1 2

UNIVERSIDADE b

COIMBRA

Inés Ramos Rego

THE ROLE OF THE MITOCHONDRIAL
CHAPERONE TRAP1 IN THE RETINAL
PIGMENT EPITHELIUM

Dissertacdao no ambito do Mestrado em Biologia Celular e
Molecular orientada pelo Doutor Celso Henrique Freitas Alves e
pelo Professor Doutor Paulo Fernando Martins dos Santos e
apresentada ao Departamento de Ciéncias da Vida da Faculdade
de Ciéncias e Tecnologia da Universidade de Coimbra.

Julho de 2023






UNIVERSIDADE b

COIMBRA

Inés Ramos Rego

THE ROLE OF THE MITOCHONDRIAL
CHAPERONE TRAP1 IN THE RETINAL
PIGMENT EPITHELIUM

Dissertacao no ambito do Mestrado em Biologia Celular e
Molecular orientada pelo Doutor Celso Henrique Freitas Alves e
pelo Professor Doutor Paulo Fernando Martins dos Santos e
apresentada ao Departamento de Ciéncias da Vida da Faculdade
de Ciéncias e Tecnologia da Universidade de Coimbra.

Julho de 2023






This research was funded by National Funds via Fundagéo para a Ciéncia e Tecnologia
(FCT), through the Strategic Project UIDB/04539/2020, Strategic Project UIDP/04539/2020
(CIBB), CEECIND/00886/2017, CEECIND/00041/2022 and Centro 2020 Regional Operational
Programme (CENTRO-01-0145-FEDER-000008: BrainHealth 2020). The funding sources had

not been involved in the research activities and in the preparation of this Master Thesis.

fCT .. CENTROZZ #5520






A todos a quem amo...






“Para ser grande, s€ inteiro: nada
Teu exagera ou exclui.

Sé todo em cada coisa. Poe quanto és
No minimo que fazes.

Assim em cada lago a lua toda

Brilha, porque alta vive.”

In Odes de Ricardo Reis, Fernando Pessoa

Lisboa, Ed. Atica, 1946
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Abstract

Age-related macular degeneration (AMD) is the leading cause of severe vision loss and
blindness in elderly people worldwide. Vision loss caused by advanced stages of AMD has
profound human and socioeconomic consequences in all societies. This degenerative disease
affects the central macula (fovea) compromising central visual acuity in advanced stages, which
impairs one's ability to drive, read and recognize faces. The oxidative stress-induced damage of
the retinal pigment epithelium (RPE) is thought to play a key role in the onset and progression of
AMD. The hallmarks of the early stages of AMD are the accumulation of macular drusen and
pigmentary abnormalities. Progression to late AMD is characterized by the loss of both RPE and
photoreceptor cells and abnormal proliferation of choroidal capillaries. The RPE is a monolayer
of polarized and pigmented cells located between the photoreceptor cells and the choroid and
plays an important role in the maintenance of the retinal homeostasis, and protection against
oxidative stress, being suggested as a critical site of AMD pathology. Retinal pigment epithelial
cells are particularly susceptible to oxidative stress due to exposure to intense focal light, high
metabolic activity, unique phagocytic function, large oxygen gradient from the choroid, and
accumulation of oxidized lipoproteins with aging. Since oxidative stress-induced RPE damage
results from the excessive accumulation of reactive oxygen species (ROS), produced mainly in
mitochondria, mitochondrial function homeostasis is critical for maintaining ROS at

physiological levels.

Tumour necrosis factor receptor-associated protein 1 (TRAP1), also known as heat shock
protein 75 (HSP75), is a mitochondrial molecular chaperone that supports protein folding and
contributes to the maintenance of mitochondrial integrity even under cellular stress. TRAPI
protects against mitophagy, mitochondrial apoptosis and dysfunction by decreasing the
production and accumulation of ROS, thus, reducing oxidative stress. Previous studies also
determined that downregulation of TRAP1 expression impacts cellular function, resulting in
lower mitochondrial membrane potential, increased intracellular ROS production and increased

cell death.

In the context of AMD, oxidative stress-induced damage to the RPE occurs due to the
excessive accumulation of ROS, primarily produced in mitochondria under pathological
conditions. Maintaining mitochondrial function homeostasis is crucial for keeping ROS at
physiological levels and preventing the metabolic dysfunction observed in AMD pathology.
Therefore, it is important to investigate proteins that are not yet related as being involved in

oxidative stress mechanisms within the RPE in the context of AMD.



Considering the functions of TRAP1 described in other cell types, we propose that
TRAP1 modulates mitochondrial metabolism in the RPE and plays a role in preventing the onset
and progression of AMD. We hypothesize that TRAP1 can mediate protection against oxidative

stress in the RPE and therefore be a potential treatment target for AMD.

The objective of this study was to assess the presence and function of TRAPI in the
human RPE and investigate whether TRAP1 provides protection against oxidative stress in RPE
cells. To test our hypothesis, we aimed to study the cellular functions of TRAP1 in the RPE, using
the Human Adult Retinal Pigment Epithelial-19 (ARPE-19) cell line as in vitro model. We also
aimed to optimize and implement an experimental protocol for the differentiation of RPE cells
from human induced pluripotent stem cells (iRPE) to access the presence of TRAP1. Using the
ARPE-19 cell line, we evaluated the effect of TRAP1 ablation on cell viability, cell proliferation,
cell mass and protein content. Then, we assessed the impact of TRAP1 loss on intracellular ROS
production and superoxide anion production. Mitochondrial morphology and network were also
analyzed. Moreover, the effect of TRAP! silencing on mitochondrial respiration was determined.
Finally, we have evaluated the impact of TRAP! ablation in the localization and levels of TRAP1

upon hydrogen peroxide-induced oxidative stress.

Our findings reveal that TRAP1 is expressed in human adult RPE cells and primarily
localized in the mitochondria. Additionally, silencing TRAP1 expression increased ROS
production in human RPE cells and led to a quiescent metabolic state. The successful
establishment of the iRPE model will also allow to perform key experiments in the future, using
a more complex human RPE in vitro model, that better replicates the characteristics of primary
RPE. These results provide valuable insights into the development of new therapeutical strategies

for AMD.

Keywords: Age-related macular degeneration (AMD); Mitochondria; Oxidative stress; Retinal

pigment epithelium (RPE); Tumor necrosis factor receptor-associated protein 1 (TRAP1).



Resumo

A degenerescéncia macular da idade (DMI) ¢ a principal causa de perda severa de visao
e de cegueira em pessoas idosas em todo o mundo. A perda de visdo nas fases avancadas da DMI
tem consequéncias profundas a nivel humano e socioeconémico. Esta doenga degenerativa afeta
a parte central da macula (févea) comprometendo a acuidade visual central em fases avangadas,
impedindo os individuos de realizar tarefas do quotidiano, como conduzir, ler e reconhecer rostos.
O dano no epitélio pigmentado da retina (RPE) induzido por stress oxidativo desempenha um
papel fulcral no desenvolvimento da DMI. Nas fases iniciais, a DMI causa a acumulagdo de
lipoproteinas oxidadas e anomalias a nivel dos pigmentos. A progressdo para a DMI avangada é
caracterizada pela morte das células do RPE e dos fotorreceptores, além da proliferagdo anormal
de capilares da cordide. O RPE ¢ uma camada tnica de células polarizadas e pigmentadas
localizada entre os fotorreceptores e a cordide e desempenha um papel importante na manutengéo
da homeostasia da retina e na prote¢do contra o stress oxidativo, sendo sugerido como um local
critico da patologia da DMI. As células do RPE sao particularmente suscetiveis ao stress oxidativo
devido a elevada exposi¢do a luz, alta atividade metabdlica, fungdo fagocitica, exposicdo a
elevado gradiente de oxigénio e acumulacdo de lipoproteinas oxidadas. Visto que o dano do RPE
induzido pelo stress oxidativo resulta da acumulac@o excessiva de espécies reativas de oxigénio
(ROS), produzidas principalmente na mitocondria, a homeostasia da fun¢do mitocondrial ¢

fundamental para manter as ROS em niveis fisiologicos.

A proteina 1 associada ao recetor do fator de necrose tumoral (TRAP1), também
conhecida como proteina de choque térmico 75 (HSP75), é um chaperone molecular mitocondrial
que contribui para a manutengdo da integridade mitocondrial, através do seu efeito antioxidante.
A TRAPI inibe a mitofagia, apoptose e disfun¢do mitocondrial, diminuindo a produgio e
acumulagdo de ROS e, consequentemente, reduzindo o stress oxidativo. Estudos reportados na
literatura também determinaram que a reducdo da expressdo de TRAP1 afeta a fungdo celular,
resultando numa reducdo do potencial de membrana mitocondrial, aumento da produgio

intracelular de ROS e aumento da morte celular.

No contexto da DMI, o dano do RPE induzido por stress oxidativo ocorre devido a
acumulacdo excessiva de ROS, produzidas principalmente na mitocondria em condigdes
patologicas. Assim, manter a homeostasia da fungdo mitocondrial € crucial para manter as ROS
em niveis fisiologicos e prevenir a disfuncdo metabdlica observada na patologia da DMI.
Portanto, ¢ importante investigar proteinas que ainda ndo foram relacionadas como estando

envolvidas em mecanismos de stress oxidativo no RPE no contexto da DMI.



Considerando as fungdes da TRAP1 descritas em outros tipos de células, propomos que
a TRAP1 ¢é capaz de modular o metabolismo mitocondrial no RPE, desempenhando um papel
importante na prevencdo da progressdo da DMI. A nossa hipdtese ¢ que a TRAP1 tem uma fungio
protetora contra o stress oxidativo no RPE e, portanto, pode ser um potencial alvo terap€utico

para a DML

O presente estudo pretendeu avaliar a presenga e fungdo da TRAP1 no RPE humano e
investigar se a TRAP1 confere protegdo contra o stress oxidativo em células do RPE. Para testar
a nossa hipotese, estudamos as fungdes celulares da TRAP1 no RPE, utilizando uma linha celular
de epitélio pigmentado de retina humana adulta (ARPE-19) como modelo in vitro. Também
otimizamos e implementdmos um protocolo experimental para a diferenciagdo de células do RPE
a partir de células estaminais pluripotentes induzidas humanas (iRPE) para verificar a presenca
de TRAPI1. Utilizando a linha celular ARPE-19, avalidmos o efeito da reducdo de TRAP1 na
viabilidade celular, proliferacdo celular, massa celular e conteido proteico. Em seguida,
avalidmos o impacto da perda de TRAP1 na produgcao intracelular de ROS e de anides superdxido.
A morfologia e a rede mitocondrial também foram analisadas. Além disso, determinamos o efeito
do silenciamento de TRAP1 na respiracdo mitocondrial. Por fim, avalidmos o impacto da redugéo
de TRAPI na localizagdo e nos niveis de TRAP1 apos a indugdo de stress oxidativo através de

peroxido de hidrogénio.

Neste estudo demonstramos que a TRAP1 é expressa nas células do RPE humano,
estando localizada principalmente na mitocondria. Além disso, o silenciamento da expressao de
TRAP1 aumentou a producdo de ROS em células do RPE humano e conduziu a um estado
metabodlico quiescente. O sucesso na implementacdo do modelo iRPE também permitira a
realizagdo de experiéncias importantes no futuro, utilizando um modelo in vitro mais complexo e
que replique melhor as caracteristicas das células primarias do RPE humano. Em suma, os nossos
resultados fornecem informagdes valiosas para o desenvolvimento de novas estratégias

terapéuticas para a DMI.

Palavras-chave: Degenerescéncia macular da idade (DMI); Epitélio pigmentado da retina (RPE);
Mitocondria; Proteina 1 associada ao recetor do fator de necrose tumoral (TRAP1); Stress

oxidativo.
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1. Introduction
1.1. Age-related Macular Degeneration

Age-related macular degeneration (AMD) is the leading cause of severe vision loss and
blindness in elderly people worldwide, affecting over 30 million people (Deng et al., 2021).
Vision loss caused by advanced stages of AMD has profound human and socioeconomic

consequences in all societies (Guymer & Campbell, 2023).

