorf,
Switzerland). OD was measured every 30 min using a 620 nm filter. Each
experiment was performed in triplicate. Growth rates for each strain were
calculated as previously described (Garcia-Rios et al., 2014; Quispe et al., 2017).

Briefly, OD measurements as a function of time were fitted to the mathematical
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model of the re-parameterized Gompertz sigmoid curve describing
microbiological temporal growth, previously proposed (Zwietering et al., 1990)
from which growth rates were obtained. The parameters of each curve were
processed in the GrowthRates software to obtain OD max, yMax, and the average

time of the lag phase.

9.2. Deleting yeast

To validate the phenotypes found in response to PQ exposure, we decided to use
deletion strains of the genes identified in both the GWAS and QTL mapping. Some
of the strains were provided by Professor Jonas Warringer, while others were
purchased from Euroscarf (www.euroscarf.de). We used strains BY4743 and

S288C as reference strains.

9.3. Induced pluripotent stem cells (iPSC) culture and treatments

The iPSC lines used in this study were previously generated from GBA-PD
patients and control individuals and characterized (Schondorf et al., 2014). For all
iPSC lines, informed consent was obtained from patients prior to cell donation
using a written form. The protocol was approved by the Ethics Committee of the
Medical Faculty and the University Hospital Tubingen (Ethikkommission der
Medizinischen Fakultdt am Universitatsklinikum Tudbingen). iPSCs were

maintained in hESC medium containing knockout DMEM (Gibco Life
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Technologies), 20% knockout serum replacement (Gibco Life Technologies), 1%
non-essential amino acids (Gibco Life Technologies), 1% penicillin/streptomycin
(P/S, Merck Millipore), 1% GlutaMAX Supplement (Gibco Life Technologies) and
500 pM B-mercaptoethanol (Sigma-Aldrich) supplemented with 10 ng/ml FGF2
(Peprotech). iPSCs were routinely passaged onto MMC-treated CF-1 mouse
embryonic fibroblasts (MEF) (Globalstem MTI ThermoFisher) with addition of 10
MM Rock inhibitor Y-27632 2HCI (Selleckchem). iPSCs were differentiated into
dopaminergic neurons according to Kriks et al. (Kriks et al., 2011). Cells were
grown for 11 days on Matrigel (Corning) in hESC medium. Differentiation was
based on exposure to LDN193189 (100 nM, Axon Medchem) from days 0-11,
SB431542 (10 uM, Selleckchem) from days 0-5, SHH (100 ng/mL, Peprotech),
purmorphamine (PMA; 2 uM, EMD) and FGF8 (100 ng/mL, Peprotech) from days
1-7 and CHIR99021 (CHIR; 3 pM, Axon Medchem) from days 3-13. hESC
medium was gradually shifted to N2 medium (DMEM/Ham’s F12, 1% P/S, 1%
GlutaMAX and N2 supplement from Gibco Life Technologies), starting on day 5
of differentiation. On day 11, medium was changed to N2/B27 medium containing
DMEM/Ham’s F12, Neurobasal medium, N2 and B27 supplement, 1% P/S and
1% Glutamax (N2 and B27 supplement; Gibco Life Technologies) supplemented
with CHIR (3 pM, until day 13) and brain-derived neurotrophic factor (BDNF; 20
ng/ml; Peprotech), ascorbic acid (AA; 200 pM, Sigma-Aldrich), glial cell line-
derived neurotrophic factor (GDNF; 20 ng/ml; Peprotech), transforming growth

factor type B3 (TGFB3, 1 ng/ml; Peprotech), dibutyryl cAMP (0.5 mM; Applichem),
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and DAPT (10 uM; Selleckchem) for 9 days. On day 20, cells were dissociated
using Accutase (Sigma-Aldrich) and replated under high cell density conditions on
dishes pre-coated with 15 pg/ml polyornithine and 1 pg/ml laminin in differentiation
medium (N2/B27 medium +BDNF, AA, GDNF, dbcAMP, TGFB3 and DAPT).
Neurons were maintained in vitro for 45-55 days and then used for PQ and NR

experiments.

9.4. Cell viability assay

Cells were seeded into a 96-well plate (1x104 cell per well). After 24 h, benzoates-
TPP+ compounds were added at increasing concentrations into the wells and
incubated for 48 and 72 h, in culture DMEM medium supplemented with 10% FBS,
100 U/mL of penicillin and 100 ug/mL of streptomycin in a humidified 5% CO: at
37°C. After this time, the cells were washed twice with PBS (phosphate buffer
saline) 1X, and then 100 pL of 0.5 mg/mL MTT solution was added to each well.
After 2 h of incubation, MTT was removed, and crystals of formazan were
dissolved in 40 yL of DMSO. Absorbance was measured at 570 nm with a

microplate ELISA reader (Infinite F50 Tecan Group Ltd., Swiss).
9.5. Bright field microscopy
Dopaminergic neurons maintained in vitro were used to analyze viability by

brightfield microscopy under the conditions at 24 hours: PBS, PBS and NR at 1

mM, PQ at 500 uM and the co-treatment of PQ at 500 uM and NR at 1 mM.

93

——
| —



Iciv & uph

INSTITUTO DE CIENCIAS E INNOVACION EN MEDICINA
Facultad de Medicina
Clinica Alemana - Universidad del Desarrollo

Images were captured using a 40X objective (NA 0.75, Nikon) and a CoolSnap

HQ2-- CCD camera via bright field microscopy.
10.RESULTS: Chapter 3
10.1. Validation of modifier genes identified in GWAS and QTL mapping

After identifying genes in both GWAS, PQ-exposure and fold change (PQ/control),
we decided to validate those genes. The identified genes were SNZ1, HFI1,
WHI2, ALR1, RPB2, NRT1, and YOR0O72W. Notably, NRT1 and YOR072W were
found in both GWAS and QTL mapping. To experimentally evaluate the
phenotypic consequences associated with these genes, we utilized commercially
available yeast deletion strains from Eurocarf and provided by Professor Jonas
Warringer, University of Gothenburg. Using yeast strains with each gene deleted,
we aimed to investigate their potential impact on the yeast response to PQ and
phenotype changes. We decided to perform physiological growth kinetics
experiments, using pMax as a phenotypic trait to validate in deleting strains. Due
to observed drug resistance, likely attributed to subtelomeric regions, we
increased the PQ concentration to 200 pg/mL to further challenge these strains.
Previous studies have suggested that genes in these regions contribute to
individual quantitative variation and play a crucial role in the adaptive response to
environmental factors (Cubillos et al., 2011; Quispe et al., 2017). Significant

differences between the control condition and PQ exposure (200 pg/mL) were
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observed in the reference strains S288C (P-value = 0.0059, ANOVA) and BY4743
(P-value = 0.0015, ANOVA). However, significant differences were only found in
the deleting strains Ayor072w (P-value = 0.0015, ANOVA) and Arpb2 (P-value <
0.0001, ANOVA) (Figure 7A).

Recent studies suggest that a decrease in nicotinamide adenine dinucleotide
(NAD™) levels may contribute to PD. Supplementation with nicotinamide riboside,
a precursor of NAD™, could potentially restore NAD™ levels (Pérez et al., 2021;
Schondorf et al.,, 2018). To investigate the potential benefits of NR
supplementation, we decided to include it in our experiments. We selected strain
S288C to assess differential responses and determine if NR could prevent the
fithess decline observed upon PQ exposure. We found significant differences in
pMMax between the control condition and PQ exposure at 200 ug/mL (P-value <
0.0001, ANOVA (Figure 7B). Interestingly, the co-treatment of PQ (200 pg/mL)
and NR (20 uM) significantly prevented the observed decrease in yMax compared
to PQ treatment alone (P-value < 0.0001, ANOVA) (Figure 7B). We also observed
significant differences between NR and PQ exposure (P-value < 0.0001, ANOVA)
as well as between NR and the co-treatment (PQ and NR) (P-value = 0.0316,
ANOVA). As expected, we did not observe any significant differences between the
control condition and NR supplementation (ujhg-value = ns, ANOVA), as NR was
solely used as an internal control (Figure 7B).

Given that Nrt1 is the primary transporter for NR uptake into cells, we decided to

use a Anrt1 strain to investigate the role of NR supplementation. We found no
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significant differences between the groups (Figure 7C). These findings provide
evidence that Nrt1 is essential for NR transport and NAD* enrichment pathway,
but it also has a role in PQ toxicity, suggesting that Nrt1 serves multiple activities
and functions. Additionally, our findings suggest that NR does not utilize
alternative transporters or pathways to exert its effects. Due to the close genomic
proximity of NRT1 and YORO72W, and their identification in both GWAS and QTL
mapping, we used a Ayor072w strain to investigate its role in NAD* metabolism.
We found significant differences between control condition and PQ treatment (P-
value < 0.0001, ANOVA). Moreover, co-treatment with PQ and NR prevented the
PQ-induced phenotype, increasing yMax (P-value = 0.0002, ANOVA) (Figure 7D).
These results strongly suggest that YOR072W is not essential for NAD*
metabolism, as Ayor072w yeast strain can still respond to NR supplementation.
However, Yor072w could play a role in PQ toxicity because Ayor072w is more

susceptible to PQ exposure.
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Figure 7. Validation of growth phenotypes using genes identified in GWAS
(MMax). (A) Deleting strains of the genes found in the GWAS (uMax) and

calculation of the growth parameter pMax in control condition and PQ-exposure
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(200 pg/mL). (B) calculation of the growth parameter uMax of S288C strain in 4
conditions: Control, PQ (200 pg/mL), NR 20 uM and co-treatment PQ and NR. (C)
Deleting strain in NRT1 gene found in the GWAS (uMax) and calculation of the
growth parameter pMax in 4 conditions: Control, PQ (200 pg/mL), NR 20 uM and
co-treatment PQ and NR. (D) Deleting strain in YOR072W gene found in the
GWAS (uMax) and calculation of the growth parameter uMax in 4 conditions:
Control, PQ (200 ug/mL), NR 20 pyM and co-treatment PQ and NR. N sample =
12. Shapiro Wilk normality test P-value > 0.05. ANOVA test P-value < 0.05, post-
hoc Dunnett. P-value < 0.05 (*), P-value < 0.01 (**), P-value < 0.001 (***), P-value
< 0.0001 (*™**), ns = not significant (P-value > 0.05). Statistical analysis was

performed in SPSS software version 20.0 and plotted in GraphPad.

10.2. Treatment of PQ and NR in dopaminergic neurons from iPSCs

In addition to our findings in yeast, we established a collaboration with Professor
Michela Deleidi, who conducted experiments on dopaminergic neurons iPSC from
GBA-PD patients. These cells were treated with NR to investigate their capacity
to prevent the toxic effects of PQ exposure on cell viability. Bright-field microscopy
revealed no significant differences in PBS samples (Figure 8A) or cotreatment
PBS and NR at 1 mM (Figure 8B). However, we found increased cell death when
the cells were exposed to PQ (500 uM) (Figure 8C), while the co-treatment with
PQ and NR 1mM effectively prevented cell death (Figure 8D), suggesting a

preventive effect of NR in cell viability.
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To confirm the previous findings, we perform an MTT analysis to determine cell
viability. Our results showed no significant differences in cellular viability in PBS
or PBS combined with NR at 1 mM conditions (P-value = ns, T-Test) (Figure 8E).
In contrast, PQ exposure significantly reduced cellular viability compared to the
control condition (PBS) (P-value < 0.0001, T-Test) (Figure 8F). However, the
combination of PQ and NR partially prevented the toxic effects of PQ exposure

(P-value = 0.0001, T-Test) (Figure 8G), resulting in increased cell viability.