The hallmarks of the early stages of AMD are pigmentary abnormalities and the
accumulation of macular drusen, yellowish deposits mainly composed of lipofuscin, proteins, and
lipids (Algvere et al., 2016). According to the basic clinical classification, early AMD is defined
by the presence of medium-sized drusen (63-125 um) (Fig. 1) while intermediate AMD is defined
by the presence of extensive medium drusen or at least one large druse (>125 um), and retinal
pigmentary changes (hyperpigmentation or hypopigmentation) in the macular region (Mitchell et
al., 2018). The presence of intermediate and large drusen often indicates a higher risk of
developing advanced stages of AMD. Progression to late AMD can have different clinical
manifestations (Fig. 1). Geographic Atrophic AMD (dry AMD/non-exudative AMD) is
characterized by degeneration and loss of both retinal pigment epithelium (RPE) and
photoreceptor cells (Holz et al., 2014; Datta et al., 2017; Fleckeinstein et al., 2018) (Fig. 1C).
This degeneration might also involve the choroid and the Bruch’s membrane (Holz et al., 2014).
Neovascular AMD (wet AMD/exudative AMD) is characterized by the abnormal proliferation of
choroidal capillaries (Algvere et al., 2016; Mitchell et al., 2018) (Fig. 1D). In this advanced form
of the disease, the abnormal growth of blood vessels under the retina often leads to fluid leakage
and/or hemorrhage into the intraretinal, subretinal or sub-RPE space (Santarelli et al., 2015) (Fig.
1D). Stress or damage in the RPE and the associated immune responses are believed to promote
the production of pro-angiogenic factors, such as vascular endothelial growth factor (VEGF),
thereby driving choroidal neovascularization (Ambati et al., 2012). Abnormal neovascularization
can also result in fibrotic scar formation, destroying the architecture of the overlying RPE and

outer retina, resulting in permanent central vision loss (Ambati et al., 2012).
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Figure 1. Retinal anatomy in health and disease. (A) A cross-section of the human eye shows the

localization of some of the eye components, namely, the cornea, sclera, choroid, lens, vitreous humor,

retinal vessels, optic nerve, macula and retina. A cross-section of the retina shows that the retinal anatomy

is composed of several layers. Normal retinal architecture comprises (from anterior to posterior) retinal

ganglion cells, resident retinal microglia, bipolar cells, horizontal cells, Miiller glial cells, photoreceptors,

the retinal pigment epithelium (RPE), the Bruch’s membrane and a choroidal vascular network (B) Early

or intermediate stages of age-related macular degeneration (AMD) are associated with the accumulation of

subretinal drusen and microglia and of choroidal macrophages, accompanied by a thickened Bruch

membrane. (C) Progression to advanced forms of atrophic AMD is characterized by confluent regions of
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RPE and photoreceptor degeneration as well as constriction of choroidal blood vessels. (D) Progression to
late neovascular AMD is characterized by the invasion of abnormal, leaky choroidal blood vessels and
accompanying macrophages into the retina through breaks in the Bruch membrane, which leads to

photoreceptor degeneration. Illustration created with BioRender.

Concerning therapeutical approaches, VEGF inhibitors can be used to treat two important
complications of retinal dystrophies related with AMD: choroidal neovascularization and macular
edema. For the exudative form of neovascular AMD, therapies based in intravitreal injections of
anti-VEGF molecules, including ranibizumab, bevacizumab, aflibercept, and brolucizumab, have
revolutionized the treatment of AMD. Monthly administration of these drugs has consistently
demonstrated significant improvement in visual acuity in approximately 30% of patients with
neovascular AMD (Ambatti et al., 2012; Amoaku et al., 2015; Parodi et al., 2020; Mettu et al.,
2021). However, the nonexudative form of AMD can continue to progress to macular atrophy,
apparently independent of the exudative process, resulting in progressive and irreversible loss of
visual function as the area of macular atrophy enlarges (Wykoff et al., 2021). In the past month
of May 2023, the United States Food and Drug Administration approved intravitreal
pegcetacoplan as the first treatment for geographic atrophy, developed by the Apellis
Pharmaceuticals under the commercial name of Syfovre (Bakri et al., 2023). Intravitreal injection
of 15 mg pegcetacoplan, an inhibitor of complement component 3 (C3) cleavage, demonstrated a
statistically significant 20-30% reduction in the enlargement rate of geographic atrophy lesions
after monthly treatment compared with sham treatment. The phase 2 FILLY trial (NCT02503332)
also revealed reduced thinning of photoreceptor layers and slower macular atrophy progression
after twelve months of pegcetacoplan treatment (Liao et al, 2020; Wykoff et al., 2021; Pfau et al.,
2022; Nittala et al., 2022; Bakri et al., 2023).

1.2. Retinal Pigment Epithelium

The retinal pigment epithelium (RPE) is a monolayer of polarized and pigmented cells
located between the photoreceptor cells and the choroid, and an essential component of the outer
blood-retinal barrier (Alves et al., 2020; Fields et al., 2020). The apical membrane of the RPE
faces the photoreceptor outer segments while the basolateral membrane faces Bruch’s membrane
(Fields et al., 2020). The polarity of retinal pigmented cells is crucial to ensure differential
expression of ion channels on the apical or basal membrane, enabling transepithelial transport,
maintaining homeostasis in the subretinal space (Fields et al., 2020). The RPE also plays a major
role in the maintenance of overlying photoreceptor cells by performing crucial functions such as
phagocytosis of photoreceptor outer segments (POS) and reisomeration of all-trans-retinal and

transport of retinoids in the visual cycle (Lakkaraju et al., 2020; Fields et al., 2020). Additionally,
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the RPE has an important secretory activity of several growth factors and extracellular matrix
components, that help maintaining the structural integrity of choriocapillaris endothelium and
photoreceptors. The RPE also plays an important role in establishing the immune privilege of the
eye by secreting immunosuppressive factors (Lakkaraju et al., 2020). Degeneration and impaired
clearance mechanisms of RPE contribute to increased accumulation of lipofuscin, a yellowish
aggregate of oxidized proteins and lipids, the main constituent of drusen. Therefore, RPE structure
and function are essential to normal vision and to the maintenance of the eye as a site of relative
immune privilege. Therefore, RPE has been suggested as a critical site of AMD pathology (Feher
et al., 2006; Nordgaard et al., 2008; Wang et al., 2009; Karunama et al., 2010; Mitter et al., 2014;
Holz et al., 2014; Kitagishi et al., 2017; Fleckeinstein et al., 2018; Fleckeinstein et al., 2021).

1.2.1 Mitochondrial dysfunction in the RPE and its association with AMD pathology

Mitochondrial dysfunction in the RPE has been suggested as a crucial factor in AMD
development. In fact, several studies have been shedding light into the association between AMD
and alterations in mitochondrial structure, function and cellular communication (Nordgaard et al.,
2006; Ferrington et al., 2017; Golestaneh et al., 2017). A study by Feher et al. using transmission
electron microscopy (TEM) analysis of human donor eyes affected by AMD showed a reduction
in the number of mitochondria and loss of cristae and matrix density in the mitochondria of aging
human RPE. These changes were more pronounced in individuals with AMD, when compared

with age-matched controls with no AMD pathology (Feher et al., 2006).

Since mitochondria encoded genes are involved in oxidative phosphorylation
(OXPHOS), mitochondrial damage leads to impaired OXPHOS metabolism and to the further
increase in reactive oxygen species (ROS) production, causing mitochondrial damage (Datta et
al., 2017). In fact, a study by Golestaneh et al. supported this theory by reporting that human
induced-pluripotent stem cells (hiPSC) derived from AMD patients and differentiated into RPE
cells not only were highly susceptible to oxidative stress but also used glycolysis as the primary
source of ATP rather than OXPHOS, which resulted in reduced adenosine triphosphate (ATP)
production. Indeed, these cells presented damaged mitochondria and enhanced glycolytic
metabolism (Golestaneh et al., 2016). In AMD, when mitochondrial function is disrupted, the
mitochondria of the RPE rely on glycolysis to produce ATP, reducing the available glucose to

photoreceptors, thereby starving the neural retina and causing cell death (Kanow et al., 2017).

In a proteomic analysis of the RPE performed by the Ferrington’s research team, changes
in the expression of proteins involved in mitochondrial refolding and trafficking in RPE were

reported in AMD patients as compared with non-AMD subjects (Nordgaard et al., 2008). The
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proteomic study of the RPE affected by AMD pathology also highlighted a decrease in the level
of the mitochondrial heat shock protein 70 (mtHsp70), a molecular chaperone that regulates the
ATP-dependent import of nuclear-encoded proteins into the mitochondrial matrix mitochondrial
calcium regulation (Nordgaard et al., 2006, Nordgaard et al., 2008). Therefore, decreased
mtHsp70 levels could be detrimental to overall mitochondrial function and limit energy

production in AMD (Kaarniranta et al., 2019; Kaarniranta et al., 2020).

Summing up, several experimental approaches by different research groups using cultures
of RPE cells provided direct evidence that ATP production and mitochondrial function are
impaired in AMD (Ferrington et al., 2017; Golestaneh et al., 2017). Besides impairing
bioenergetics, damage to the mitochondria of RPE cells associated with AMD also disrupted
intracellular calcium homeostasis and mitochondria-nuclear signaling, thereby having a more
global impact on cell health (Rottenberg and Hoek, 2017; Fisher and Ferrington, 2018). Taken
together, these results strengthen the hypothesis that mitochondrial damage and dysfunction may

be involved in AMD pathology.

1.2.2. Mitochondrial DNA damage in the RPE and its role in AMD pathophysiology

Human mitochondrial DNA (mtDNA) contains 13 intron-less polypeptide-encoding
genes and several shorter genes coding for functional ribonucleic acid (RNA), including 12S and
16S ribosomal RNA (rRNA) and 22 transfer RNA (tRNA). Since the mitochondria of the RPE
cells are especially susceptible to oxidative stress-induced damage, the mitochondrial genome is
also a particularly susceptible target (Karunadharma et al., 2010; Lin et al., 2011; Ao et al., 2018;
Mehrzadi et al., 2020; Ferrington et al., 2021). In fact, due to its proximity the inner mitochondrial
membrane and to the lack of protective histones, proteins associated with deoxyribonucleic acid
(DNA), the mtDNA is a more vulnerable target to oxidative damage than nuclear DNA (nDNA)
(Lin et al., 2011). The existence of many intronless regions with high transcription rates also
increases predisposition of mtDNA to oxidative damage and increases the probability of having
mtDNA damage localized in a coding sequence (Ao et al., 2018). Since many coding sequences
in the mtDNA are related to genes encoding for subunits of the electron transport chain (ETC),
their damage can have a serious deleterious effect in cellular metabolism (Ao et al., 2018). The
interaction of ROS with mtDNA also leads to DNA damage and impaired synthesis of proteins
involved in several pathways, such as proteins involved in the ETC. This contributes to additional
ROS generation and further mtDNA damage, which induces a vicious cycle of oxidative damage

disrupting mitochondrial function (Mehrzadi et al., 2020).
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There is increasing evidence of mtDNA damage in age-related diseases such as AMD
(Karunadharma et al., 2010; Terluk et al., 2015; Kaarniranta et al., 2020). A study by
Karunadharma et al. that compared mtDNA damage in the RPE from age matched human donor
samples reported that, although the aging process was associated with an increase in the common
deletion region in mtDNA, AMD-related mtDNA damage was more pronounced and distributed
throughout the mitochondrial genome (Karunadharma et al., 2010). This suggests that AMD
pathology involves disease-specific changes that are superimposed on a background of typical
age-related changes. Based on the analysis of two nuclear genes, the authors noticed that mtDNA
accumulated about eight times more damage than its nuclear counterpart. These authors
concluded that damage in mtDNA may be an important element of AMD pathogenesis, as they
may underline RPE dysfunction, crucial for AMD (Karunadharma et al., 2010). Terluk et al. have
also shown that mtDNA damage is especially pronounced in the RPE, which might point to a
crucial role of mtDNA damage as an early event in AMD progression (Terluk et al., 2015). This
study showed that mtDNA damage affects regions required for transcription and replication of
mitochondrial proteins, and in region of the mitochondrial genome that encode for the complex I
and II subunits of the ETC, which may have an impact in ATP production (Terluk et al., 2015).
Besides compromised energy production, cells displaying mtDNA damage can also present an
imbalance in apoptotic signals, leading to RPE dysfunction and cell death, hallmarks of AMD
pathogenesis (Kanda et al., 2007; Kinnunen et al., 2012; Kaarniranta et al., 2019; Kaarniranta et
al., 2020).

Recent studies have been focusing on the role of mtDNA haplogroups, specific sets of
genetic differences. A recent study by Panvini et al. (Panvini et al., 2022) compared the effects
of mtDNA haplogroups H and J, two of the most prevalent in the European population (Herrnstadt
et al., 2002), on transcriptome regulation and cellular resilience to oxidative stress in human
RPE cytoplasmic hybrid (cybrid) cell lines in vitro. Adult Human Retinal Pigment Epithelium-19
(ARPE-19) cybrid cell lines containing mtDNA haplogroups H and J were exposed to a stimulus
of 300 uM hydrogen peroxide (H20) to mimic oxidative stress conditions. Following exposure
to oxidative stress, the J cybrids showed increased mitochondrial swelling, disturbed
fission/fusion events, increased calcium uptake, and higher secreted levels of tumor necrosis
factor-a (TNF-a) and VEGF, compared to the H cybrids. Thirteen genes involved
in mitochondrial complex I and V function, antioxidant defenses, and inflammatory responses,
were significantly downregulated. Their results show that a group of important genes controlling
both mitochondrial and cellular functions showed differences in expression levels between
mtDNA haplogroups H and J (Panvini et al., 2022). The authors also suggest that the ] mtDNA
haplogroup, which as previously associated with AMD progression (Mueller et al., 2012; Kenney

et al., 2013), can have strong regulatory influence on the RPE transcriptome, implying respective
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mutations that can control nuclear responses to the environmental stress, increasing cellular
susceptibility to stress and retinal degenerations (Panvini et al., 2022). A previous study by Bao
et al. (Bao et al., 2021) assessed the response of AMD ARPE-19 cybrids with several mtDNA
haplogroups, including the J haplogroup, to treatment with a mitochondria-targeting PU-91
cytoprotective drug that upregulates peroxisome proliferator-activated receptor-gamma
coactivator-1lalpha (PGC-1a), a primary regulator of the mitochondrial biogenesis pathway. Their
study reinforced the idea that mtDNA haplogroups contribute to the differential responses of
AMD cybrid cells to PU-91 drug in vitro. These findings also suggest that mtDNA haplogroups

may influence responses of AMD patients to drug treatment.

1.2.3 Susceptibility of the RPE to oxidative stress

Retinal pigment epithelial cells are particularly susceptible to oxidative stress (Jarrett et
al., 2008; Mitchell et al., 2018). The RPE cells are exposed not only to intense focal light but also
to a highly oxidative environment due to the large oxygen gradient from the underlying capillaries
of the choroid, across the RPE to the outer retina (Jarrett et al., 2008). The unique phagocytic
function of the RPE also provides additional oxidative burden. An abundance of ROS, such as
singlet oxygen, superoxide anion, and hydroxyl radicals, is generated in the visual cycle as
peroxidation products of photoreceptor polyunsaturated fatty acids and in nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase-mediated reactions in the phagocytosis of the outer
segments of the photoreceptors (Jarrett et al., 2008; Mitchell et al., 2018).

To meet the high energetic demands, the mitochondrial population of the RPE exhibits
robust metabolic activity, with increased OXPHOS. The metabolic process of OXPHOS produces
energy in the form of ATP, in a mechanism that involves the transfer of electrons between the
subunit complexes of the ETC coupled with the reduction of oxygen. However, the reduction of
oxygen is incomplete, leading to production of anion superoxide, generating high local
concentrations of ROS (Bilbao-Malavé et al., 2021). Additionally, the decrease in mitochondrial
membrane potential facilitates the leakage of ROS into the cytoplasm. With aging, the capacity
to neutralize mitochondrial-derived ROS is highly decreased and might result in the loss of
mitochondrial homeostasis, impact cytoplasmic processes and overall cellular health (Bilbao-

Malavé et al., 2021).
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Another source of oxidative-stress induced damage in the RPE is the accumulation of
oxidized lipoproteins with aging (Mitter et al., 2014). In healthy conditions, lipofuscin and other
heterogeneous complexes of oxidized lipids and proteins are efficiently cleared from the RPE by
targeting for lysosomal degradation. However, with aging, the autophagy and lysosomal pathways
are impaired and waste materials start accumulating in the cytoplasm and eventually suffer

oxidation, producing free radicals and becoming toxic to the RPE cells (Mitter et al., 2014).

1.2.4. Defense mechanisms of the RPE against oxidative stress

To ensure protection from oxidative stress-induced damage, the RPE has several defense
mechanisms. One of the first lines of defense are the melanosomes, that synthetize and store
melanin (Kwon et al., 2022). The pigment melanin absorbs and filters harmful light, particularly
of lower wavelength, decreasing the photo-oxidation of lipofuscin, that tends to accumulate with
aging and phagocytic activity (Ao et al., 2018). It has also been reported that melanin is able to
display antioxidative properties by scavenging free oxygen radicals (Kwon et al,
2022). Interestingly, melanin density is higher in the central macula, the most affected region in
AMD pathology. However, with aging, the melanin density suffers a significative decrease. The
RPE also possesses an intrinsic antioxidant defense system that involves both enzymatic, such as
superoxide dismutase (SOD), hemeoxygenase-1 and catalase, and non-enzymatic antioxidants
such as a-tocopherol, B-carotene and ascorbate (Ao et al., 2018). Another molecule with an
important antioxidant activity is glutathione, that contributes to the maintenance of ascorbate in
its reduced form and to the detoxification of reactive products of lipid peroxidation (Minasyan et
al., 2017). The sophisticated base excision repair (BER) exonuclease activity of DNA
polymerases existent in the RPE is also very important to prevent the damage resultant from

overproduction of ROS. (Burke et al., 2011).

The antioxidant response induced in the RPE by oxidative stress has been linked to the
activation of autophagy (Wang et al., 2014; Johansson et al., 2015), a protective mechanism
responsible for the removal of dysfunctional or deleterious cellular components including the ones
generated by oxidative damage. Compromised autophagy might lead to dysfunctional RPE (Wang
et al., 2009; Mitchell et al., 2018), having a role in the development of AMD pathology. As
reported by Yao et al., the deletion of the autophagy inducer RB1CC1 results in degeneration of
the RPE, inducing an AMD-like phenotype in mice (Yao et al., 2015). In fact, mitochondrial
homeostasis depends in a process where damaged mitochondria are sequestered and then
degraded. Afterwards, the damaged mitochondrial fragments are selectively removed by

mitophagy, a specialized type of autophagy (Westermann et al., 2010). Moreover, if the
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mitochondrial membrane potential (A¥m) is affected and consequently decreased, the PTEN
induced kinase 1 (PINK1) remains on the mitochondrial surface, where it phosphorylates a wide
range of proteins, such as Parkin. Phosphorylated Parkin in turn ubiquitinates proteins of the outer
mitochondrial membrane. This eventually results in lysosomal degradation mediated by the
microtubule-associated protein 1A/1B-light chain 3 (MAP1LC3), leading to removal of affected
mitochondria, thus, having a protective role in the RPE (Lazarou et al., 2015; Rub et al., 2017;
Quinn et al., 2019; Alves et al., 2020). However, deficient mitophagy processes can result in
elevated mitochondrial ROS, impaired mitophagy and mitochondrial dynamics in the RPE,
described to be implicated in early stages of AMD pathology (Karunadharma et al., 2010;
Kitagishi et al., 2017).

1.2.5. Cell culture models to study RPE-related pathogenesis in AMD

Several distinct features of AMD pathophysiology present numerous challenges for in
vitro disease modelling. The diverse hallmark RPE phenotypes, such as morphology,
pigmentation, and polarization, varies significantly across different models and culture
conditions, directly impacting the suitability of these models for investigating different features

of AMD biology (reviewed in Bharti et al., 2022).

Despite these difficulties, an increasing body of evidence suggests that it is possible to
develop and employ cellular models for studying specific aspects of AMD pathogenesis. In this
context, in vitro models of the RPE have gained prominence. These models include a range of
options, including spontaneously formed cell line ARPE-19 (Dunn et al., 1996), immortalized
cell lines such as "TERT-RPE1 (Bodnar et al., 1998; Jiang et al., 1999), RPE-J (Nabi et al., 1993),
and D407 (Davis et al., 1995), as well as primary human (fetal or adult) (Hu and Bok, 2001;
Maminishkis et al., 2006; Sonoda et al., 2009) or animal (mouse and pig) RPE cells (Gibbs et al.,
2003; Toops et al., 2014; Fernandez-Godino et al., 2016; Klingeborn et al., 2017). Furthermore,
RPE derived from embryonic or human induced pluripotent stem cells (hiPSC) have also been

explored in these models (Maroutti et al., 2015; Sharma et al., 2019; Smith et al., 2019).

1.2.5.1. Adult Human Retinal Pigment Epithelium-19 (ARPE-19) Cell Line

The Adult Human Retinal Pigment Epithelium-19 (ARPE-19) cell line is the most widely
used RPE cell line (reviewed in Klettner, 2020). It arose spontaneously from a 19-year-
old donor and was selected for its epithelial phenotype (Davis et al., 1995; Dunn et al., 1996). The

original cell line was pigmented, able to differentiate into a semi-polarized phenotype with a
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relatively low transepithelial resistance and expressed several RPE markers such as CRALBP and
RPEG65 (Dunn et al., 1996). ARPE-19 cells have already been used to study many characteristics
of AMD, including epithelial-to-mesenchymal transition (Yang et al., 2021), inflammation
(Tseng et al., 2013), phagocytosis defects (Xu et al., 2012), and complement activation (Chung et
al., 2017; Fernandez-Godino et al., 2018). However, this cell line has an abnormal karyotype,
with a deletion in the long arm of chromosome 9 and an addition in the long arm of chromosome
19, with an otherwise normal karyotype (Davis et al., 1995; Dunn et al., 1996; Fasler-Kan et al.,
2018; Hazim et al., 2019).

Since expression patterns of ARPE-19 cells depend on culture conditions (Hu et al.,
2001; Tian et al., 2004; Samuel et al., 2017), a relative high degree of differentiation can be
achieved when cells are cultured under conditions that promote differentiation in mature RPE
(Lynn et al., 2018). Indeed, ARPE-19 cells are able to mimic many characteristics of primary
human RPE, such as pigmentation, polarization and expression of RPE-specific differentiation
markers. (Ahmado et al., 2011; Hazim et al., 2019; Pfeffer and Fliesler, 2022). Improved
conditions to enhance the differentiation of ARPE-19 cells involve incorporating specific media
additives that influence cellular metabolism and utilizing a porous Transwell® filter enabling an
oxygen gradient to promote polarization. One approach involves culturing ARPE-19 cells at low
passages in low-serum media (1% fetal bovine serum) containing high glucose and pyruvate for
up to four months (Samuel et al., 2017). The ARPE-19 cells cultured for four months developed
strong pigmentation, a phenotype characteristic of native RPE, and expressed RPE-specific
differentiation markers, an arrangement resembling cobblestones, polarized protein expression,
abundant microvilli, the ability to perform phagocytosis, and the secretion of VEGF (Samuel et
al.,, 2017, Ahmado et al., 2011). A more recent method incorporates the use of 10 mM
nicotinamide (NIC) instead of pyruvate, resulting in the rapid differentiation of ARPE-19 cells.
When NIC is present, the cells develop a tightly packed, cobblestone-like appearance within one

week and form a well-polarized epithelium within four weeks (Hazim et al., 2019).