24 h PBS +

24 h PBS
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Figure 8. Treatment of NR in dopaminergic neurons from iPSCs exposed to
PQ. Cell viability by brightfield microscopy in dopaminergic neurons from iPSCs
of GBA-PD patients in (A) control condition (PBS), (B) PBS and 1 mM NR, (C) PQ
500 uM exposure and (D) PQ and NR co-treatment. Cell viability through MTT
assays. (E) PBS condition and PBS with NR 1 mM, (F) PBS and PQ, (G) PQ and
PQ and NR co-treatment. Shapiro Wilk normality test P-value > 0.05. T-test P-
value < 0.05. P-value < 0.05 (*), P-value <0.01 (**), P-value < 0.001 (***), P-value
< 0.0001 (****), ns = not significant (P-value > 0.05). Statistical analysis was

performed in SPSS software version 20.0 and plotted in GraphPad.
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11.DISCUSSION

Saccharomyces cerevisiae is a model system that has allowed understanding of
relevant biological, cellular, and genomics processes over time (Bai et al., 2022b;
Karathia et al., 2011b; Oftadeh et al., 2021b). Sourced from diverse ecological
niches and geographic locations, with genetically and phenotypically diverse, the
yeast strains employed in this study possess genetic and phenotypic
characteristics shaped by environment-specific alleles (Cubillos et al., 2011; Jara
et al., 2014).

The yeast isolates used in this thesis project exhibit high genetic diversity (11 = 3
x 1073) and low linkage disequilibrium (LD1/2= 500 bp), being successful for GWAS
analysis (Peter et al., 2018). These characteristics are essential to contribute to
higher-resolution mapping since the genes with low linkage disequilibrium can be
able to recombine independently during breeding, increasing the precise
identification of the genetic variants underlying phenotypic complex traits, and
even reducing the likelihood of multiple variants being inherited together (Slatkin,
2008). On the other hand, families of yeast, created through the crossing of two
founder strains, have been a valuable biological system for linkage mapping.
These panels of families have revealed a high number of QTLs, being able to
identify genomic regions with complex traits (Cubillos et al., 2013). These genetic
mapping techniques enabled us to precisely pinpoint specific regions of the

genome, especially genetic variants linked to the phenotypes of interest. This has
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significantly advanced our understanding of the phenotypic responses associated
with PQ.

Our findings demonstrate that the effect of PQ on yMax varies among a
genetically diverse panel of S. cerevisiae strains. PQ decreased yMax in 36 of the
603 isolates analyzed, indicating increased susceptibility in comparison to control
conditions. Notably, 29 of the isolates tested were resistant to PQ exposure.
These strain-specific differences suggest a transcriptional response mediated by
Gcen4, a transcription factor involved in amino acid biosynthesis and metabolism.
Gcn4 may also regulate the expression of genes encoding antioxidant enzymes
(Fendt et al., 2010; Mascarenhas et al., 2008). This suggests that PQ-resistant
strains exhibit a complex response, potentially involving enhanced metabolic
efficiency to compensate for the energy required for detoxification and repair
processes. In contrast, susceptible strains might downregulate Gcn4 activity in
response to PQ exposure.

Beyond reducing replicative lifespan and inhibiting cell division (Jarolim et al.,
2004b; Nestelbacher et al., 2000b). PQ exposure is a potent inducer of oxidative
stress, which contributes to mitochondrial damage, mtDNA loss, and impaired
oxidative phosphorylation, thus exacerbating the negative effects on cell viability
in both mammalian cells and yeast (Y. Li et al., 2021; Stenberg et al., 2022; Tién
Nguyén-nhu & Knoops, 2003). Furthermore, PQ exposure apparently inhibits
quinolinate phosphoribosyl transferase in bacteria, resulting in decreased NAD*

levels. This reduction in NAD* availability can compromise cellular energy

102

——
| —


https://paperpile.com/c/N9lzJB/xbyp+4UCU
https://paperpile.com/c/N9lzJB/lL6m+vEgu
https://paperpile.com/c/N9lzJB/lL6m+vEgu
https://paperpile.com/c/N9lzJB/RKeeA+1OSQg+Rw852
https://paperpile.com/c/N9lzJB/RKeeA+1OSQg+Rw852

® e
ICIM ui

INSTITUTO DE CIENCIAS E INNOVACION EN MEDICINA
Facultad de Medicina
Clinica Alemana - Universidad del Desarrollo

production, exacerbating the detrimental effects of oxidative stress (Heitkamp &
Brown, 1981).

Previous studies in humans have demonstrated that the increase in NAD* levels
may play a role as a potential neuroprotective factor for healthy aging and
neurodegenerative diseases (Pérez et al., 2021). NAD* is an essential redox
cofactor in mitochondrial respiration and serves as a substrate in DNA repair,
histone, and protein deacetylation, even a second messenger generation
(Brakedal et al., 2022; Pérez et al., 2021). Reports indicate that NAD*
consumption is extremely necessary for these pathways and needs continuous
and prolonged replenishment. Studies have shown that NAD+ levels decrease
with age and the NAD*/NADH ratio is crucial for maintaining a balance in these
processes. Enhancing this ratio prevents an imbalance that could cause ATP
depletion, leading to mitochondrial dysfunction and eventually the development of
neurodegenerative diseases such as PD (Brakedal et al., 2022; Wakade & Chong,
2014).

Mitophagy is a highly coordinated process that selectively degrades defective
organelles, preserving mitochondrial functional stability, which allows maintaining
cellular homeostasis. Reports indicate that impaired mitophagy may actively
contribute to PD pathogenesis. Mitophagy is regulated by PINK, which encodes
a protein involved in autophagic degradation (Youle & Narendra, 2011). Mutations
in PINK can alter mitophagy and perturb mitochondrial bioenergetics and NAD*

redox status (Bingol & Sheng, 2016; Lehmann et al., 2017; Scarffe et al., 2014;
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Youle & Narendra, 2011). These findings suggest a link between mitochondrial
dysfunction and PD, highlighting the role of mitophagy and NAD* metabolism in
preventing PD.

NAD* possesses antioxidant properties that regulate different cellular processes
and enhance the oxidative status in PD. However, patients with PD exhibit low
NAD* levels, necessitating the implementation of new strategies for NAD*
supplementation through molecule intermediates. Recent studies investigated the
potential NAD* precursors, such as nicotinamide riboside (NR) to prevent age-
related metabolic impairment. NR significantly enhances the mitochondrial
function in PD dopaminergic neurons in iPSC and prevents age-related loss of
dopaminergic neurons and motor impairments in fly models of GBA-PD
(Schoéndorf et al., 2018). Additionally, NR can be imported into cells through the
equilibrium nucleoside transporter (ENT) family of transporters. Once inside the
cell, NR is metabolized to nicotinamide (Nam), a precursor of NAD* (Kropotov et
al., 2021).

Our GWAS analysis of S. cerevisiae isolates, using uMax as a phenotypic trait
under PQ conditions and fold change GWAS to analyze genotype-phenotype
interactions, identified significant variants. These variants were mapped to
candidate genes in the reference genome based on their genomic location.
GWAS PQ and GWAS fold change analysis revealed a gene on chromosome 15,
YORO071C, which encodes the high-affinity NR transporter Nrt1 (P. A. Belenky et

al., 2008). Additionally, QTL mapping of the fold change in a 96-segregant SA x
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WE cross, using yMax as a phenotypic trait, identified a genomic region on
chromosome 15 (Marker CKAZ2 in significant peak) containing the YOR071C
gene. The convergence of these two independent analyses on the same
candidate gene, YORO071C, underscores its potential relevance to our research
on PD.

In yeast, NR supplementation has been shown to increase NAD* levels, activate
sir2, and extend replicative lifespan (P. Belenky, Racette, et al., 2007). Yeast
utilizes multiple pathways to metabolize NR into NAD*. The primary pathway
involves the kinases Nrk1 and Nrk2, which phosphorylate NR for conversion to
NAD*. Alternatively, the enzymes Urh1 and Pnp1 can degrade NR to
nicotinamide, which can then be recycled to produce NAD* (P. A. Belenky et al.,
2008). The NRT1 gene encodes the Nrt1 protein, a membrane protein primarily
associated with thiamine transport but exhibiting low affinity. However, mutants of
nrt1 have been shown to reduce NR utilization by 93%, indicating that Nrt1 plays
a significant role in NR transport (P. Belenky et al., 2011; P. A. Belenky et al.,
2008). Our findings align with previous literature, as we observed no differences
in yMax when comparing the NRT1-deficient strain exposed to NR alone or in
combination with PQ. It had no discernible impact on the yeast growth-related
phenotype, as the NR did not enter the system to exert any effect. Intriguingly, we
also found no differences in PQ exposure, suggesting that NRT71 and NR may be

involved in this response.
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In humans, organic cation transporters (OCT), specifically the transporters OCT2
(SLC22A2) and MATE-1 (SLC47A1), belonging to the multidrug resistance protein
family have been described. Both are responsible for mediating PQ transport and
subsequently accumulation within cells, producing cytotoxicity (Chen et al., 2007).
While in humans PQ transport mechanisms have been described, they have not
yet been elucidated in yeast. In our results the nrt7 mutant showed no significant
changes in pMax in any condition, indicating that PQ exposure remains
unaffected in the absence of transporter activity. Nrt71 is a transporter with
selectivities for different molecules. For example, it can transport 5-
Aminoimidazole-4-carboxamide-1-B-D-ribofuranoside (Ceschin et al., 2014), 5-
fluorocytosine (Paluszynski et al., 2006), and thiamine (Mojzita & Hohmann,
2006). If our hypothesis is correct Nrt1 might also facilitate PQ transport. To test
this, it is necessary to determine if Nrt1 overexpression in yeast increases PQ
toxicity within the cells. Furthermore, it is relevant to confirm through experiments
competitive inhibition whether Nrt1 interacts with PQ and directly mediates its
transport, either as a primary or alternative pathway. Understanding how PQ is
transported into the cell could be a strong proxy for elucidating its mechanisms of
action.