Despite the limitations in the use of RPE cell lines, the use of validated lines and in the
appropriate culture conditions to promote a differentiated epithelium, make the ARPE-19 cell line
useful for various types of RPE studies. In fact, ARPE-19 cells are a simple and economic model
system to study research questions related with AMD cell biology. They combine ease of access
and usability with rapid readouts capability. ARPE-19 cells provide great advantages in
conducting high-throughput testing, particularly when achieving a substantial yield is necessary
(Aboul Naga et al., 2015). Additionally, ARPE-19 cell line serves as a valuable tool for fast and
efficient drug screening and biocompatibility testing. Toxicity studies can also be easily

performed with this cell line, as there are many assays and methods for fast and efficient screening
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on the market, such as cell viability and apoptosis assays (Spitzer et al., 2007, Spitzer et al., 2011;
Schnichels et al., 2012; Schnichels et al., 2013; Susskind et al., 2016; Hurst et al., 2017).
Moreover, the ARPE-19 cell line is particularly valuable since it displays a genetic profile similar
to primary RPE cells (Faby et al., 2014; Finnemann et al., 1997; Wang et al., 2016). Importantly,
ARPE-19 cells have been successfully utilized in gene editing, as evidenced by the generation of
a mutant line through EFEMPI gene editing, which is associated with dominant macular

degeneration (Fernandez-Godino et al., 2018).

1.2.5.2. Primary Human RPE Cell Cultures

Primary human RPE cell cultures, when cultured under specific conditions, exhibit
characteristics that resemble the RPE tissue. Primary human RPE cultures can be generated from
fetal human RPE (Maminishkis et al., 2006; Sonoda et al., 2009) or from the adult human RPE
monolayers derived from donor eyes (Ferrington et al., 2017). The establishment of adult primary
RPE cultures directly obtained from AMD donors is particularly valuable to identify alterations
underlying AMD development such as autophagic defects, mitochondrial dysfunction, secretion
of specific proteins, and patterns of epigenetic modifications, when compared to cultures
established from healthy donors (Ferrington et al., 2016, Ferrington et al., 2017; Zhang et al.,
2020).

However, the use of primary human RPE cultures is very challenging due to the limited
availability of donor tissue, preferably collected shortly after death. Additionally, after three or
four passages, primary RPE cells undergo dedifferentiation and lose pigmentation, acquiring a
fibroblastic morphology that differs from their natural cobblestone-like appearance (Hazim et al.,

2019).

1.2.5.3. Human induced pluripotent stem cells-derived RPE (iRPE)

In the last years, human induced pluripotent stem cells-derived RPE (iRPE) have emerged
as additional source for the generation of fully mature and functional RPE cells (Ferrer et al.,
2014; Maroutti et al.; 2015; Smith et al., 2019; Sharma et al., 2019; Sharma et al., 2020;
Miyagishima et al., 2021; Bharti et al., 2022). In fact, the use of iRPE cells offers a promising
alternative for further studies (Smith et al., 2019), enabling a better disease modelling. One
significant concern with the differentiation of human induced pluripotent stem cells (hiPSC) into
RPE is the current lack of standardized protocols for differentiating and maintaining iRPE.

Several factors, including substrate surface, plating density, feeding medium and frequency, and
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culture duration, along with the source of donor tissue and individual donor characteristics, are
likely to influence the phenotype, function and gene expression profile of iRPE (Sorkio et al.,
2014). There is a clear need to establish standardized methods that can be universally employed
for hiPSC differentiation. It is also crucial to perform functional validation of iRPE across
different laboratories to enable direct comparisons of results obtained using a given patient cell
line. In the last twenty years, researchers have developed multiple iterations of RPE
differentiation protocols (reviewed in Sharma et al., 2020). Notably, directed or guided
differentiation approaches (Idelson et al., 2009; Osakada et al., 2009; Sharma et al., 2019) have
emerged as significant advancements in RPE differentiation methods. These approaches involve
the targeted administration of specific growth factors at defined time points to control the
developmental path of hiPSC towards the RPE cell lineage. In the protocol by Sharma et al., the
hiPSC are cultured in vitronectin coated wells and uses 10 mM nicotinamide (NIC), 150 ng/ml
Activin A and a cocktail of growth factors to direct differentiation (Sharma et al., 2019). This
protocol yields fully mature and functional RPE cells, significantly enhances the efficiency of
differentiation when compared to the spontaneous differentiation and improves the
reproducibility of the experimental procedures across multiple hiPSC lines (Sharma et al., 2019).
However, the use of growth factors increases the cost of iRPE differentiation. Moreover, these
highly efficient established protocols use biologic products derived from animal cells or bacteria,
thus presenting potential clinical challenges. The alternative use of non-biological products such
as small molecules not only limit the risk of infection or immune rejection, but also offer a cost-
effective alternative. To address this issue, Maroutti et al. developed an approach by identifying
novel RPE differentiation-promoting factors using a high-throughput quantitative polymerase
chain reaction (PCR) screen analysis (Maroutti et al., 2015). They identified chetomin (CTM), a
dimeric epidithiodiketopiperazine metabolite of the fungus Chaetomium cocliodes and
Chaetomium seminudum species, as a strong inducer of RPE differentiation. The authors also
found that the CTM cellular toxicity can be prevented throughout the combination with the
previously known neural inducer NIC. Single passage of the whole culture yielded a highly pure
iRPE cell population that displayed many of the morphological, molecular, and functional
characteristics of native RPE (Maroutti et al., 2015; Smith et al., 2019).

Compared to cell sources discussed in the previous sections, the RPE differentiation
process from hiPSC is time-consuming and involves many economic resources. However, the
iRPE cells offer key advantages, allowing the generation of fully mature and functional RPE cells
(Maroutti et al.; 2015; Smith et al., 2019; Sharma et al., 2019; Miyagishima et al., 2021). The
iRPE cell cultures offer both diversity and accessibility, as hiPSC can be obtained through
reprogramming of fibroblasts derived from skin biopsies or peripheral blood mononuclear cells

obtained through blood withdrawal. This allows the derivation of patient-specific iRPE cells,
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enabling comparative analysis between diseased and healthy cells and the correlation of cellular
characteristics with patient phenotypes and genotypes (Sharma et al., 2020; Miyagishima et al.,
2021; Bharti et al., 2022). The obtention of unlimited high-quality iRPE cells has been explored
by several research groups worldwide to investigate the potential of these iRPE cells as a source
for patient transplantation, already in clinical trials for geographic atrophic AMD (NCT01344993;
NCT02590692) (Sharma et al., 2022; Cabral de Guimaraes et al., 2022).

In fact, several authors have shown that iRPE cells can be used to model AMD in vitro,
providing an unprecedented opportunity to understand the evolution of disease processes and to
identify novel therapeutics (Garcia et al., 2015; Golestaneh et al., 2016; Saini et al., 2017; Dalvi
et al., 2019; Peters et al., 2022). Golestaneh et al., demonstrated that iRPE derived from AMD
human donors exhibit the disease relevant cellular phenotype and is a valuable tool for in vitro
disease modelling in AMD (Golestaneh et al., 2016). In this study, the authors generate hiPSC
from RPE cells and skin fibroblasts of AMD donors and age-matched healthy donors. Then, the
hiPSC are differentiated into RPE cells (iRPE). In comparison with healthy iRPE, the iRPE
derived from AMD donors (iIRPE-AMD) show increased susceptibility to oxidative stress and
present higher levels of cell death when exposed to a 48-hour stimuli of 0.4 mM H»O, that mimics
oxidative stress conditions. The iRPE-AMD cells also produce significantly higher levels of ROS
under oxidative stress conditions, when compared to healthy iRPE. Moreover, unlike healthy
iRPE cells, iRPE-AMD cells are unable to increase SOD expression as an antioxidant defense
when under oxidative stress conditions. Additionally, PGC-la, a master regulator of
mitochondrial biogenesis and function, is repressed in iRPE-AMD cells. Phenotypic analysis also
showed that the iRPE-AMD present disintegrated mitochondria, increased number of
autophagosomes, higher levels of cytoplasmic lipid accumulation and presence of lipid droplets,
when compared to normal iRPE (Golestaneh et al., 2016). Another study using iRPE derived from
AMD donors, showed significantly increased expression of a panel of transcripts comprising a
subset of complement and inflammatory proteins, including complement component 3
(C3), complement factor I (CFI) and complement factor H (CFH), which have been reported in
drusen deposits (Saini et al., 2017). A recent study also reported deficient cholesterol efflux and
increased intracellular lipid accumulation in iRPE under hypoxia, an environmental risk factor
for AMD (Peters et al., 2022). Since oxidative stress in RPE cells is an important player in AMD
pathogenesis, Garcia et al., generated an in vitro model of chronic oxidative stress in the iRPE.
The authors exposed healthy iRPE cells to paraquat (PQ), a known chemical inducer of oxidative
stress that reacts with oxygen and generates superoxide radicals and, over time, hydrogen
peroxide and hydroxyl radicals. Their study showed that 160 uM PQ can be used to generate a
model of chronic oxidative stress environment in iRPE, mimicking one of AMD disease hallmarks

(Garcia et al., 2015). Taken together, these findings indicate the utility of iRPE as a disease model
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to shed light on the mechanism of AMD progression, AMD risk factors and for screening of

potential therapeutic targets.

1.3. Tumor Necrosis Factor Receptor-Associated Protein 1 (TRAP1)

Tumor necrosis factor receptor-associated protein 1 (TRAP1), also known as heat shock
protein 75 (HSP75), belongs to the heat shock protein 90 (HSP90) chaperone family and is mainly
located in the mitochondria. In humans, the HSP90 family consists of three additional isoforms:
HSP90a and HSP90B in the cytosol and glucose-regulated protein 94 (GRP94) in the endoplasmic
reticulum (Serapian et al., 2021). The prototypic member of the HSP90 family has three structural
domains: an N-terminal domain (NTD) responsible for ATP binding, a middle domain (MD)
crucial for client protein binding, and a C-terminal domain (CTD) responsible for dimerization.
Similarly to other chaperones, HSP90 family members play essential roles in the folding of client

proteins and in the degradation of misfolded proteins (Faienza et al., 2020; Dekker et al., 2021).

TRAPI1 has been extensively studied in the field of oncology due to its selective
upregulation in several human tumors, which correlates with malignant progression, metastatic
potential, and resistance to chemotherapy (reviewed in Faienza et al., 2020). Consequently,
TRAP1 has emerged as a potential therapeutic target, and researchers are working on developing
specific inhibitors. In addition to its role in tumor cells, mitochondrial TRAP1 acts as a cellular
regulator of oxidative stress-induced cell death (Xiang et al., 2010; Amoroso et al., 2014; Wang
et al., 2015; Masgras et al., 2017a; Amoroso et al., 2017; Purushottam Dharaskar et al., 2020;
Standing et al., 2020; Sanchez-Martin et al., 2020), mitochondrial homeostasis and bioenergetics
(Guzzo et al., 2014; Matassa et al., 2018; Sima et al., 2018; Liu et al., 2020; Cannino et al., 2022;
Chen et al., 2022), and mitochondrial unfolded protein response (mtUPR) in the endoplasmic
reticulum (ER) (Takemoto et al., 2011; Amoroso et al., 2012). However, the understanding of the
role of TRAPI in central nervous system cells, both in physiological and pathological conditions,

remains limited.

1.3.1 TRAP1 Molecular Structure

The human TRAPI gene locus resides on chromosome 16p13. The gene spans 60 kb and
consists of 18 exons. The main TRAP1 transcript is composed of 2112 bp, encoding a protein of
704 amino acids (Rasola et al., 2014). The protein comprises three major domains: NTD, MD,
and CTD (Kang et al., 2012; Faienza et al., 2020; Dekker et al., 2021; Ramos Rego et al., 2021)
(Fig. 2A). The N-terminal 59 amino acid sequence acts as a mitochondrial targeting signal, which

is cleaved upon translocation to the mitochondria (Kang et al., 2012; Hoter et al., 2018) (Fig. 2B).
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TRAP1 is expressed in various tissues, including the central nervous system
(https://www.proteinatlas.org/ENSG00000126602-TRAP1/tissue; accessed on 6 June 2023)
(Song et al., 1995; Felts et al., 2000; Guo et al., 2003).

Unlike other HSP90 paralogs, both TRAP1 and its bacterial homolog chaperone high
temperature protein G (HtpG) (Shiau et al., 2006) lack a charged linker between the MD and CTD
(Cechetto et al., 2000) and do not require any co-chaperones (Zuehlke et al., 2010; Elnatan et al.,
2018). TRAP1 has an extended N-terminal -strand that spans between monomers in the closed
state, acting as a thermal regulator of protein function (Rasola et al., 2014). It also exhibits an
asymmetric conformation due to reconfigurations in the interface between MD and CTD, which
is critical for client binding (Masgras et al., 2021). Notably, TRAP1 can form tetramers, consisting
of dimers of dimers (Joshi et al., 2020). While TRAP1 has a comparable ATP turnover rate to
other HSP90 paralogs (Sima et al., 2018), its affinity for ATP is one order of magnitude higher
(Leskovar et al., 2008). The Michaelis constant (Ky,) for ATP binding by TRAPI is 14.3 uM,
much lower than the average Ky, of 127 uM for other HSP90 paralogs (Leskovar et al., 2008).
TRAPI1 regulates substrate influx and takeover through the ATPase cycle, following a distinct
mechanism from other HSP90 chaperones (Matassa et al., 2013).

Research on the ATPase cycle of TRAP1 has revealed that both protomers of TRAP1
undergo structural alterations during the process of ATP binding, hydrolysis, and release
(Leskovar et al., 2008; Lavery et al., 2014; Sung et al., 2016; Masgras et al., 2017a; Masgras et
al., 2017b). These conformational changes induced by ATP can have an impact on the
conformation of the client protein that is bound to TRAP1 (Verba et al., 2016). Throughout its
ATPase cycle, TRAP1 can adopt three distinct conformations: an open state, an intermediate
coiled-coil state with closely positioned N-terminal domains, and a closed state where the N-
terminal extends between protomers (Masgras et al., 2017a). When ATP binds to TRAP1, in the
absence of co-chaperones, a significant structural transformation takes place, resulting in a closed
and asymmetric conformation (Leskovar et al., 2008; Lavery et al., 2014; Sung et al., 2016;
Masgras et al., 2017a; Masgras et al., 2017b) (Fig. 2C, D).
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Figure 2. TRAP1 molecular structure. (A) Prototypic HSP90 family member contains three structural
domains, an N-terminal domain (NTD) responsible for ATP binding, a middle domain (MD) which is
important for client binding, and a C-terminal domain (CTD) responsible for dimerization. GRP94 contains
also a KDEL motif. While HSP90a and HSP90B contain a MEEVD motif and a linker domain (LD).
Mitochondrial signal sequence present in TRAP1 is indicated with “M” and endoplasmic reticulum signal
sequence present in GRP94 is indicated with “ER”. Lengths of TRAP1, GRP94, HSP90a and HSP90p are
704, 803, 732 and 724 amino acids, respectively. (B) TRAPI is primarily located in mitochondria. TRAP1
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detection in  cell mitochondria is  highlighted in green (image available at

v20.proteinatlas.org/ENSG00000126602-TRAP1/cell; accessed on 6 June 2023). (C) 3D structures of

TRAPI1 dimer in different nucleotide states, with each protomer in a different color. Symmetric state of
TRAPI in fully hydrolyzed state of protein (PDB code STVX; image available at https://www.rcsb.org/3d-
view/5TVX/1; accessed on 6 June 2023) (Elnatan et al., 2016; Elnatan et al., 2017; Liu et al., 2020; Senhal
et al., 2021). Asymmetric state of TRAPI in double ATP state (PDB code 6XG6; image available at
https://www.rcsb.org/3d-view/6XG6/1; accessed on 6 June 2023) (Elnatan et al., 2017; Liu et al., 2020;

Senhal et al., 2021). Black circle highlights substructure in middle domain that undergoes rearrangement

upon nucleotide hydrolysis. Figure adapted from Ramos Rego et al., 2021.

1.3.2 TRAP1 Functions and Signaling Pathways
Role of TRAP1 in the Mitochondria

1.3.2.1 TRAP1 and Energetic Metabolism Regulation

The mitochondrial chaperone TRAPI1 plays a crucial role in regulating mitochondrial
energy metabolism, including the processes of oxidative phosphorylation (OXPHOS) (Rasola et
al., 2014; Masgras et al., 2017a; Yoshida et al., 2013; Sciacovelli et al., 2013). TRAPI1 interacts
with proteins within the mitochondrial electron transport chain (ETC), such as succinate
dehydrogenase (SDH) and cytochrome oxidase, also known as complex II and complex IV,
respectively. (Fig. 3). Additionally, TRAP1 is a crucial modulator of protein quality control (PQC)
(Rasola et al., 2014; Masgras et al., 2017a; Joshi et al., 2020; Dekker et al., 2021). Mitochondrial
metabolism can also be impacted when TRAP1 undergoes post-translational modifications
(PTM). A specific PTM, known as O-GIcNAcylation, is reported to reduce the ATPase activity
of TRAPI1, leading to an increase in mitochondrial metabolism. The effect of O-GlcNAcylation
on mitochondrial metabolism is dependent on the presence of TRAP1 and plays a crucial role in
providing regulatory feedback. Importantly, TRAP1-O-GlcNAcylation acts as a metabolic
regulatory mechanism by reversibly attenuate the chaperone activity of TRAP1, reducing the

binding of TRAP1 to ATP and its interaction with the client protein SDH (Kim et al., 2022).

The interaction between TRAP1 and the mitochondrial proto-oncogene tyrosine-protein
kinase (c-Src) results in the downregulation of cytochrome oxidase activity (Miyazaki et al., 2003;
Ogura et al., 2012; Yoshida et al., 2013). Furthermore, TRAPI1 influences the ability of
mitochondrial ¢-Src to stimulate OXPHOS (Miyazaki et al., 2003; Ogura et al., 2012). Another
interaction of TRAPI, specifically with subunit A of SDH, inhibits SDH activity, resulting in a
reduction of ROS generation (Guzzo et al., 2014; Dekker et al., 2021) (Fig. 3). This inhibition is
enhanced by the phosphorylation of TRAP1 dependent on extracellular signal-regulated protein
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kinases 1 and 2 (ERK1/2), leading to antioxidant and antiapoptotic effects in tumor cells.
Furthermore, the inverse correlation between TRAP1 expression and SDH activity in human
osteosarcoma SAOS-2 cells supports the inhibitory relationship between TRAP1 and SDH, as
reported by Sciacovelli et al. (Sciacovelli et al., 2013) (Fig. 3). Notably, TRAP1 stabilizes the
hypoxia-inducible factor 1a (HIF1a), a transcription factor crucial for tumor cell growth (Masgras
et al., 2017a; Sciacovelli et al., 2013; Laquatra et al., 2021). Importantly, TRAP1-dependent
stabilization of HIFla (Sciacovelli et al., 2013; Bruno et al., 2022) occurs independently of
oxygen availability, prompting a complex transcriptional program that orchestrates a metabolic
shift towards aerobic glycolysis while repressing OXPHOS (Bhattacharya et al., 2016; Singh et
al., 2017; Zhang et al., 2018; Laquatra et al., 2021).
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Figure 3. Role of TRAP1 in energetic metabolism regulation. TRAP1 modulates oxidative
phosphorylation (OXPHOS) by interacting with proteins of mitochondrial electron transport chain (ETC),
namely succinate dehydrogenase (SDH) and cytochrome oxidase, also known as complex II and complex
IV, respectively. TRAPI inhibits proto-oncogene tyrosine-protein kinase (c-Src) downregulating
cytochrome oxidase activity. TRAPI also inhibits SDH activity, resulting in less electron funneling and
lower reactive oxygen species (ROS) generation as a side-reaction of ETC. Figure adapted from Ramos

Rego et al., 2021.
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Multiple studies indicate that TRAP1 plays a role in upregulating glycolysis while
suppressing OXPHOS, resulting in reduced ROS production, which is associated with the
Warburg effect (Amoroso et al., 2012; Sciacovelli et al., 2013; Bhattacharya et al., 2016).
OXPHOS is crucial for maintaining organelle function and plays a central role in cellular energy
metabolism, offering higher energy efficiency compared to glycolysis. Consequently,
downregulation of OXPHOS leads to decreased mitochondrial respiration. Additionally, this
downregulation increases the availability of NADPH, an important ROS scavenger, further
reducing ROS levels (Dekker et al., 2021). Consequently, the decrease in OXPHOS is linked to
enhanced mitochondrial tolerance to oxidative stress and protection against apoptosis
(Constantino et al., 2009; Chae et al., 2012; Masgras et al., 2017a; Matassa et al., 2018). Human
colorectal cancer (CRC) HCT116 cells express higher levels of TRAP1 compared to neighboring
healthy cells, indicating a predominant Warburg phenotype (Sciacovelli et al., 2013) that could
provide advantages in terms of cellular survival and proliferation. In a recent study using HCT116
cells, Matassa et al. also reported that TRAP1 is able to regulate the metabolic switch depending
on nutrient availability. In these cells, TRAP1 regulates mitochondrial complex III activity
through binding to ubiquinol-cytochrome-c reductase complex core protein 2 (UQCRC?2), a core
component of complex III. This decreases respiration rate during basal conditions but allows

sustained OXPHOS in conditions of glucose deprivation (Matassa et al., 2022).

To further investigate the role of TRAP1 in adaptive responses to oxygen deprivation,
Bruno et al. used the HCT116 cell line under conditions of hypoxia. The findings of the study
demonstrated that TRAP1 plays a significant role in the stabilization of HIFla and in the
regulation of the glycolytic metabolism during hypoxia. Moreover, the expression of glucose
transporter 1, glucose uptake, and lactate production were found to be partially impaired in CRC
cells with silenced TRAP1 under hypoxic conditions. According to the authors, TRAPI1 is a
crucial factor in maintaining the genetic and metabolic program induced by HIFla during
hypoxia, thereby presenting a promising target for innovative metabolic therapies (Bruno et al.,

2022).

To clarify the regulatory role of TRAP1 in energetic metabolism, researchers generated a
Trapl knockout mouse (Trapl™) (Lisanti et al., 2014). Interestingly, mouse embryonic
fibroblasts (MEF) lacking Trapl exhibited impaired mitochondrial function, accompanied by
significantly increased ROS production and increased sensitivity to oxidative damage compared
to wild-type (WT) cells. The homozygous deletion of Trapl also led to decreased expression of
SDH, indicating a loss of protein-folding quality control within the mitochondria (Lisanti et al.,
2014). Trapl™~ mice showed a reduced occurrence of age-associated pathologies, including

inflammatory tissue degeneration and spontaneous tumor formation. Furthermore, the
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homozyguous deletion of TRAP1 resulted in a global reprogramming of cellular bioenergetics,
with compensatory upregulation of both oxidative phosphorylation and glycolysis transcriptomes.
This resulted in impaired mitochondrial respiration and cell proliferation and increased
susceptibility to oxidative stress. This adaptation was accompanied by increased mitochondrial
accumulation of cytoprotective chaperones, namely HSP90 and heat shock protein 27 (HSP27),

and a shift towards glycolytic metabolism i vivo (Lisanti et al., 2014).

1.3.2.2 TRAP1 and Redox Homeostasis

Protection against Oxidative Stress and Apoptosis

Mitochondrial dysfunction and disruption of redox homeostasis primarily result from
oxidative stress triggered by the accumulation of ROS generated as a side reaction product of the
ETC (Wang et al., 2013; Gaki et al., 2014; Avolio et al., 2020). TRAP1 plays a protective role in
mitigating mitochondrial dysfunction by reducing ROS production and accumulation, thus
reducing oxidative stress (Amoroso et al., 2014; Masgras et al., 2017a; Purushottam Dharaskar et
al., 2020; Standing et al., 2020; Sanchez-Martin et al., 2020). TRAPI overexpression leads to a
decrease in ROS accumulation (Hua et al., 2007; Im et al., 2007; Zhang et al. 2015), whereas
TRAPI silencing increases susceptibility to oxidative stress, indicating an inverse relationship
between TRAP1 expression and overall cellular ROS levels (Hua et al., 2007; Im et al., 2007;
Montesano et al., 2007; Matassa et al., 2013; Yoshida et al., 2013). The antioxidant activity of
TRAPI is closely linked to its regulation of respiratory complexes in the ETC, such as SDH and
cytochrome oxidase (Yoshida et al., 2013; Sciacovelli et al., 2013; Laquatra et al., 2021).