The active and functional transporters mediate the intervention of NR into the cell,
increasing ATP production and mitochondrial membrane potential. Thus, it
reduces oxidative stress, increasing the NAD* metabolism in PD models (Pérez

et al., 2021). The effects of PQ disrupt the balance in the redox cycle, leading to
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mitochondrial fragmentation through ROS and reactive nitrogen species and
ultimately apoptosis (Alural et al., 2015; Djukic et al., 2007; Donaher & Van den
Hurk, 2023b; Houzé et al., 1990; Xiong et al., 2019) The damage in dopaminergic
neurons is mediated by cellular and molecular events in association with oxidation
into the cell, being contributing factors in PD pathogenesis (Dinis-Oliveira et al.,
2006; See et al., 2022). Here, NR is relevant because it has a potential therapeutic
role in the prevention of toxic effects caused by PQ. This is consistent with our
findings demonstrating that the S288C yeast strain when exposed to PQ,
significantly increased the yMax as a physiological reproductive growth, while
when co-treatment with NR, the toxic effect is lower, since increasing the yMax
improves reproductive fitness. These results showed a protective effect of NR
when it is supplemented in the yeast strains exposed to PQ. In collaboration with
Professor Michela Deleidi, our findings were confirmed, because experiments
using iPSC-derived dopaminergic neurons from GBA-PD patients, demonstrated
reduction in cell viability in neurons with PQ exposure, while when NR is co-
treated, the cell death was prevented, suggesting again the protective role of NR
in this human cell models, being a strong supplement candidate for PD induced
by PQ and even other pesticides.

The prevention of NR has effects when the cells or organisms are exposed to PQ.
The effect is mediated by sirtuin 1 (SIRT1), which is an NAD*-dependent protein
deacetylase with roles in different processes, such as apoptosis, inflammation,

and cell proliferation (Ding et al., 2016; X. Li et al., 2020). Sirt1 promotes the
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stability of nuclear factor E2-related factor 2 (NRF2), increasing the transcriptional
activity and expression of their protein. These changes in transcript levels
upregulate the expression of SOD, CAT, and GSH such antioxidant factors
relevant to oxidative stress induced by stressors (Chao et al., 2022; S. Li et al.,
2016). The protective role of Sirt1 prevents PQ-induced damage using its
antioxidant effects in mouse type Il alveolar epithelial cells, regulating the
deacetylation and activation of the NRF2/ARE antioxidant pathway (Ding et al.,

2016).
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12.CONCLUSIONS

This thesis project investigated cellular, molecular, and genetic mechanisms in
four diverse genetic backgrounds of S. cerevisiae against PQ toxicity, allowing the
unveiling of differential responses. These PQ susceptibilities and resistances
could be good proxies for a study in humans. For designing new strategies, it is
necessary to have a deeper understanding of the biology of resistant strains and
to prevent pesticide-induced PD, such as PQ exposition. To investigate the gene-
environmental interaction approaches like GWAS and QTL mapping were used.
In this study we used a collection of 1,011 isolates from diverse ecological niches
and geographical for GWAS and segregants from crosses of founder yeast
strains, enabling us to identify variants and markers associated with those
differential responses to PQ defined as susceptibility and resistance. These
findings revealed candidate genes and processes associated with mitochondrial
metabolism, particularly the role of NAD* metabolism in response to PQ and to
offer potential therapeutic targets for PD. Here, we demonstrated that NR can
effectively prevent the toxic effects of PQ, like reproductive fitness and cell viability
in yeast models and dopaminergic neurons from iPSC from GBA-PD patients,
respectively, indicating NR as a promising therapeutic agent for PD induced by

PQ toxicity.
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In conclusion, our thesis study represents a valuable source of information about
the underlying processes of PD through cellular and molecular responses
associated with PQ toxicity in genetically diverse yeast strains. In addition, the
use of GWAS and QTL mapping like powerful genetic techniques gave us a
deeper understanding of the gene-environmental interaction and identify
candidate genes. Our GWAS and linkage studies in yeast strains identified the
NRT1 gene, as a strong candidate, which encodes the Nrt1 transporter regulating
NR transport and preventing the toxic effects of PQ, apparently, through
enhancing mitochondrial NAD* metabolism, suggesting potential therapeutic

targets for interventions aimed at preventing or treating PQ-induced toxicity in PD.
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13.FUTURE DIRECTIONS

In the future is relevant to integrate our findings in PQ with transcriptomic analysis
in combination with biological network enrichment to elucidate the major
pathways, critical routes, and even interaction with other molecules. Subsequent
studies in yeast mutants and other organisms with central nervous systems could

be a valuable approach for new therapies in pesticide-induced PD.
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The lysosomal p-glucocerebrosidase strikes
mitochondria: implications for Parkinson’s
therapeutics

Juan Carlos Rubilar,! ®Tiago Fleming Outeiro®**> and Andrés D. Klein®

Parkinson’s disease is a neurodegenerative disorder primarily known for typical motor features that arise due to the
loss of dopaminergic neurons in the substantia nigra. However, the precise molecular aetiology of the disease is still
unclear. Several cellular pathways have been linked to Parkinson’s disease, including the autophagy-lysosome path-
way, a-synuclein aggregation and mitochondrial function. Interestingly, the mechanistic link between GBA1, the
gene that encodes for lysosomal p-glucocerebrosidase (GCase), and Parkinson’s disease lies in the interplay between
GCase functions in the lysosome and mitochondria. GCase mutations alter mitochondria-lysosome contact sites. In
the lysosome, reduced GCase activity leads to glycosphingolipid build-up, disrupting lysosomal function and autop-
hagy, thereby triggering o-synuclein accumulation. Additionally, a-synuclein aggregates reduce GCase activity, cre-
ating a self-perpetuating cycle of lysosomal dysfunction and a-synuclein accumulation. GCase can also be imported
into the mitochondria, where it promotes the integrity and function of mitochondrial complex I. Thus, GCase muta-
tions thatimpair its normal function increase oxidative stress in mitochondria, the compartment where dopamine is
oxidized. In turn, the accumulation of oxidized dopamine adducts further impairs GCase activity, creating a second
cycle of GCase dysfunction. The oxidative state triggered by GCase dysfunction can also induce mitochondrial DNA
damage which, in turn, can cause dopaminergic cell death. In this review, we highlight the pivotal role of GCase in
Parkinson’s disease pathogenesis and discuss promising examples of GCase-based therapeutics, such as gene and
enzyme replacement therapies, small molecule chaperones and substrate reduction therapies, among others, as po-
tential therapeutic interventions.
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Introduction

Parkinson’s disease (PD) is a prevalent age-associated neurodegen-
erative condition characterized by symptoms such as bradykinesia,
resting tremor, rigidity and postural instability. Additionally, PD
manifests various non-motor features, including cognitive impair-
ment, sleep abnormalities, hyposmia, cognitive dysfunction, con-
stipation, pain or sensory disturbances."

The global burden of disability and mortality related to PD is in-
creasing at a faster rate compared to other neurological disorders.
Over the past 25 years, the prevalence of PD has approximately
doubled with an estimated 8.5 million individuals living with PD
worldwide in 2019.%*

Neuropathologically, PD is characterized by the loss of dopa-
minergic neurons (DA) from the substantia nigra and the accumu-
lation of proteinaceous inclusions rich in the protein a-synuclein
(a-syn) within cells, primarily in the brain. In the brain, the accumu-
lation of a-syn typically begins either in the lower brainstem or in
olfactory bulb and, as disease progresses, is thought to spread to
the substantia nigra and to other brain regions.> However, emer-
ging studies suggest that PD may exist in multiple clinical subtypes,
differing in their neuropathological classification, genetic subtyp-
ing, biomarker signatures and mechanisms of disease, including
variation in misfolded a-syn accumulation.® Recent studies also
suggest that, at least in some cases, o-syn aggregation may origin-
ate in dopaminergic neurons in the gut, subsequently propagating
to the brain through the vagus nerve.” Therefore, it will be import-
ant to continue integrating various modalities of biological infor-
mation in order to improve our understanding of different forms
of PD.5®

While the majority of PD cases have no known genetic alter-
ation, deciphering the contribution of genetic factors in PD is ex-
tremely important for our understanding of the molecular
mechanisms underlying the disease. These factors range from
highly penetrant rare DNA variants found in familial cases, to
more common variants with smaller individual effects in sporadic
cases. Historically, linkage studies in large PD families led to the
discovery of genes such as SNCA (a-syn), LRKK2, DJ-1 (PARK7) and
PINK1, among others.® These, and other PD-associated genes,
have been connected to intracellular trafficking and mitochondrial
biology. Next generation sequencing studies, including exome and
genome sequencing, have further advanced our understanding of
PD genetics. Genome-wide association studies (GWASs) have al-
ready identified ~90 independent common risk signals associated
with PD, highlighting the involvement of the lysosome and related
organelles in the pathogenesis of the disease.™

The GBA1 gene encodes for the lysosomal B-glucocerebrosidase
(GCase), an essential enzyme involved in sphingolipid metabolism.
GCase breaks down glucosylceramide (GlcCer) into ceramide and
glucose. Biallelic mutations in the GBA1 gene lead to Gaucher’s

disease (GD), a lysosomal storage disorder characterized by the ac-
cumulation of GlcCer, glucosylsphingosine (GlcSph) and other gly-
cosphingolipids (GSLs) within cells."® GD exhibits a highly diverse
range of phenotypes, including neuropathic and non-neuropathic
forms. The underlying molecular mechanism responsible for this
variability remains unknown. However, it has been suggested
that genomic modifiers may play a significant role.**'*> GD is a
rare condition in the general population, with an incidence of ~1
in 40000 to 1 in 60000 births. Importantly, certain populations,
such as Ashkenazi Jews, have a higher incidence of ~1 in 800
individuals.*®"

The connection between GBA1 mutations and PDinitially emerged
from anecdotal cases observed in relatives of GD patients, particularly
within the Jewish population. At first, it was perceived as a mere coin-
cidence due to the high prevalence of both diseases in this popula-
tion."®'? However, a genomic study of 99 PD Ashkenazi patients
showed that 31% of them presented variants in at least one GBA1 al-
lele.?® This observation was further confirmed when a large-scale
GWAS, including 5691 patients with PD (780 Ashkenazi Jews) and
4898 controls (387 Ashkenazi Jews) revealed that mutations in one al-
lele of the GBA1 gene substantially increase the risk of developing
PD.?! Subsequentinvestigations further confirmed the association be-
tween GBA1 and PD and expanded it to include other variants in lyso-
somal genes, such as GALC, CTSB, ATP6VOA1, SMPD1, and others,
across various human populations.??2*

In the general population, ~5% of PD patients carry a GBA1 mu-
tation, but this prevalence can rise to as high as 30% among indivi-
duals of Ashkenazi Jewish descent.’®?>?® For reasons still
unknown, the mean age at onset of PD among patients harbouring
GBA1 mutations is 4-5 years earlier than non-carriers; these indivi-
duals experience more rapid progression of motor impairment and
cognitive decline and have reduced survival rates.”’” Intriguingly,
GCase is abundantly expressed in the brain, particularly within
dopaminergic neurons.”® As a result, dysfunctional GCase may
interfere with their normal function.