Accumulation of ROS can trigger the release of cytochrome C (CytC), initiating caspase-
mediated apoptosis, an essential process of programmed cell death for maintaining cellular and
tissue equilibrium (Baines et al., 2005). The association between TRAP1 and apoptosis was
initially identified by Hua ef al., who demonstrated the protective role of TRAP1 against
granzyme M (GzmM)-mediated apoptosis (Hua et al., 2007). The protease GzmM induces cell
death by cleaving client proteins, inducing ROS generation and CytC release, which subsequently
leads to mitochondrial swelling and a decline in mitochondrial transmembrane potential (Hua et
al., 2007). This activates caspase-mediated apoptosis, initiating the mitochondrial apoptotic
machinery. The same study also reported that silencing TRAPI through interference RNA results
in increased ROS accumulation and increased GzmM-mediated apoptosis, whereas TRAP1

overexpression mitigates both ROS production and GzmM-induced apoptosis (Hua et al., 2007).
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The regulation of the mitochondrial permeability transition pore (mPTP), which controls
the transition between an open and closed state, relies on the Ca®" content in the mitochondrial
matrix (Kroemer et al., 2007; Rasola et al., 2007; Tsujimoto et al., 2007; Xie et al., 2021). An
excessive accumulation of Ca*" in the matrix triggers the opening of the mPTP, although other
factors that play a partial role in induction of pore opening remain only partially understood
(Rasola et al., 2007). Maintaining mPTP regulation is crucial for preserving mitochondrial
homeostasis since the opening of the pore leads to loss of the mitochondrial inner membrane
potential, membrane rupture, and apoptosis (Baines et al., 2005; Montesano et al., 2007; Kang et
al., 2012; Dekker et al., 2021). One of the key regulators of the mPTP is a mitochondrial matrix
protein called cyclophilin D (CypD) (Rasola et al., 2007; Amoroso et al., 2014; Matassa et al.,
2018). Indeed, CypD-deficient mitochondria produce fewer ROS and are less prone to
mitochondrial swelling and permeability transition caused by Ca?* overload. Moreover, the
absence of CypD protects neurons from cell death induced by oxidative stress (Matassa et al.,

2018; Laquatra et al., 2021).

Activated CypD increases the sensitivity of the mPTP to opening, resulting in
mitochondrial swelling and depolarization. This leads to ruptures in the outer membrane, which
causes the release of CytC into the cytosol and, eventually, cell death (Kang et al., 2007; Kang et
al., 2012; Siegelin et al., 2013). PTEN-induced kinase 1 (PINK1) depletion leads to CytC release,
which correlates with a decrease in the phosphorylation of TRAP1 by PINK1 (Pridgeon et al.,
2007). Counteracting the CypD effect, TRAP1 inhibits the formation of the mPTP (Siegelin et al.,
2013) (Fig. 4). Additionally, through a competitive binding to F-ATP synthase, TRAP1 reverses
the induction of mPTP by CypD, effectively opposing mPTP-dependent mitochondrial
depolarization and cell death (Cannino et al., 2022).

Overexpression of TRAPI effectively blocks the apoptotic cascade mediated by
mitochondria and the subsequent activation of caspase-3 (Kang et al., 2007; Wang et al., 2015).
Indirect inhibition of mPTP opening can also be achieved through the modulation of ROS

concentration (Amoroso et al., 2014; Matassa et al., 2018)

Using a hypoxic model of cardiomyocytes, Xiang et al. discovered that TRAP1 silencing
induces the mPTP opening (Xiang et al., 2010), the release of CytC from mitochondria into the
cytosol, and increased activation of caspase-3, ultimately resulting in apoptosis (Xiang et al.,
2019). While upregulation of TRAP1 had the opposite effect (Xiang et al., 2010; Xiang et al.,
2019).
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Figure 4. Role of TRAP1 in redox homeostasis. (A) TRAP1 inhibits reactive oxygen species (ROS)
accumulation by controlling respiratory complexes of electron transport chain (ETC), namely, succinate

dehydrogenase (SDH) and cytochrome oxidase. Counteracting the effect of cyclophilin D (CypD) and
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through its interaction and with F-ATP synthase, TRAP1 inhibits mitochondrial permeability transition pore
(mPTP) formation. Overexpression of TRAPI blocks mitochondria-mediated apoptotic cascade and
ensuing caspase-3 activation. (A’) PTEN-induced kinase 1 (PINK1) depletion leads to cytochrome C
(CytC) release, which correlates with reduction in TRAP1 phosphorylation by PINK1. Activated CypD
sensitizes mPTP to opening, leading to mitochondrial swelling and depolarization, with outer membrane
ruptures causing release of CytC into cytosol and eventually cell death. Figure adapted from Ramos Rego
etal.,2021.

To investigate the protective role of TRAP1 through inhibition of mPTP opening, Guzzo
et al. conducted a whole-cell Ca** retention capacity assay, which allows a quantitative assessment
of mPTP induction. They reported that Trapl knockdown increased the sensitivity of mPTP to
Ca*" in cancer cells, while Trapl overexpression inhibited mPTP opening in MEF cells. This
protection against mPTP opening was also observed in SAOS-2 and MEF cells under starvation
conditions (Guzzo et al., 2014). Notably, TRAP1 was found to inhibit mPTP opening not only in
tumor cells (Guzzo et al., 2014; Sima et al., 2018) and hypoxic cellular models (Xiang et al., 2010;
Xiang et al., 2019) but also in NRK-52E kidney cells exposed to high glucose conditions causing
oxidative stress (Liu et al., 2020), in H9C2 myocardial cells exposed to extracellular acidification

(Zhang et al., 2019; Zhang et al., 2020), and in C17.2 neural stem cells (Wang et al., 2015).

Guzzo and colleagues also reported that the 7rapl knockdown using short hairpin RNA
(shRNA) for TRAP1 (shTRAP1) in SAOS-2 and human cervix carcinoma HeLa cells led to a
constant increase in intracellular ROS levels and mitochondrial superoxide anion levels (Guzzo
et al., 2014). When TRAP1 expression was rescued in shTRAP1 cells, both global ROS and
mitochondrial superoxide levels returned to their basal values. Assessment of mitochondrial
superoxide levels using the MitoSOX probe in SAOS-2 and MEF cells through cytofluorimetric
analysis revealed that TRAP1 expression reduced intracellular ROS levels, providing protection
against oxidative stress-induced cell death in conditions of serum and glucose depletion (Guzzo
et al., 2014). Importantly, Trapl overexpression in non-transformed MEF resulted in a decrease
in intracellular ROS and mitochondrial superoxide anion levels (Guzzo et al., 2014). These
findings highlight the pathophysiological significance of TRAP1 in maintaining mitochondrial
and redox homeostasis during specific stress conditions (Masgras et al., 2021), such as oxidative

stress damage, and its role in protection against mitophagy and apoptosis.

35



1.3.3. TRAP1 Role in Neurodegeneration

Several Drosophila transgenic strains were created to examine the function of TRAP1 in
neuronal degeneration (Butler et al., 2012; Zhang et al., 2013; Costa et al., 2013; Bagqri et al.,
2014; Kim et al., 2016). Ablation of Drosophila Trapl increased the susceptibility to stress
induced by heat, paraquat, rotenone, or antimycin (Costa et al., 2013; Bagri et al., 2014). It also
increased the production of mitochondrial ROS in the optic lobes of young adult fly brains (Baqri
et al., 2014) and in the flight muscles in fly thoraces (Kim et al., 2016). However, another study
demonstrated that mutation or knockdown of Trap/ substantially improved Drosophila survival
during oxidative stress caused by paraquat or rotenone (Kim et al., 2016). A recent study using
RNA sequencing and quantitative proteomic analysis of IMR-32 human neuroblastoma cells
suggested that cells overexpressing TRAP1 exhibit enhanced mitochondrial functions and
improved TCA cycle functions (Dharaskar et al., 2023a). Another study from the same authors
also reported that TRAP1 maintains mitochondrial integrity and augments glutamine metabolism
upon glucose deprivation to meet the cellular energy demand (Dharaskar et al., 2023b) (Fig. 5).
Depletion of TRAP1 induces the mitochondrial unfolded protein response (mtUPR), which is a
protective pathway involving communication between mitochondria and the nucleus activated in

response to a mitochondrial stress signal (Kim et al., 2016; Lopez-Crisosto et al., 2021).

As already mentioned, TRAP1 plays a crucial role in the PINKI/Parkin signaling
pathways, as it undergoes phosphorylation and activation by PINK1 (Pridgeon et al., 2007).
However, the expression of Trap! fails to rescue the decreased ATP levels in the thorax, impaired
mitochondrial integrity, and reduced levels of complex I subunits in Parkin mutant flies (Zhang
et al., 2013). The same researchers have also demonstrated that TRAP1 is unable to rescue
mitochondrial fragmentation and dysfunction when Parkin is silenced using small interfering
RNA (siRNA) in human neuronal SH-SYS5Y cells (Zhang et al., 2013). The expression of Trapl
appears to be sufficient for reversing the phenotype observed in Pink! mutant flies, with motor
impairment, reduced lifespan, and mitochondrial dysfunction (Costa et al., 2013). On the other
hand, other studies have shown that inhibiting TRAP1 genetically and pharmacologically, rather
than overexpressing it, in Drosophila significantly improves the survival rate during oxidative
stress. This inhibition also rescues mitochondrial dysfunction and the loss of dopaminergic
neurons caused by Pinkl mutation (Kim et al., 2016). The specific expression of Trap/ in neurons
seems to be sufficient for suppressing neurodegeneration and reverse the respiratory deficit

present in Pinkl null or mutant flies (Cechetto et al., 2000; Masgras et al., 2021) (Fig. 5B).
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In Parkinson’s disease models, decreased Trapl expression in flies expressing [A53T]a-
synuclein exacerbates the loss of dopaminergic neurons and increases sensitivity to oxidative
stress (Butler et al., 2012; Zheng et al., 2021). Interestingly, the overexpression of TRAPI
counteracts mitochondrial stress induced by [A53T]a-synuclein in flies, rat primary neurons, and
SH-SYS5Y human neuronal cells. The study also suggests that the ATPase domain of TRAP1 is

essential for its protective effects (Buter et al., 2012).

Several studies have investigated the effects of TRAP1 ablation or knockdown in vitro,
primarily utilizing the SH-SY5Y neuroblastoma cell line (Kubota et al., 2009; Chien et al., 2011;
Takamura et al., 2012; Zhang et al., 2013). Knockdown of TRAP! in SH-SYSY cells resulted in
abnormal mitochondrial morphology, characterized by a decrease in fragmented mitochondria
and an increase in connectivity. This effect was achieved through a nontranscriptional mechanism
that led to reduced levels of dynamin-related protein 1 (Drp1) and mitochondrial fission factor
(MfY), two proteins involved in mitochondrial fission. However, the expression levels of other
fission proteins (Fisl and mitochondrial dynamics of 51 kDa protein (MiD51)/mitochondrial
elongation factor 1 (MIEF1)) and fusion proteins (mitofusin 1/2 (Mfn1/2) and optic atrophy
protein (OPA)) remained unchanged. This suggests that TRAP1 plays a role in mitochondrial
fusion/fission processes, which ultimately impact mitochondrial and cellular function (Takamura

et al., 2012) (Fig. 5A).