The genetic landscape of GBA1 is extensive, with over 350 de-
scribed mutations in a protein of 497 amino acids.?® These variants
encompass amino acid substitutions, insertions, deletions and
complex alleles. Among them, the most common ones are
c.1226A>G (p.N370S), c.1342G>C (p.D409H), and c.1448T>C
(p.L444P). Homozygosity for these mutations results in GD and a
significant reduction in GCase activity.>® Interestingly, other GBA1
variants like c.1093G>A (p.E326 K) are associated with PD but do
not cause GD when present in homozygosity.?! Instead, they only
lead to a subtle reduction in GCase activity.>**? Systematic studies
have been conducted to evaluate the risk of PD associated with each
specific GBA1 mutation. A web browser tool has been designed for
this purpose,®® emphasizing the predictive role of GBA1 mutations
as biomarkers for PD symptoms and progression.

It is important to note that a mutation in GBA1 or other in lyso-
somal genes is not sufficient to trigger PD. This suggests an inter-
action with other genetic and/or environmental factors is
necessary for PD to manifest, and is a research field that requires
continued attention.
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Figure 1 GCase exists in lysosomes and in mitochondria and plays a significant role in PD. Reduced GCase activity within the lysosomes leads to ele-
vated sphingolipid levels and hinders autophagic flux, resulting in the aggregation of u-syn into putatively toxic clusters. In turn, the accumulation of
a-syn impairs GCase activity, initiating a detrimental cycle of cellular self-destruction. GCase also supports the proper functioning of mitochondrial
complex Iand maintains mitochondrial integrity. Alterations in GCase activity cause an increase in reactive oxygen species (ROS), leading to dopamine
oxidation, intensifying o-syn aggregation, and further impairment of GCase activity, creating a second destructive cycle. Additionally, autophagy de-
ficiencies impair the elimination of damaged mitochondria, leading to an additional rise in ROS levels. ROS damages mtDNA, which triggers a-syn ac-
cumulation and cell death. Furthermore, the lysosome and mitochondria are connected through membrane contact sites (MCS), facilitating the
exchange of molecules, including toxic lipids and probably dysfunctional GCase. Black arrows indicate promotion of a mechanism and ‘T’ indicates
inhibition. GCase = B-glucocerebrosidase; PD = Parkinson’s disease. Figure created with BioRender.com.

Molecular mechanisms linking GCase to Parkinson’s
disease

The mechanistic link between GCase mutations and PD is being
continuously refined as new studies emerge (Fig. 1). Loss-of-
function variants in GBA1 have been found to trigger lysosomal dys-
function. For instance, CRISPR/Cas9 gene-edited isogenic human
dopaminergic-like neuroblastoma cells lacking CGase or bearing
the p.N370S or p.L444P variants show lysosomal alkalinization, ac-
companied by less protein breakdown within lysosomes but not to-
tal protein degradation. This was analysed by measuring the
degradation rate of long-lived proteins labelled with radioactive val-
ine in the presence of ammonium chloride and leupeptin.**
Furthermore, a reduction in the activity of cathepsin D,
B-hexosaminidase and acid phosphatase was observed only when
the activity was analysed in isolated lysosomes, but not in the total
homogenates. These changes are accompanied by increased levels
of GCase substrates determined by LC/MS-MS and a-syn aggrega-
tion.>* The build-up of GlcCer and the aggregation of a-syn has
been replicated many cell types, including in human induced pluri-
potent stem (iPS) neurons®* and others,® where lysosomal

dysfunction was measured as reduced dextran degradation and ac-
cumulation of enlarged lysotracker positive vacuolar structures.®® A
non-genetic mechanism that decreases GCase and other lysosomal
activities resulting in increased GlcCer and other sphingolipids is
ageing,®”*! a major risk factor for both genetic and sporadic PD.*?

Biochemical studies directly implicate GlcCer on a-syn oligo-
merization and fibril formation in a reversible process, upon
GluCer depletion.*® Emerging evidence suggests that accumulation
oflong-chain GSLs (>22 chains), but not short-chain species, induce
a-syn neuropathology in vivo. Notably, reducing long-chain GSLs by
30%-40% can prevent or reverse a-syn neuropathology, but only in
the presence of fully functional cathepsins,** whose activity de-
pends on the acidic pH of the lysosome that is disturbed by GCase
mutations.® Furthermore, o-syn has been shown to inhibit the nor-
mal activity of wild-type GCase enzyme in neurons and in brain tis-
sue from idiopathic PD cases, establishing a bidirectional cycle
between o-syn and GCase that may contribute to a self-propagating
disease process.*® Interestingly, a recent study showed that GlcCer
can self-assemble and form amyloid-like aggregates in vitro, and
that these can, in turn, induce o-syn aggregation.*
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Genetic studies using knockdowns of lysosomal storage dis-
order (LSD) genes in a Drosophila model of PD validated 15 lysosomal
genes as modifiers (enhancers) of a-syn-induced locomotor dys-
function. Among them are the orthologues of GBA1, GLBI, IDS,
NPC1, SCARB2, SMPD1, CTSD, GNPTAB, SLC17A5 and others, which
have been reported as PD susceptibility factors in humans.*
Collectively, these results, including others, establish the lysosome
and related organelles as contributors to the aetiology of PD.*’

In addition, human induced pluripotent stem cell (iPSC) dopa-
minergic neurons carrying GBA1 mutations exhibit elevated cyto-
plasmic calcium levels and impaired autophagy flux, as evidenced
by a decreased degree of co-localization between LC3+ vacuoles and
LAMP1+ compared to controls. These alterations were reversible
after gene corrections.*® It is important to note that our understand-
ing of the mechanistic links between mutated GCase and PD is still
evolving, and further research is necessary to fully elucidate the
complex interplay between these factors.

The initial description of alterations in mitochondrial complex I in
PD were reported by Schapira and colleagues®® in 1989. Subsequent
genomic studies revealed mutations in mitochondrial genes like
PINK1, DJ-1, PARK2'*%*? among many others, further validated
this discovery. These findings have been extensively investigated,
unveiling the role of mitochondrial dysfunction in the pathophysi-
ology of PD.>>>* The fact that pharmacological inhibition of GCase
activity with conduritol B epoxide (CBE) or mitochondrial complex
I inhibition with rotenone lead to similar effects on dopamine
and serotonin turnover in SH-SY5Y cells,>® suggested that GCase
could participate in mitochondrial-related pathways and/or that
rotenone could have an effect in the lysosome.

Compelling evidence from GD animal models and GD human-
derived cells suggest a link between GCase and mitochondria.*®>’
For instance, chemical GCase inhibition with CBE leads to decreased
adenosine diphosphate (ADP) phosphorylation, which occurs in
mitochondria, reduced mitochondrial membrane potential and in-
creased free radical formation and damage, together with accumu-
lation of a-syn in a human dopaminergic cell line.>® Consistently,
studies using a murine model of neuropathic GD showed dysfunc-
tional and fragmented mitochondria with impaired respiration, re-
duced respiratory chain complex activities, and a decreased
potential maintained by reversal of the ATP synthase.® Gbal defi-
cient cells also show reduction in mitochondrial calcium uptake
due to decreased levels of the mitochondrial calcium uniporter.®
Similar findings have been described in human GCase p.N370S
iPSC-dopaminergic neurons, which also show mitochondrial cal-
cium dysregulation, reduced mitochondrial membrane potential
and oxygen consumption rate, indicating mitochondrial failure.®*

If GCase indeed plays a role in mitochondrial function, then cells
with reduced GCase activity should be more vulnerable to toxins
that block mitochondrial function. One of those compounds is
MPP+ (1-methyl-4-phenylpyridinium), which is injected into mice
as its precursor, MPTP, to induce parkinsonism.®? This vulnerability
is evident in p.L444P GCase heterozygous mice, where
MPTP-induced neurotoxicity manifests as greater loss of nigrostria-
tal DA neurons and motor deficits compared to wild-type animals.
Importantly, both Gbal overexpression and a-syn depletion miti-
gated these MPTP-induced effects, highlighting the critical interplay
between lysosomal GCase activity and mitochondrial health.?
Supporting this connection, iPSC-derived neurons from GBA1-PD
patients exhibit depleted NAD+, a key mitochondrial metabolite

J. C. Rubilar et al.

involved in bioenergetics and mitophagy.®®> NAD+ levels can be re-
stored by nicotinamide riboside (NR) administration, rescuing both
mitochondrial function and motor deficits in a GBA1-PD fly model.®*
These findings underscore the pivotal role of GCase in safeguarding
mitochondrial function and suggest its potential as a therapeutic
target for mitigating GBA1-PD-related pathology.

The generalized block in the autophagic flux triggered by lyso-
somal dysfunctional GCase®® can, potentially, aggravate mitochon-
drial abnormalities. GD animal models, 3D human neurospheres
and post-mortem brain tissue from PD patients carrying GBA1 muta-
tions present mitophagy dysfunction and oxidative damage.>%¢%®
Impaired autophagic and mitochondrial functions are partially re-
stored by enzyme replacement therapies in peripheral blood mono-
nuclear cells (PBMCs) derived from GD patients,®” suggesting that
mitochondrial dysfunction participates in the pathophysiology of
GCase depletion.

Another mechanism that regulates GCase levels, in addition to
the effect of genetic mutations, is proteasomal-mediated protein
degradation. At least two E3 ubiquitin ligases have been reported
to interact with both wild-type and mutant GCases to control their
degradation. ITCH ubiquitinates GCase in Lys48 and TRIP12 at
Lys293.°%%° TRIP12 overexpression leads to decreased GCase levels,
increased a-syn accumulation, and to mitochondrial dysfunction.®
Elevated levels of TRIP12 are also observed in human PD brain and
o-syn-based mouse models.®® These results indicate that reduced
levels of GCase, independent of the molecular mechanism that
leads to its reduction, cause mitochondrial defects.

Although research models tend to oversimplify the pathological
disease context, organelles are not isolated in cells. They are often
connected, communicating and exchanging signalling molecules
such as proteins, lipids, metabolites, etc. Under normal conditions
the mitochondria and the lysosome interact through contact sites.
Remarkably, dopaminergic neurons derived from GBA1-PD patients
exhibit prolonged interactions between mitochondria and lyso-
somes. This extended time of contact is a result of a malfunction in
the untethering protein TBC1D15, which is responsible for mediating
Rab7 GTP hydrolysis to release the contact.”” The administration of a
small molecule chaperone, which enhances GCase activity, effective-
ly restored lysosome-mitochondria dynamics measured as the
average time that these organelles are physically in contact, mito-
chondrial density, oxidative phosphorylation and ATP concentration
in GCase mutant neurons.”* This supports a potential involvement of
lysosome-mitochondria contact sites in PD pathology. Notably, the
same chaperone increased GCase activity, reduced GluCer and
GlcSph accumulation, and decreased insoluble a-syn species in
brains of Gba1P4**V/* mice.”? This indicates that this small chaperone
also has the potential to modulate GCase activity in vivo.

Up to this point, most of the presented evidence is correlative.
However, two pieces of data directly link GCase function to PD and
mitochondria. One recent study explored the GCase-interacting
proteome of wild-type (WT), p.L444P and p.E326 K GCase mutants
using FLAG-tags. This unbiased approach revealed that both wild-
type and mutant enzymes interact with several mitochondrial pro-
teins, including mitochondrial quality control proteins HSP60 (a
chaperonin protein essential for the folding and assembly of newly
imported proteins in the mitochondria) and LONP1 (a mitochondrial
matrix protein) in HEK cells and human iPSC-derived dopaminergic
neurons. To confirm the mitochondrial localization, subcellular frac-
tionation was performed followed by western blotting and super
resolution imaging on a conventional fluorescence microscope.”® In
the future, complementary imaging techniques, such as electron mi-
croscopy, could be used to further validate these findings. The role of
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GCase in mitochondria was also explored in this groundbreaking re-
search. The authors showed that mitochondrial GCase promotes the
maintenance of mitochondrial complex I measured as the ratio of
NADH oxidase/co-enzyme Q reductase activities.”>’* This study
aligns with our own research findings, which suggest that another
chaperonin protein, HSP10, may become sequestered by a-syn in
the cytosol, consequently impacting mitochondrial function.”

Studies using midbrain organoids show an increased interaction
between mutant GCase and LONP1 when compared to the wild-type
enzyme, leading to a-syn aggregation and the dysfunction of mito-
chondrial complex I. In addition, dysfunctional GCase increases
the production of mitochondrial reactive oxygen species (ROS) spe-
cies.”? ROS lead to dopamine oxidation in a non-enzymatic reaction
within mitochondria that results in the formation of dopamine ad-
ducts that, in turn, inhibit GCase function, thereby exacerbating
the pathology and creating another amplification cycle.”®
Consistently, in PD and GD there is generalized oxidative damage,
probably partially mediated by GCase dysfunction, which is re-
flected by reduced plasma glutathione levels.”””® Compelling evi-
dence shows that oxidative stress can trigger mitochondrial DNA
(mtDNA) damage, which has been proposed as a blood biomarker
for PD.”># A recent study demonstrated that injecting damaged
mtDNA into the brains of mice led to the death of dopaminergic
cells. This was accompanied by an increase in phosphorylated
a-syn, the accumulation of lipofuscin granules (presumably in lyso-
somes), and motor impairments. In contrast, injecting healthy
mtDNA did not induce these effects.®* Taken together, these results
support that GCase plays a major role in oxidative stress homeosta-
sis in the mitochondria, which in turn leads to a-syn aggregation.
Furthermore, the GCase-mitochondrial connection may explain
why some mutations that in homozygosity do not cause GD, such
as ¢.1093G>A (p.E326K), could be associated with PD by disrupting
mitochondrial function.

The interplay between GCase, a-syn and the endoplasmic reticu-
lum (ER) has also garnered significant research attention. Mutations
in GCase have been shown to induce ER stress, a known trigger of
apoptosis,® and can be targeted for degradation by ER-associated
protein degradation (ERAD) via the proteasome,®® contributing to
GD severity®® and potentially explaining the association between
p-E326K and PD. Mechanistic studies in iPSC-derived dopaminergic
neurons carrying the heterozygous p.N370S GCase mutation re-
vealed ER misprocessing accompanied by ER stress pathway activa-
tion, lipid accumulation, intracellular o-syn aggregation and its
subsequent secretion (not in exosomes).®> Notably, iPSC-derived
neurons harbouring SNCA (a-syn) triplications exhibited ER frag-
mentation and aggregation of insoluble, likely membrane-bound
GCase, suggesting an interaction between a-syn and specific GCase
chaperones within the ER.%¢ While a strategy targeting ER proteosta-
sis by blocking ryanodine receptors (RyRs) successfully increased
soluble GCase levels, it unfortunately had minimal impact on
GCase trafficking in patient neurons, hinting at potential down-
stream ER factors hindering hydrolase trafficking® Collectively,
these studies highlight a potential toxic gain-of-function in GCase,
induced either by GCase mutations or o-syn overexpression.®?

If variants in GBA1 and/or other lysosomal genes increase PD risk, then
changes in their activities should be observed in patients. Reduced
GCase activity and several other sphingolipid hydrolases are ob-
served in PD midbrain post-mortem studies and in patient-derived
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fibroblasts.**®” Lower GCase activity has been also found in CSF of
PD patients,®“° in dried blood spots®®?> and in PBMCs.”>%*
However, exceptions to these findings have been reported. A recent
study did not found changes in GCase activity in blood dried spots
in PD patients in an Ashkenazi Jewish cohort.”® These differences
can be partially due to the methodology applied. Striking differ-
ences are observed when lysosomal enzymes are measured in total
homogenates versus in isolated lysosomes.>*

The consequence of lower GCase activity in the lysosome
should be substrate build-up. In this regard, there are also contra-
dictory data. Alipidomic analysis of in the putamen and cerebellum
of controls, PD-GBA1 and sporadic PD showed no evidence for sub-
strate accumulation in affected brains independent of GBA1 muta-
tions.®® However, a recent lipidomic analysis in the striatum, the
occipital cortex, middle temporal gyrus and cingulate gyrus from
idiopathic PD, PD-GBA1 and age- and sex-matched controls (n=21
for each group) showed a small but significant elevation in ganglio-
sides in most of the PD and PD-GBA1 brain regions, suggesting that
gangliosides, but not glucosylceramides, may participate in the
pathological cascade. However, the lipid levels in the substantia ni-
gra were not assessed in this study.”” Another study, including 109
PD-GBA1 patients and 118 controls, reported elevated plasma hex-
osylceramides and hexosylsphingosine levels in PD patients, while
ceramides were found to be reduced in patients.®® Moreover, the
study found sex differences, with a preferential shunting from hex-
osylceramide to hexosylsphingosine in males, and to ceramides in
females. This study supports sex-related pathophysiologic differ-
ences in GCase function, which have not been addressed before
and should be included in future GCase-related clinical studies.

As PD is a complex and heterogeneous disease, and not every pa-
tient shows decreased GCase activity of glycosphingolipid accumula-
tion, customized therapies should be designed based on the biology
of each patient. In this regard, large consortia, such as the PD progres-
sion markers initiative (PPMI), the International Parkinson’s Disease
Genomics Consortium (IPDGC), the Molecular Integration in
Neurological Diagnosis (MIND) Initiative, the Parkinson’s Disease
Biomarker’s Program (PDBP) and the Personalized Parkinson Project
(PPP), were developed to usher in a precision medicine era.”®%
Analogously, it has been proposed that PD animal models of different
genetic backgrounds, that show different severities and progressions,
are necessary for investigating customized therapies,'** ' including
GCase-focused approaches.

While targeting GCase may not lead to improvements in every PD
patient, it holds potential for assisting a significant number of indi-
viduals. Numerous therapeutic approaches initially developed for
GD,' along with novel approaches currently under development,
could be repurposed for PD. These strategies encompass small mo-
lecules that enhance GCase activity, enzyme replacement therap-
ies, gene therapies, substrate reduction therapies, chaperones
and genetic modifiers of GCase activity.'°® However, a major chal-
lenge resides in ensuring treatment crosses the blood-brain barrier
to reach the brain at the necessary levels (Fig. 2).

A groundbreaking study demonstrated that a small molecule ac-
tivator of GCase,'* effectively reduces the accumulation of glucosyl-
ceramide and hexosylsphingosine, while promoting a-syn clearance
in dopaminergic lines derived from human iPS cells obtained from
PD patients with mutations in SNCA (triplication or A53T), GBA1,
PARKO9 genes, as well as idiopathic PD neurons. This indicates the
potential of GCase activation in diverse genetic backgrounds.'°
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Figure 2 GCase and glycosphingolipid-targeted therapeutic approaches for PD. GCase and GSL-targeted therapies can be categorized as follows: (i) de-
livery of non-mutated enzyme, such as gene therapy delivered to the nucleus or enzyme replacement therapies (ERT), which are taken up by the en-
docytic pathway and directed to the lysosome; (ii) targeting the defective enzyme using small molecules, including chaperones that aid in proper
protein folding and other types of activators; (iii) modifier genes that regulate GCase enzyme activity or pathological cascades; and (iv) reducing sub-
strate biosynthesis (substrate reduction therapies, SRT) by inhibiting glucosylceramide synthase at the endoplasmic reticulum (ER) or acid ceramidase
in the lysosome. Although some of these therapies are targeted to one specific organelle, the lysosome and the mitochondria can exchange therapeutic
contents through their membrane contact sites (MCS). Mechanistically, untethering lysosome-mitochondria contact sites involves the recruitment of
cytosolic TBC1D15 to mitochondria via Fis1 protein. Subsequently, TBC1D15 interacts with Rab7 GTP in the lysosome, allowing Rab7 GTP hydrolysis. In

the GDP state, Rab7 loses localization to the lysosomal membrane, leading to lysosome-mitochondria untethering contact sites. GCase =
B-glucocerebrosidase; PD = Parkinson’s disease. Figure created with BioRender.com.

Similar findings were observed in the brains of Gba1”**°/* hetero-
zygous mouse models using another GCase activator.”?
Additional small molecules that exhibit promising potential in
enhancing GCase activity have been reported, and others are under
development. These include iminosugars, ambroxol, other competi-
tive, yet reversible, GCase inhibitors that facilitate the transport of
GCase to the lysosome, and non-inhibitory chaperones or activators
that do not compete for the active site. Their therapeutic application
in GD and PD and effectiveness towards specific mutations must be
investigated.'* Ambroxol, an over-the-counter expectorant widely
used in Europe and in other world regions,'*? gained significant at-
tention as a potential treatment for certain forms of GD and PD fol-
lowing its identification as a GCase chaperone.’® Ambroxol binds
to GCase, facilitating its trafficking to the lysosome, and in a low pH
it is released, increasing GCase activity in cultured macrophages de-
rived from GD and GBA1-PD patients by ~3.5-fold, while reducing
substrate levels by ~2-fold when compared to untreated cells.’™*
Similar results were observed in patient-derived fibroblasts.
Ambroxol decreases both tau and o-syn levels in an in vitro murine
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cholinergic model heterozygous for the p.N370S/WT GCase muta-
tion'*® and in transgenic mice overexpressing human o-syn.'"’
Furthermore, oral administration of ambroxol increases brain
GCase activity in non-human primates.**® Notably, ambroxol crosses
the blood-brain barrier in humans and is well tolerated in PD
patients.™® Currently, multiple clinical trials investigating the
efficacy of ambroxol in treating PD are underway across different lo-
cations worldwide (NCT02941822, NCTO05778617, NCT05830396,
NCT05287503, NCT02914366, NCT04388969, NCT0458825).