The Giffard laboratory conducted studies using in vitro and in vivo models of ischemic
injury, which revealed a protective effect mediated by TRAP1 (Voloboueva et al., 2008; Xu et al.,
2009). In primary astrocyte mouse cultures, TRAP1 overexpression resulted in decreased
production of ROS, preserved mitochondrial membrane potential during glucose deprivation, and
maintained ATP levels and cell viability during oxygen-glucose deprivation (Voloboueva et al.,
2008). Moreover, in vivo overexpression of TRAP1 in neurons and astrocytes, through DNA
transfection, significantly improved mitochondrial function, increased preservation of ATP levels
in the brain, and a reduction in free radical generation and lipid peroxidation (Xu et al., 2009).
Recently, in a study conducted on primary cultures of motor neurons from mice, it was observed
that the overexpression of TRAP1 had a protective effect on these cells by preventing the loss of
mitochondrial membrane potential, reducing the production of ROS, and rescuing neurons from
death induced by oxidative stress. On the other hand, TRAP1 knockdown resulted in a decrease
in mitochondrial membrane potential under basal conditions, but it did not exacerbate
mitochondrial dysfunction or neuronal death under oxidative stress conditions (Clarke et al.,

2022) (Fig. 5A).
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Figure 5. Role of TRAP1 in neurodegeneration. (A) IMR-32 human neuroblastoma cells overexpressing
TRAP1 maintain mitochondrial integrity, exhibit enhanced mitochondrial function and improved
tricarboxylic acid (TCA) cycle functions. SH-SYS5Y neuroblastoma cells lacking TRAP1 show abnormal
mitochondrial morphology. Primary mouse astrocyte cultures with TRAP1 overexpression present

decreased production of reactive oxygen species (ROS) and significantly improved mitochondrial function.
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Primary mouse motor neuron cultures overexpressing TRAP1 have a reduced production of ROS while
cells lacking TRAPI present a decrease in mitochondrial membrane potential. (B) In Drosophila animal
models, overexpression of TRAP1 or Trapl ablation in different genetic backgrounds have different
outcomes in terms of mitochondrial dysfunction, sensitivity to oxidative stress, survival of dopaminergic

neurons, motor ability and life span. Illustration created with BioRender.

The important role of TRAP1 in neuroprotection is further supported by studies using
TRAP1/HSP90 inhibitors, which have been found to induce neuronal toxicity and lead to visual
disorders (reviewed in Ramos Rego et al., 2021). Although the expression of TRAP1 in the RPE
has never been described in the literature, both HSP70 and its family member HSP90 have been
identified in the retina (Wakakura et al., 1993; Kojima et al., 1996; Dean et al., 2001). In a recent
study using a HSP90a murine knockout model, it was reported that HSP90a. is essential for the
maintenance of rod photoreceptors (Munezero et al., 2023). Furthermore, in human trials, some
HSP90 inhibitors, such as 17-DMAG and NVP-AUY922, have caused visual disorders and retinal
dysfunction. However, other inhibitors like 17-AAG and NV-HSP990 did not have similar effects
(Chen et al., 2014; Bradley et al., 2014; Li et al., 2015; Yamaguchi et al., 2020). These findings
related with the TRAPI family member HSP90 highlights the involvement of TRAPI1 in
neurodegenerative processes, thereby opening possibilities for new therapeutic approaches

focused on modulating this protein for addressing these devastating disorders.
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1.4. Objectives of the Work and Hypothesis

In the context of AMD, oxidative stress-induced damage to the RPE occurs due to the
excessive accumulation of ROS, primarily produced in mitochondria under pathological
conditions. Maintaining mitochondrial function homeostasis is crucial for keeping ROS levels at
physiological levels and preventing the metabolic dysfunction observed in AMD pathology.
Therefore, it is important to investigate proteins that are novel players in oxidative stress

mechanisms within the RPE in the context of AMD.

Considering the functions of TRAP1 described in other cell types, we propose that
TRAP1 modulates mitochondrial metabolism in the RPE and plays a role in preventing the onset
and progression of AMD. We hypothesize that TRAP1 mediates protection against oxidative
stress in the RPE and therefore be a potential treatment target for AMD.

The objective of this study was to assess the presence and function of TRAPI1 in the
human RPE and investigate whether TRAP1 provides protection against oxidative stress in RPE
cells. To test our hypothesis, we studied the cellular functions of TRAP1 in the RPE, using the
Adult Human Retinal Pigment Epithelium-19 (ARPE-19) cell line as in vitro model. We also
aimed to optimize and implement an experimental protocol for the differentiation of human
induced pluripotent stem cells into RPE cells (iRPE) to access the presence of TRAP1 in a fully
differentiated cell. Moreover, since TRAP1 expression is reported to be upregulated in tumours,
it is important to confirm its expression in an RPE in vitro model that is not an immortalized or
transformed cell line. The establishment of this model will allow us to perform key experiments
in the future, using a more complex human RPE in vitro model, that better replicate the
characteristics of primary human RPE. Using ARPE-19 cell line, we evaluated the effect of
TRAPI ablation on cell viability, cell proliferation, cell mass, protein content and proliferation.
Then, we assessed the impact of TRAPI1 loss on intracellular ROS production and superoxide
anion production. Mitochondrial morphology and network were also analyzed. Moreover, the
effect of TRAPI silencing on mitochondrial respiration was determined. Finally, we have
evaluated the impact of TRAP1 ablation in the localization and levels of TRAP1 upon hydrogen

peroxide-induced oxidative stress.
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2. Materials and Methods

2.1. Adult Human Retinal Pigment Epithelium Cells (ARPE-19) Maintenance

The adult human retinal pigment epithelial cell line ARPE-19 obtained from the
American Type Culture Collection (ATCC® CRL-2302, Manassas, USA) was maintained in
Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12) with GlutaMAX™
(Gibco, Waltham, USA) supplemented with 10% (v/v) Fetal Bovine Serum (FBS) (Gibco,
Waltham, USA), and antibiotics (100 U/mL penicillin, 100 pg/mL streptomycin) (Gibco,
Waltham, USA). The cells (passages 6 to 35) were maintained under a humidified atmosphere of
5% carbon dioxide (CO,) at 37°C.

2.2. Human Induced Pluripotent Stem Cells (hiPSC) Maintenance

The culture of human induced pluripotent stem cells (hiPSCs) was conducted following
the STEMCELL Technologies protocol. Previously validated hiPSC line LUMCO0004iCTRL10
(Dambrot et al. 2013) was maintained by clonal propagation on growth factor-reduced Matrigel
(Corning, New York, USA) in mTeSR Plus medium (STEMCELL Technologies, Vancouver,
Canada) under a humidified atmosphere of 5% CO- at 37 °C. Briefly, cells were propagated
through clonal propagation with the assistance of the RHO/ROCK pathway inhibitor Y-27632
(Tocris Bioscience, Bristol, United Kingdom) and passaged using Versene Solution (Thermo

Fisher Scientific, Waltham, USA) or ReLeSR (STEMCELL Technologies, Vancouver, Canada).

2.3. Differentiation and Characterization of hiPSC-derived RPE Cells (iRPE)

To differentiate iRPE, we employed previously described and validated procedures
(Maruotti et al., 2015; Smith et al., 2019) with minor modifications. Briefly, hiPSC were cultured
on Matrigel in mTeSR Plus medium (STEMCELL Technologies, Vancouver, Canada) at a
density of 20,000 cells per cm? Once the cells reached the desired confluence, approximately 5
days after passage, the mTeSR Plus medium was replaced with RPE differentiation medium (RPE
DM) consisting of Dulbecco's Modified Eagle's Medium: Nutrient Mixture F-12 (DMEM/F12)
(Invitrogen, Waltham, USA), 15% Knockout Serum (Invitrogen, Waltham, USA), 2 mM
Glutamine (Invitrogen, Waltham, USA), 1x Nonessential amino acids (NEEA) (Invitrogen,
Waltham, USA), 0.1 mM B-mercaptoethanol (Sigma-Aldrich, St. Louis, USA), and 1x Antibiotic-
Antimycotic (Invitrogen, Waltham, USA). After 24 hours, the RPE DM was supplemented with
10 mM nicotinamide (NIC) (Sigma-Aldrich, St. Louis, USA) and 50 nM chetomin (CTM)
(Sigma-Aldrich, St. Louis, USA), and the cells were further cultured for 13 days, with the culture

medium being refreshed daily. Then, the cells were cultured in RPE DM medium supplemented
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only with 10 mM NIC, with the culture medium being refreshed every other day. Subsequently,
the cells were split on day 28 and cultured in RPE Medium, consisting of 70% DMEM
(Invitrogen, Waltham, USA), 30% Ham's F-12 Nutrient Mix (Invitrogen, Waltham, USA), 1x
B27 (Invitrogen, Waltham, USA), and 1x Antibiotic-Antimycotic (Invitrogen, Waltham, USA).
The cells were split at day 56 and maintained in RPE Medium until day 84, with the culture
medium being refreshed every other day. After the end of the differentiation protocol, the
characterization of hiPSC-RPE cells were performed in passages 2 to 4 of cells cultured in RPE
Medium. A detailed protocol is available at the Supplementary Material Section N° 1.

2.4. Immunofluorescence

ARPE-19 cells were cultured in DMEM/F-12 supplemented with GlutaMAX™ (Gibco,
Waltham, USA), 1% FBS (Gibco, Waltham, USA), and antibiotics (100 U/mL penicillin, 100
pug/mL streptomycin) (Gibco, Waltham, USA) for 24 hours. The cells were seeded on 12 mm
glass coverslips in 24-well plates at a density of 60,000 cells/well for 24 hours before treatment.
After treatment, ARPE-19 cells were fixed using a solution of 4% Paraformaldehyde (PFA) with
4% sucrose for 10 minutes, followed by washing with phosphate-buffered saline (PBS) and
blocking for 1 hour with a solution containing 10% normal goat serum, 3% bovine serum albumin,
and 0.3% Triton X-100 in PBS. The iRPE cells were cultured in RPE Medium and seeded in 12
mm glass coverslips coated with Matrigel in 24-well plates at a density of 100,000 cells/well and
cultured for 8 days. Then, the hiPSC-RPE cells were fixed using the abovementioned fixing
solution. Afterwards, both ARPE-19 and iRPE cells were incubated with primary antibodies at
room temperature for 1 hour. The primary antibodies used in this study were TRAP1 (1:200; BD
Bioscience, Franklin Lakes, USA), SAMS50 (1:200; Sigma-Aldrich, St. Louis, USA), ZO-1
(1:250; Sigma-Aldrich, St. Louis, USA) and Ki67 (1:100, Agilent, Santa Clara, USA). After
washing with PBS, the cells were incubated with fluorescent-labeled secondary antibodies,
including goat anti-mouse/rabbit Alexa Flour 488 (1:200; Invitrogen, Waltham, USA) and goat
anti-mouse/rabbit Alexa Flour 568 (1:200; Invitrogen, Waltham, USA), for 1 hour at room
temperature. Finally, the cells were counterstained with DAPI (1:5,000; Invitrogen, Waltham,
USA) and mounted using Glycergel mounting medium (Dako Cytomation, Glostrup, Denmark).
The resulting images were captured using a confocal microscope (Zeiss LSM510, Carl Zeiss,

Oberkochen, Germany).
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2.5. Polymerase Chain Reaction

ARPE-19 cells underwent two washes with ice-cold sterile PBS. Total RNA was then
extracted using the Trizol® reagent (Life Technologies, Carlsbad, USA) following the
manufacturer's protocol. The concentration and purity of the RNA were determined using
NanoDrop® (Thermo Fisher Scientific, Waltham, USA). Subsequently, 1 ug of total RNA was
reverse-transcribed into complementary DNA (cDNA) using the NZY First-Strand cDNA
Synthesis Kit (NZYTech, Lisbon, Portugal) according to the provided instructions. The cDNA
was treated with RNase-H for 20 minutes at 37 °C and stored at -20 °C until further analysis.
Amplification of the cDNA was carried out utilizing a BioRad T100 Thermal Cycler (Bio-Rad,
Hercules, USA) in a 40 pL reaction volume containing MYtaq Red mix (NZYTech, Lisbon,
Portugal) and 025 mM specific primers for TRAPI: HA29 TRAP1 FW 5'-
GCTCTGGGAGTACGACATGG-3' and HA30 TRAP1 RV 5'-
CTCCGAGGACACAGAATTGGT-3' (129 bp amplicon). The cycling conditions consisted of a
melting step at 95 °C for 1 minute, annealing at 62 °C for 30 seconds, and elongation at 72 °C for

30 seconds, repeated for 35 cycles. PCR products were separated using a 2% (w/v) agarose gel.