Recently, a phase 1B clinical trial (NCT05819359) investigated an
allosteric GCase activator, which showed good tolerability.*?° In vi-
tro, this molecule was able to double GCase activity in wild-type and
mutated enzymes. Notably, the CSF concentrations of the GCase
activator mirrored the unbound plasma fraction, suggesting effica-
cious brain penetration.’?® The clinical benefit will be further as-
sessed in a larger phase 2 study. Exploring therapeutic strategies
that aim to increase GCase activity through targeting modifier
genes is an intriguing, yet under-explored avenue. Modifier genes
refer to loci where DNA sequence variations can alter a phenotype
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thatis typically independent of the target gene.’?! In this regard, we
have mapped potential modifiers of GCase activity, as well as 11
other lysosomal enzymes, and of the levels of various glycosphin-
golipids implicated in PD.'**'?* Among the identified candidate
GCase modifiers, we identified Dmrtc2, Arhgefl and Grik5. The latter
gene encodes subunit 5 of the glutamate ionotropic kainate recep-
tor, which has been extensively studied and for which several ago-
nists and antagonists are known.’®* The involvement of kainite
receptors (KAR) has been implicated in both genetic and environ-
mental PD models."®>'? Furthermore, PARKIN (PRKN), an E3 ligase
PD susceptibility gene, interacts with some subunits of ionotropic
kainite receptors, regulating its levels by proteasomal regulation.?’
Thus, PD-PARKIN neurons show high levels of KA2 receptors and
enhanced glutamate excitotoxicity.'” Whether KAR antagonists
could exert beneficial effects in PD models by regulating GCase ac-
tivity remains unknown.

Substrate reduction therapies (SRT) that inhibit the production of
the molecules that accumulate in lysosomal storage disorders have
been successfully used in patients where first line enzyme replace-
ment therapies failed.*”® Although there is still no solid preclinical
or clinical evidence of glycosphingolipid accumulation in PD,'*° a
double-blind placebo-controlled clinical trial testing a glucosylcera-
mide synthase inhibitor SRT (NCT02906020), exhibited a satisfactory
safety profile but did not demonstrate any advantageous effects
when compared to a placebo.® These results suggest that this SRT
does not seem to be a viable approach for treating GBAl-associated
PD, thereby raising doubts about the role of GlcCer in the pathology.

In contrast, a promising preclinical study with the inhibition of
acid ceramidase, the lysosomal enzyme that deacylates GluCer to
GluSph, prevented mTOR hyperactivity, restored autophagic flux
and lowered a-syn levels in an iPSC dopaminergic neuron model
of GBA1-PD. Administration of GluSph in wild-type cells mimicked
the mTOR/a-syn abnormalities observed in GBA1-PD neurons, and
these phenotypic alterations were prevented when GluSph treat-
ment was in the presence of mTOR inhibitors."®! These results sug-
gest that GluSph, rather than GlcCer, is responsible for PD cellular
alterations including autophagic block and, thus, SRT aimed at in-
hibiting acid ceramidase may be explored in clinical trials.

Enzyme replacement therapies, wherein the lysosomal enzyme
is intravenously infused into patients, have effectively alleviated
the visceral symptoms of GD and other lysosomal disorders."?
However, a significant limitation of this approach is the inability
of the infused enzyme to cross the blood-brain barrier.*> To ad-
dress this challenge, a recent study employed a fusion protein by
combining a fragment of a transferrin-receptor (TfR) antibody
with recombinant human or murine GCase. The TfR is responsible
for transporting transferrin, an iron-binding protein, into the brain.
The study demonstrated that the quinmerac GCase protein effi-
ciently reached the mouse brain, effectively reducing the sphingo-
lipid build-up in various GD models. These models included cortical
neurons derived from embryonic null allele Gbal™~ mice, human
pluripotent stem cell-derived neurons, and human neuroblastoma
cells (H4 cells) with deleted GBA1 or primary murine neurons har-
bouring a homozygous human Gbal mutation (GbaP?0oV/P109V) 133
This approach holds immense potential for treating neuropathic
diseases associated with GCase dysfunction.

Concluding remarks and outlook

In conclusion, recent evidence indicates that GBA1 mutations can im-
pact PD by affecting (i) the lysosome and the metabolites degraded in
this compartment; (i) mitochondrial complex I, and (iii) other

BRAIN 2024: 00; 1-11 | 7

organelles, such as the ER. The first and second points suggest that
a loss-of-function mechanism in GCase contributes to PD patho-
physiology, while the third point indicates a toxic gain-of-function ef-
fect. These two mechanisms likely occur concurrently and may
explain the more severe phenotypes observed in individuals carrying
mutant GCase when compared to those with sporadic PD.
Irrespective of the pathological mechanisms, these findings have
supported the development of GCase-centred therapeutics for PD.
While GCase-based therapeutics have traditionally focused on the
lysosome, the recent discovery of GCase in mitochondria expands
this perspective. Considering this, GD and PD could be considered
both lysosomal and mitochondrial diseases, making both organelles
valid targets for therapeutic interventions. Promising strategies in-
clude small molecules that can act as chaperones, targeting modifier
genes of GCase activity, and novel engineered GCase enzymes that
can cross into the brain, among others. We speculate that, in combin-
ation with other strategies currently under development, such as
a-syn-targeting antibodies or anti-sense oligonucleotides, or cell-
based therapies, may lead to important and urgent improvements
in the quality of life of PD patients.
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Abstract: We are all similar but a bit different. These differences are partially due to variations in our
genomes and are related to the heterogeneity of symptoms and responses to treatments that patients
exhibit. Most animal studies are performed in one single strain with one manipulation. However,
due to the lack of variability, therapies are not always reproducible when treatments are translated to
humans. Panels of already sequenced organisms are valuable tools for mimicking human phenotypic
heterogeneities and gene mapping. This review summarizes the current knowledge of mouse, fly,
and yeast panels with insightful applications for translational research.

Keywords: systems genetics; mouse; Drosophila; Saccharomyces cerevisiae; translational research;
genetic background; precision medicine; gene mapping

1. Precision Medicine in Humans

Precision medicine characterizes diseases at a higher resolution by genomic and
other technologies, providing more accurate targeting of patient subsets with tailored
therapies [1]. To make this possible, large genotyped cohorts with deep clinical annotations
are required to map loci responsible for the phenotypic variability. Common approaches to
gene mapping include genome-wide association studies (GWAS) and linkage analysis in
families of patients with variable disease severity [1]. These studies are time-consuming and
expensive due to recruiting and genotyping costs. Furthermore, it is virtually impossible
with rare diseases to find large cohorts in order to assure statistical significance for the
genomic mapping.

Furthermore, families presenting enough informative individuals with variable symp-
toms are challenging to identify [2]. Strategies using model organisms with various genetic
backgrounds are valuable resources for overcoming these obstacles. In this review, we
describe many panels of organisms and examples of how modeling diseases on them can
accelerate the pace of discoveries toward translational research in humans.

2. Rodents as Model Organisms in Genetic Research: Advantages and Limitations

The advantages of using mouse models in biomedicine have been discussed exten-
sively [3]. Some benefits are the following: (i) the availability of genetic tools for creating
disease models by transgenic, knockout, and knock-in technologies [4-6] (https://www.
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jax.org/research-and-faculty /resources/mouse-mutant-resource/available-models (ac-
cessed on 22 May 2022)); (ii) inbred mouse strains are nearly isogenic, enabling to study
how the same genetic mutation modifies a phenotype of interest in different genetic
backgrounds [7-11]; (iii) mouse tissues are available for omics studies which can be chal-
lenging to obtain from humans [12]. Some limitations include different evolutive pressures
for mice and humans; therefore, some systems, such as the immune system, do not function
similarly in both species [13].

2.1. Hybrid Mouse Diversity Panel

Currently available resources in rodents to find modifiers genes by association studies
can be defined in two categories: (i) reference panels, consisting of inbred strains such as the
Hybrid Mouse Diversity Panel (HMDP) and the Collaborative Cross (CC); (ii) populations
derived from pseudo-random breeding of inbred strains, such as the Diversity Outbred
(DO) and Heterogeneous Stock (HS) (Figure 1).

Inbred (CC) and Outbred (HS and DO) Mice

I. First steps
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strains g | &
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Figure 1. Breeding schemes for inbred (CC) and outbred (HS and DO) mice populations: Inbred
founder strains for each panel are indicated in the right box. CC and DO populations share the same
eight founder strains, five of which are standard laboratory inbred strains, while three are wild-
derived strains. Colors represent the genotypes of strain chromosomes. The first steps include the
combination of all eight founder genomes (outcrosses). CC is then generated as a recombinant inbred
(RI) after multiple brother-sister breeding. HS and DO panels were developed as high-diversity
outbred panels by over 40 generations of random outcrosses. DO was created from partially inbred
Collaborative Cross (CC) mice. Quantitative phenotyping can be performed in the strains and used for
gene mapping. Some signals in chromosomal locations will probably pass the threshold of significance
(red line) in the LOD plot. The functional relevance of these variants can be assessed in animal models
such as knockout mice and induced pluripotent stem cells (iPSC) derived from patients.
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HMDP is a large panel of approximately 100 commercially available (https://www.
jax.org (accessed on 22 May 2022)) and fully sequenced (www.sanger.ac.uk/science/data/
mouse-genomes-project (accessed on 22 May 2022)) inbred strains: ~30 classical inbred
strains and ~70 recombinant inbred (RI) strains derived mainly from crosses between
C57BL/6] and DBA mice and A/J and C57BL /6] mice [14].

Advantages of using the HMDP panel are the following: (i) their genomes are known
(http:/ /mouse.cs.ucla.edu/mouseHapMap/ (accessed on 22 May 2022)); thus, it is un-
necessary to spend funds performing this step; (ii) HMDP possesses ~4 million common
single-nucleotide variants (SNVs), which is similar to the number present in humans [15];
(iii) high-resolution association mapping [14], which is at least an order of magnitude
higher than in linkage analysis; (iv) it is possible to integrate gene mapping with other
omics (transcriptomics, proteomics, and metabolomics data) [12]; (v) commercially avail-
able (from The Jackson Laboratory, Harlan, and others); (vi) sufficient bioinformatics tools
for data mining of complex mouse and human disease traits, such as the Systems Genetics
Resource (SGR) (http://systems.genetics.ucla.edu (accessed on 22 May 2022)); (vii) servers
to perform association mapping and statistical power simulation, which are also available
in R to run them in house [16].

The HMDP also has limitations. For example, extensive linkage disequilibrium (LD)
blocks are observed, both within and between chromosomes, probably as a result of
the selection of allelic combinations conceding higher fitness during the inbreeding [17].
Consequently, regions in LD can lead to false-positive associations in GWAS analyses.
Although the HMDP has a high mapping resolution, the statistical power to detect the
effect of loci is small (estimated at 50% to variants explaining 10% of the trait variance) [14].
Since most loci contributing to a complex trait have an effect size below 5% [18], variants
with subtle effects cannot always be detected by the HMDP. Power can be enhanced by
including additional inbred and RI strains and performing meta-analyses from other panels
such as the CC or traditional crosses [19].

An exciting application of the use of mouse panels in translational research comes from
crossing the classical Alzheimer’s disease (AD) mouse model (5XFAD) bearing mutations
in APP and PSEN1 with 28 different strains of the BXD panel (AD-BXD). The F1 represents
isogenic lines that were studied in a controlled environment. The AD-BXD panel mimicked
several signs of the AD patients, including phenotypic variation in disease onset and
severity. As in humans, the Apoe allele significantly affected spatial memory and other
behavioral tests in the AD-BXD panel. Furthermore, hippocampal gene expression in the
severe and mild lines agrees with transcriptomic changes observed in patients [20].

2.2. The Collaborative Cross (CC) Panel

The CC is a large panel of RI mouse strains obtained through systematically outcross-
ing eight founder strains, followed by randomized breeding [21]. The founder strains of
the CC include five of the widely used classical inbred laboratory strains (A /J, C57BL/6],
NOD/ShilLtJ, 12951 /SvIim], and NZO/HILt]), as well as three wild-derived strains descen-
dent of three M musculus subspecies (WSB, Castaneous, and PWK) (Figure 1). These eight
strains have been fully sequenced and carry ~45 million SNVs, four times more than those
of classical laboratory mouse strains [22].

The genomes of the CC panel are known (http://csbio.unc.edu/CCstatus/CCGenomes
(accessed on 22 May 2022)), which is helpful for genetic association studies. Haplotypes
can be easily visualized or reconstructed as a mosaic of the genomes of the founders [23].
Parental strains capture approximately 90% of the genetic diversity seen in the Mus mus-
culus species [24]. This high genetic diversity significantly reduces false candidate loci.
Additionally, randomized breeding substantially increases mapping resolution by reducing
population structure effects [25]. CC strains have been used to map quantitative trait loci
(QTLs) to less than 5 Mb intervals [26]. Online tools are available to perform GWAS and
linkage analyses [27]. Several aspects of human genetics and behavioral factors can be
modeled in this system, including the heterogeneities observed in neurodevelopmental
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disorders such as autistic spectrum disorders (ASDs) [28]. The CC panel allowed the
discovery of novel candidate severity modifiers of ASD, e.g., Bai3, considered a potential
target for pharmacological intervention [28].

Some considerations associated with using the CC panel are the following: (i) unique
outlier phenotypes can arise in large studies, probably due to the complex genetic regu-
latory networks involving multiple loci with epistatic interactions [29]; in such cases, the
preferred approach for identifying causal genes is traditional F2 analysis or backcrosses [30];
(ii) because identifying loci could be time-consuming, it is suggested to perform a pilot
study and expand as necessary [29]; (iii) creating a panel like the CC can generate breed-
ing complications and infertility, mainly caused by genomic incompatibility introduced
by the wild-derived strains. For that reason, the initial CC project aimed to produce
1000 strains but finished with only ~100 and inspired the creation of the Diversity Outbred
(DO) population.

CC lines have been used for genetic association studies of many complex traits. QTL
mapping for 15 metabolism- and exercise-related traits revealed five significant loci for body
weight, some of which overlapped with previous human studies [31]. Gene mapping of
rotarod (exercise) performance and body weight identified 45 loci, many of them related to
neurological disorders and obesity in humans, suggesting a link between physical activity
and neurodegeneration [32]. A study of glucose tolerance response in the CC panel identi-
fied, only in female mice, a genomic region comprising 51 genes. This study highlighted sex
differences in glucose response which should be considered in human studies [33]. The CC
panel is also a valuable and reliable resource for studying host-pathogen interactions [29].
For example, to map genetic modifiers affecting the severity of Pseudomonas aeruginosa lung
infections, 39 CC lines were inoculated with this pathogen. The phenotypic variability was
enormous, ranging from complete resistance to lethality. It is particularly relevant to study
the resistant lines since they have the biological secrets to design novel therapies for the
susceptible. Genomic mapping and functional validation identified dihydropyrimidine
dehydrogenase (Dpyd) and sphingosine-1-phosphate receptor 1 (51pr1) as modifier genes.
In a cohort of patients with cystic fibrosis, two SNVs in the SIPR1 gene are associated
with Pseudomonas aeruginosa infection [34], again indicating the translational relevance of
multigenetic background studies in animal organisms.

2.3. Heterogeneous Stock and Diversity Outbred Populations

Both HS and DO are high-diversity outbred mice populations. The HS was established
by breeding eight inbred strains and then outbreeding them in either a circular strategy or
using random crosses (Figure 1) to minimize inbreeding [35]. After 50 or more generations,
the HS-generated mice were a genetic mosaic of the founders” haplotypes [36,37]. On
the other hand, the DO was established from partially inbred CC lines and is maintained
indefinitely through pseudorandomized fashion non-sibling mating [38] (Figure 1). Since
the DO is derived from the same eight founders as the CC, it presents the same allelic
diversity as the CC strains. It can be used as a complementary tool in genetic association
studies [39].

There are several advantages of using HS or DO mice compared to classical inbred
mice. The outbred randomized mating increases the number of additional recombination
sites compared to those of classically inbred mice; thus, each HS or DO mouse has a
unique genome, which is a mosaic of the original eight founder lines, resembling human
heterozygosity and allows high-resolution genetic mapping [39]. HS and DO mice have
been used to finely map to intervals of 2.7 Mb [40] and less than 2 Mb [39], respectively. In
addition, outbred animals are more vigorous and less prone to both early and late recessive
allelic effects [41]. This genetic variability within both HS and DO populations results in
a high degree of phenotypic variability; thus, outbred models enable the fine mapping
of many phenotypic traits. Since the founders of CC and DO lines include wild-derived
strains, unique behaviors can be observed compared to classical laboratory strains and
represent a valuable tool for genetic behavior association studies [22]. A repository of
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DO QTL studies can be shared between laboratories (https://dodb.jax.org (accessed on
22 May 2022)). Lastly, the founders of the HS and DO populations have been sequenced [42],
reducing time and expense in locating the sequences.

Alternatively, some considerations must be made in the case of HS and DO mice. Since
each outbred animal is genetically and phenotypically distinct, each HS and DO mouse
requires genotyping and haplotype reconstruction to perform each QTL analysis [38]. High-
resolution mapping can be achieved with these panels, but analyzing many animals is
necessary for sufficient statistical power, which is not always possible [43]. Candidate
modifiers of wild behaviors can be identified with outbred mice. However, it is challenging
to validate in these panels because each animal has a unique genotype, in contrast to inbred
lines [44].

An interesting translational study using the DO panel identified a diagnostic biomarker
for human tuberculosis (TB). By applying machine learning algorithms to multidimensional
data, the authors discovered CXCL1 as a putative biomarker of TB in the serum of mice. The
biomarker was further validated in samples derived from human patients, discriminating
active TB from latent infection and non-TB lung disease [45]. This study highlights the
relevance of using population-based strategies to accelerate human biomarker discovery,
validation, and testing.

3. Drosophila melanogaster as a Model Organism in Genetic Research: Advantages
and Limitations

In addition to mouse models, Drosophila melanogaster has attracted many scientists.
Flies are small, easy to manipulate in the laboratory, and cheap to maintain. They have a
short life span (2 week generation interval) and produce many offspring. Flies show com-
plex behaviors, including sleep, aggression, addiction, and social behavior [46]. Notably,
about 70% of human disease-associated genes have a Drosophila ortholog [47]; its genome
is fully sequenced and well annotated. It can be genetically modified using chemical and
insertional mutagenesis, gene-specific mutations, or editions using CRISPR [47,48]. These
characteristics support its use as a model system to study human diseases. As expected,
the use of Drosophila for human research has limitations; for instance, the fly does not
possess hemoglobin [49] and, thus, cannot be used for studying human pathologies related
to this system.

3.1. Drosophila melanogaster Genetic Reference Panel (DGRP)

The DGRP is a collection of 205 inbred Drosophila melanogaster strains derived from a
single natural population. Inseminated females were collected from the farmer’s market
in Raleigh, NC (USA), and their offspring were subjected to 20 generations of complete
sibling mating [50] (Figure 2). The DGRP is a public resource available at the Bloomington
Drosophila Stock Center (http:/ /fly.bio.indiana.edu (accessed on 22 May 2022)) built for
genomic association analyses. Currently, their genomes are available, and each line has
minimal genetic variation [50]. Repeated measurements within each line are possible,
enabling accuracy to increase the statistical power in GWA analyses. Since the DGRP is
a publicly available resource, it allows different laboratories to correlate phenotypes on
the same genotype and understand the pleiotropic effects of DNA variants and genes on
multiple quantitative traits. Unlike the human genome, the fly genome has a structure
with low LD between closely linked polymorphisms [51], which is favorable for accurate
association mapping; thus, significant associated SNVs are likely causal or very near to
a causal variant [52]. Lastly, experimentation in Drosophila has fewer ethical concerns
compared to rodent models.

As with all study models, there are some limitations in DGRP that should be consid-
ered. Firstly, genetic variation between the lines is a snapshot of the population from which
they were derived; therefore, DGRP does not represent all the possible variations of the
species. Secondly, the 205 lines usually provide enough statistical power to detect common
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variants with moderate to large effects [53,54], but the statistical power is still limited for
rare variants (minor allele frequency (MAF) < 0.05) [51].

Isofemale lines from Natural Population
Raleigh, NC, USA

20 generations of|full-sib inbreeding

205 inbred lines
Drosophila melanogaster Reference Panel (DGRP)

Intercross for many generations

|
|
v
i &
] ]

| >
am

Advanced intercross populatio

=

(AIP)

Figure 2. Generation of Drosophila melanogaster Genetic Reference Panel (DGRP) and Advanced
Intercross Population (DGRP-AIPs). The DGRP corresponds to a sequenced panel derived from
a natural fly population of Raleigh, NC (USA), and it was generated through 20 generations of
full-sibling mating. The AIPs lines were derived from the DGRP by round-robin crossing and were
then remapped.

3.2. DGRP for Mapping Physiological and Pathophysiological Traits

The DGRP has been used for GWA mapping of many different quantitative physi-
ological traits, including food intake and sleep behavior [55,56]. Food intake is essential
to animal fitness, and 25 modifiers with human orthologs were found [55]. Interestingly,
diversity in mitochondrial haplotypes can directly mediate phenotypic variation in food
intake [57]. Sleep has been increasingly explored in recent years with this model [56]. Flies
resemble mammalian sleep and have become an important model species for identifying
sleep regulation mechanisms. Analogous to human sleep studies, a DGRP GWAS high-
lighted signals in the EGFR, Wnt, Hippo, and MAPK signaling pathways, suggesting that
genes affecting variation in this trait are conserved [58]. DGRP studies revealed the genetic
architecture of nutrient stores (glucose, glycogen, glycerol, protein, triglycerides, and wet
weight) [59], developmental plasticity [60], and circadian cycle [61].

The DGRP has been used to identify candidate modifiers of retinal degeneration [62]
and neurodegeneration in a Parkinson’s disease (PD) model [63]. PD is a highly variable
neurodegenerative disorder where variable manifestations range from cognitive distur-
bances, motor alterations, and sleep and speech abnormalities to cellular pathological
changes such as the formation of Lewy body inclusions and neuronal death [64]. The
leucine-rich repeat kinase 2 gene G2019S mutation (LRRK2 G2019S) penetrance is incom-
plete and varies among ethnic populations. In the Ashkenazy Jewish population, the low
penetrance (26%) of the G2019S mutant phenotype suggests that other factors, such as the
genetic background, the environment, and their interaction, act as modifiers of the variable
phenotype [65,66]. In this regard, it has been reported that introducing the LRRK2 G2019S
mutation in the DGRP results in considerable variability in the locomotor phenotype among
backgrounds [63]. Gene mapping revealed 177 candidate modifier genes enriched in path-
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ways involved in the neuronal outgrowth. The study suggests a link among LRRK2, neurite
regulation, and neuronal degeneration in PD [63].

3.3. Lines Derived from DGRP and DSRP

A limitation of the DGRP is its low statistical power [51], which motivated the de-
velopment of DGRP-derived advanced intercross populations (AIPs). These correspond
to lines generated by crossing parentals DGRP for many generations, which were then
remapped [67]. By successive crossings of a subset of parentals lines, it is possible to
increase the recombination rate and, consequently, the statistical power compared to the
DGRP [52]. Furthermore, the extreme QTL mapping strategy in AIPs can be used to resolve
the statistical limitations of the DGRP for rare variants (MAF < 0.05). Extreme QTL map-
ping refers to selecting individuals from the extremes of the phenotypic distribution for a
trait (resembling a case—control study). Flies are pooled and sequenced, which is cheaper
than sequencing all individuals of the initial population. This allows identifying alleles
that segregate differentially among the distribution extremes (causal variant or in LD with
it) [68,69]. The discovery of rare variants in DGRP will occur at higher frequencies in the
AlPs after an extreme QTL mapping strategy.

A less applied strategy to increase the mapping power is to use DGRP and another
panel for cross-validation, such as the Drosophila Synthetic Population Resource (DSPR).
This collection of 1700 inbred lines is derived from 15 isogenic founder lines created from
geographically distinct Drosophila populations [70]. However, some studies in both AIPs
and DSPR lack overlap with candidate genes found in DGRP, probably due to the different
genetic architecture or genetic variants between the panels.

4. Saccharomyces cerevisiae as a Model Organism in Genetic Research: Advantages
and Limitations

Saccharomyces cerevisiae, the budding yeast, has gained prominence as a model or-
ganism in quantitative genetics because it has several experimental and biologically ad-
vantageous features. For example, it has a small and compact genome of approximately
12 million bp in haploids (about one two-hundredth of the human genome). It contains
fewer introns and a lower proportion of intergenic sequences than higher eukaryotes [71].
Furthermore, it is easy to cultivate and maintain in large population size in the laboratory.
In addition, two-thirds of all yeast genes share at least one domain of significant homology
with human genes, and about 30% of known genes involved in human diseases have yeast
orthologs [72].

One of the main advantages of yeast for quantitative genetics studies is its large
genetic map. S. cerevisiae exhibits high meiotic recombination rates, with an average of
about 90 crossovers per meiosis, allowing precise quantitative phenotyping [71,73,74]. The
homologous recombination in yeast is highly efficient, facilitating the deletion of sequences
or genes in vivo [72,75]. This efficient recombination permitted the generation of the first
complete deletion mutant strain collection using gene replacement with the G418 resistance
gene (KanMX) cassette in the reference S. cerevisiae strain [76]. Since then, similar panels
have been available in different genetic backgrounds, demonstrating the high degree of
genetic background dependencies for different phenotypes [77,78]. Yeasts have less genetic
complexity than flies and rodents. Thus, it is easier to study the effect of a single gene
because of the reduced genetic redundancy [79].

4.1. Analysis of Segregating Populations from Pairwise Crosses

QTL mapping in yeast has been the primary approach to uncovering genetic variants
responsible for phenotypic differences between genetic backgrounds. Identifying QTLs
has been achieved by analyzing segregating populations from pairwise crosses, mainly
through linkage or bulk segregant analysis (BSA) [80,81]. Linkage mapping in yeast
involves mating two or more haploid parental strains that show phenotypic variation
and then phenotyping and genotyping a panel of recombinant offspring obtained from
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Haploid founders

these crosses. Recombination breaks allow causal loci to segregate with the phenotype
of interest, and QTLs are identified using statistical tests [80,82]. The BSA also involves
crossing two or more parental strains and subsequent phenotyping of their recombinant
offspring [83]. However, the BSA method uses selective genotyping of subsets of segregants,
commonly the extremes of the phenotypic distribution [84]. Typically, segregants undergo
selective environmental pressure, where large pools are constructed. One expresses the
trait of interest (selected pool), and others are not selected (control pool) or exhibit the
opposite phenotype. After genotyping each marker, genetic regions of allelic enrichment
are predicted as QTLs that contribute to the attribute of interest [85]. These approaches from
pairwise crosses have been successfully applied to map yeast genetic variation responsible
for nitrogen utilization [86], metabolic fluxes, ethanol tolerance [87], and high-temperature
fermentation [88].

Most crosses constructed in yeast have involved the reference laboratory strain S288c
or its derivatives crossed against a wild or fermentative isolate [89]. However, these strains
only harbor a small fraction of the phenotypic variation of natural populations and have
mosaic genomes of the founder strains [84,90]. Therefore, studies using biparental crosses
provide a poor understanding of the relationship between the genetic background and the
QTLs. These studies lack resolution since few generations are used; consequently, they are
unable to reveal the complete architecture of polygenic traits. Moreover, laboratory strains
often contain artificial auxotrophic markers that confound mapping experiments [91].
Investigators have recently established advanced-generation multi-parent populations
(MPPs) in yeast to overcome these problems (Figure 3).

A10 A1 A12

@@@@@@g@@ggg
ESSHSSSeSSE

Founder strains
strain Isolate

Full diallele cross in 121 A1-B1 DBVPG6765
different combinations
A2-B2 DBVPG6044

&_)

&

.
= @) il i

SGRP-4X
(Haploid)
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Figure 3. Cross design of SGRP-4X and 18F12 mapping populations. Haploid founder strains used
for generations of these populations are indicated in the right box. Ax and Bx indicate the Mat a and
Mat « haploid founder strains, respectively.
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4.2. Multi-Parent Populations (MPPs)

Yeast MPPs comprise large populations with thousands to millions of individuals
obtained from two main steps. Firstly, several (inbred or isogenic) founder strains from var-
ious geographical origins are crossed, and then the intercross of the resulting population is
subsequentially crossed for several generations [81]. Large segregating populations are then
used for mapping QTLs. The first MPP in yeast was established by Cubillos et al. [92] by
crossing four strains representative of the main S. cerevisiae lineages (Y12 strain as represen-
tative of the SA lineage, YPS128 of the NA lineage, DBVPG6044 of the WA, and DBVPG6765
of the WE lineage) for 12 generations. The SGRP-4X contains 165 sequenced segregants,
representing recombined genetic mosaics of the founder strains. Later, Linder et al. [93]
extended this approach and created 18F12v1 and 18F12v2, two outbred MPPs derived from
a cross of 18 genetically diverse founder strains, with each strain derived from the SGRP
collection [84,92,93].

MPPs in yeast are robust mapping resources due to multiple founders and rounds
of recombination in many individuals that increase both the genetic and the phenotypic
diversity, s well as the linkage block resolution of the QTL mapping compared to biparental
F1 or F2 populations. In fact, in yeast, it has been shown that only a few rounds of meiosis
are sufficient to obtain spaced near-genic resolution [94]. Association mapping in MPPs
provides more equilibrated allelic frequencies than biparental populations, increasing
knowledge about the population structure [95]. Integration of this information in the QTL
analysis can reduce the probability of obtaining false-positive results, thus demonstrating
yeast as an accurate model system to identify dozens to hundreds of genes underlying
phenotypes of interest.

4.3. Genome-Wide Association Studies (GWAS) in S. cerevisine

GWAS utilizes the variation in large populations of unrelated individuals to provide
insights into the causes of common complex traits. However, in 2012, only 36 S. cerevisiae
genomes were available from the Saccharomyces Genome Resequencing Project, hampering
GWAS studies in yeast. This situation motivated the development of a project to describe
whole-genome sequence variation in numerous yeast populations (http://1002genomes.u-
strasbg.fr/ (accessed on 22 May 2022)). Today, more than 2000 genomes isolated from a
wide range of locations (including Australia, Europe, Russia, Vietnam, and South Africa)
are available [96]. Thus, investigators can conduct GWAS in this model organism [97].

The success of GWAS in S. cerevisiae is a result of high diversity among natural isolates
relative to humans [96], low linkage disequilibrium (extended in an average half-life
of <3 kb) [98], and relatively simple quantification of phenotypes in hundreds to thousands
of individuals. However, GWAS in yeast is affected by a large population structure [84,98],
leading to limited statistical power and spurious associations. The increment in the number
of genotyped individuals is comparable to other model organisms enabling GWAS to
describe copy number variants (CNV) as having a more significant phenotypic effect than
SNV in yeast and laying the foundation for GWAS in the species [99].

Many of the phenotypes addressed in yeast are directly related to the cell-autonomous
features of human diseases, including neurological conditions such as Parkinson’s dis-
ease [100]. Thus far, most of the disease genome-wide screenings in S. cerevisiae have
deleted one gene at a time. To our knowledge, the genomic variability of yeast isolates is
starting to be used for modeling human phenotypic variabilities. In the field of longevity
and environment, a study in which 58 natural yeast strains were used led to identifying
RIM15 and SER1 as longevity genes under caloric restrictions [101].

In the future, we expect to observe increased research using panels of organisms,
where a combination of variants can be identified. This technique could be feasible in the
short term for diseases that can be mimicked pharmacologically and in the medium term
for disorders that can be reproduced genetically.
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5. Practical Considerations and Concluding Remarks

Each of the discussed organisms and panels has advantages and disadvantages for
human translational research. In addition to the already mentioned ones, researchers should
consider practical factors for deciding the best model for each project. Some relevant factors
are presented in Table 1.

Table 1. Practical considerations for choosing model organisms and their panels. The references are
shown in brackets. When deciding the best model for a project, variables such as the percentage of
homolog genes to human disease-causing genes, costs, and the possibility of automatization should
be considered.

Mus musculus Drosophila melanogaster ~ Saccharomyces cerevisiae
Genome size (kb) 2,725,521 [102] 180,000 [103] 12,070 [104]
Percentage.z of homolqg genes to human 99 [105] 70 [47,106] 60 [107]
disease-causing genes

Costs to keep the panels High Medium Very low
Complex behaviors Yes Yes No
Discovery of cell-autonomous processes Yes Yes Yes

Speed for throughput screenings and
Slow Fast Very fast

automatization of measurements

In conclusion, the consequences of a genetic mutation can be strongly modified by the
biological background in which it operates. For example, a loss-of-function mutation may
be well tolerated in one genetic context and lethal in another. The most resistant individuals
have the biological secrets useful for developing therapies for the most susceptible ones.
Human studies are challenging; they can take a long time due to the recruitment of large
cohorts, and genomic sequencing is expensive. Instead, modeling diseases in already
sequenced panels of diverse model organisms followed by gene mapping and validation in
smaller human cohorts can speed up translational research and precision medicine for both
common and rare diseases.
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