2.6. Western Blotting

Protein extracts from ARPE-19 and iRPE cells were prepared in ice-cold
radioimmunoprecipitation assay (RIPA) buffer containing 1 mM dithiothreitol (Sigma-Aldrich,
St. Louis, USA) and a protease inhibitor cocktail (Sigma-Aldrich, St. Louis, USA). The protein
concentration was determined using Bradford's assay (Invitrogen, Waltham, USA). A total of 20
ng and 40 pg of protein lysates were separated on a 12% gel from sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a polyvinylidene difluoride
(PVDF) membrane. The membranes were then blocked in 5% skim milk for 1 hour at room
temperature, followed by overnight incubation at 4°C with primary antibodies against TRAP1
(1:5,000; BD Bioscience, Franklin Lakes, USA), RPE65 (1:500; Thermo Fisher Scientific,
Waltham, USA), CRALBP (1:500; Abcam, Waltham, USA) and B-actin (1:5,000; Sigma-Aldrich,
St. Louis, USA). After washing three times with Tris Buffered Saline with 0.1% Tween 20
(TBST) for 10 minutes each, the membranes were incubated with the respective secondary
antibody (anti-mouse, 1:10,000; Invitrogen, Waltham, USA) at room temperature for 1 hour. The
membranes were then washed three times with TBST for 10 minutes each. Subsequently, the
membranes were imaged using the ImageQuant LAS 500 system (GE Healthcare Bio-Sciences,
Chicago, USA) and WesternBright Sirius™ substrate (Advansta, San Jose, USA). The protein
band intensities for the experiments with ARPE-19 cells were quantified using Quantity One

software (Bio-Rad, Hercules, USA), with B-actin serving as the loading control.
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2.7 TRAP1 Silencing in ARPE-19 Cells

To suppress the expression of TRAPI, we employed 0.1 uM siRNA targeting Human
TRAPI1 (siTRAP1, NM_016292, SI00115150 A60-SIRNA, Qiagen, Hilden, Germany) (Butler et
al., 2012). As a control, we used 0.1 uM scrambled control siRNA (siCTL, Unspecific_AllStars_1
A60-SIRNA S103650318; Qiagen, Hilden, Germany). ARPE-19 cells were cultured in DMEM/F-
12 medium supplemented with GlutaMAX™, 1% FBS, and antibiotics (100 U/mL penicillin, 100
pg/mL streptomycin). On day 0, ARPE-19 cells were seeded in a 96-, 24-, or 6-well plate at
densities of 10,000, 60,000, or 115,000 cells/well, respectively, to achieve approximately 80%
confluency at the time of transfection. On day 1, 4 hours before transfection, the medium was
replaced with Opti-MEM medium (Gibco, Waltham, USA). Subsequently, depending on the well
size, 0.5, 2, or 8 pL of the lipofectamine RNAIMAX transfection reagent (Invitrogen, Waltham,
USA) was mixed with Opti-MEM medium. The master mix, consisting of siCTL or siTRAP1 at
a concentration of 0.1 uM diluted in Opti-MEM medium, was combined with the diluted
RNAIMAX in a 1:1 ratio and incubated at room temperature for 5 minutes. Then, depending on
the well size, 10, 50, or 250 L of the resulting solution was added dropwise to the cells. The cells
were analyzed 24 or 72 hours after transfection. For the cells cultured for 72 hours, the culture
medium was replaced with DMEM/F-12 medium supplemented with GlutaMAX™, 1% FBS, and

antibiotics 48 hours after transfection.

2.8. Resazurin Assay

ARPE-19 cells were plated at a density of 10,000 cells per well in flat-bottom 96-well
microplates. The cells were cultured in DMEM/F-12 medium with GlutaMAX™, supplemented
with 1% FBS and antibiotics (100 U/mL penicillin, 100 ug/mL streptomycin). Subsequently, the
ARPE-19 cells were exposed to 31.25, 62.5, 125, 500, 1000, or 2000 uM H»O, (PanReac
AppliChem, Ottoweg, Germany) for 24 hours. For the experiments evaluating the impact of
TRAP1 loss in ARPE-19 cells, transfection was performed 24 hours after seeding, as previously
described. To assess cell metabolic activity, Resazurin (Invitrogen, Waltham, USA) assay was
used according to the manufacturer's instructions. The culture medium was replaced with
DMEM/F-12 medium containing GlutaMAX"™, antibiotics, and resazurin (1 mg/mL). The cells
were then incubated at 37 °C for 2 hours, and the fluorescence was measured using a Synergy
Multi-Mode Reader (BioTek, Winooski, USA) with excitation/emission wavelengths set at
550/590 nm. Afterwards, the cells were washed twice with PBS and fixed with 4% PFA in PBS
for 10 minutes. Subsequently, the cell nuclei were counterstained with DAPI (1/5,000; Invitrogen,
Waltham, USA). A high-content fluorescence microscope (INCell Analyzer 2000, GE
Healthcare, Chicago, USA) was utilized to count the nuclei automatically. The resulting values

were expressed as a percentage relative to the control group, which consisted of non-treated cells.
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2.9. Sulforhodamine B Assay

After 72 hours of transfection, the culture medium was removed, and cells were rinsed
with 1% PBS. Next, the cells were fixed with ice-cold 1% acetic acid in 100% methanol for 16
hours at -20 °C. The microplates containing the fixed cells were then dried at 37 °C. Following
that, the cells were exposed to 0.5% Sulforhodamine B (SRB) (Sigma-Aldrich, St. Louis, USA)
in 1% acetic acid for 30 minutes at 37 °C and subsequently rinsed three times with 1% acetic acid.
The plates were allowed to dry before adding 10 mM Tris (pH 10), followed by incubation at
room temperature for 15 minutes with agitation. Lastly, 200 uL of the solubilized solution was
added to each well, and the optical density was measured at 540 nm. The SRB Assay was
performed in collaboration with Master Sandra Mimoso Pinhangos and Doctor Hugo Fernandes

from the Advanced Therapies Group at the Center for Neuroscience and Cell Biology.

2.10. Dihydroethidium Probe

The presence of superoxide anion was detected using the Dihydroethidium (DHE) probe.
ARPE-19 cells were seeded in DMEM/F-12 with GlutaMAX"™, supplemented with 1% FBS and
antibiotics (100 U/mL penicillin, 100 pg/mL streptomycin), at a density of 60,000 cells/well on
12 mm glass coverslips placed in a 24-well plate. Silencing of TRAP1 was performed as
previously described. After 24 or 72 hours of transfection, the cells were incubated with 10 uM
Dihydroethidium (Invitrogen, Waltham, USA) diluted in PBS with 5% FBS for 30 minutes at 37
°C in a light-protected environment. Subsequently, the cells were rinsed twice with PBS, fixed
with 4% PFA with 4% sucrose for 10 minutes, and permeabilized with PBS containing 1% Triton
X-100 for 5 minutes. The cells were then counterstained with DAPI (1:5,000; Invitrogen,
Waltham, USA) diluted in PBS containing 10% normal goat serum, 3% bovine serum albumin,
and 0.3% Triton X-100. Samples were mounted using Glycergel mounting medium (Dako
Cytomation, Glostrup, Denmark) and imaged using a confocal microscope (Zeiss LSM510, Carl
Zeiss, Oberkochen, Germany). Mean fluorescence intensity (MFI) and the number of DAPI-
positive nuclei were automatically calculated and counted using ImageJ v1.53C, with at least 4

images analyzed for each condition/experiment. The results are presented as MFI per cell.

2.11. Transmission Electron Microscopy

After 72 hours of transfection with siCTL or siTRAP1, ARPE-19 cells were fixed using
a solution of 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2), supplemented with
1 mM calcium chloride. Sequential post-fixation steps were carried out using 1% osmium
tetroxide (Sigma-Aldrich, St. Louis, USA) for 1 hour, followed by contrast enhancement with 1%
aqueous uranyl acetate for 90 minutes. Subsequently, the samples were rinsed with distilled water

and dehydrated in a series of ethanol solutions ranging from 50% to 100%. They were then
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impregnated and embedded using an Epoxy embedding kit (Fluka Analytical, Waltham, USA).
Ultrathin sections with 70 nm thickness were mounted on copper grids (300 mesh) and stained
with a 0.2% lead citrate solution for 7 minutes. Observations were conducted using an FEI-Tecnai
G2 Spirit Bio Twin electron microscope operating at 100 kV. The Transmission Electron
Microscopy was performed in collaboration with Doctor Ménica Zuzarte from the Imaging Lab

at the Coimbra Institute for Clinical and Biomedical Research.

2.12. Mitochondrial Network

To label the mitochondrial network, Image-iT™ Tetramethylrhodamine Methyl Ester
Reagent (TMRM) (Invitrogen, Waltham, USA) was used. At 72 hours post-transfection, ARPE-
19 cells were incubated with a diluted solution of 75 nM TMRM Reagent in Hank's Balanced Salt
Solution (HBSS) containing Ca?* and Mg?* for 30 minutes at 37 °C. Afterwards, the TMRM
Reagent solution was replaced with Opti-MEM medium. Cell images were acquired using a Zeiss
LSM710 confocal microscope (Carl Zeiss, Oberkochen, Germany) equipped with an
environmental chamber. The acquired images were analyzed using Image] v1.53K software
(National Institute of Health, USA). Parameters were calculated using the Mito-Morphology
ImageJ macro (Dagda et al., 2009). The average area-to-perimeter ratio was used as an indicator
of mitochondrial interconnectivity, while inverse circularity was employed to evaluate

mitochondrial elongation (Dagda et al., 2009).

2.13. Oxygen Consumption and Extracellular Acidification Rate

The Seahorse XFe96 Extracellular Flux Analyzer Technology (Agilent, Santa Clara,
USA) was used to determine the oxygen consumption rate (OCR) and extracellular acidification
rate (ECAR) of ARPE-19 cells. ARPE-19 cells, at a density of 10,000 cells per well were seeded
in XF96-well plates (Agilent, Santa Clara, USA). After 24 hours, the cells were transfected with
siCTL or siTRAP1 and then cultured for an additional 48 hours. Subsequently, the cell culture
medium was replaced with 175 pL/well of pre-warmed low-buffered serum-free minimal DMEM
medium (Sigma-Aldrich, St. Louis, USA) supplemented with glucose (17.5 mM), L-glutamine (2
mM), and sodium pyruvate (0.5 mM). The pH was adjusted to 7.4, and the cells were incubated
at 37 °C in a non-CO; incubator for 1 hour to ensure temperature and pH equilibrium before the
first-rate measurement. Oligomycin, Carbonyl Cyanide p-trifluoro-methoxyphenyl Hydrazone
(FCCP), rotenone, and antimycin A solutions were prepared in DMSQO, diluted in low-buffered
serum-free DMEM medium, and pre-loaded (25 pL) into the ports of each well in the XFe96
sensor. The XFe96 Extracellular Flux Analyzer was loaded with the sensor cartridge and
calibration plate for calibration. Subsequently, 2 pM oligomycin was injected into reagent

delivery port A, 1 uM FCCP into port B, and 1 pM rotenone plus 1 uM antimycin A into port C,
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followed by mixing. To measure the OCR of the cells, three baseline rate measurements of OCR
and ECAR were conducted using a 3-minute mixing and 5-minute measuring cycle. The total
protein content in each well was determined using the SRB assay, and the raw data was
normalized to the total protein content in each well. The analysis of the results was performed
using the Software Version Wave Desktop 2.6 (Agilent, Santa Clara, USA). The Seahorse Assay
was performed in collaboration with Doctor José Teixeira and Doctor Paulo Oliveira from the

Mitochondria, Metabolism and Disease Group at the Center for Neuroscience and Cell Biology.

2.14. Statistical Analysis

Statistical analysis involved testing the normality of the distribution through the
Kolmogorov—Smirnov test. If the data did not follow a normal distribution, statistical significance
was calculated using the Mann-Whitney U test; otherwise, an unpaired t-test was used. The mean
+ standard error of the mean (SEM) was used to express the values, and p values < 0.05 were
considered statistically significant. Unless stated otherwise, at least three independent
experiments (n=3) were conducted for analysis. All statistical analyses were performed with

GraphPad Prism, version 9.0 (GraphPad Software, Boston, USA).
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3. Results

3.1. TRAP1 Localizes in the Mitochondria of Human Retinal Pigment Epithelial
Cells

The presence of TRAP1 messenger RNA (mRNA) in ARPE-19 cells was confirmed
through PCR analysis, using specific primers (Fig. 6A). Additionally, the detection of TRAPI
protein in these cells was demonstrated by Western Blotting and immunocytochemistry (Fig. 6B,
C, D). Notably, the expression of TRAP1 protein was found to co-localize with MitoTracker (Fig.
6C), a dye that selectively accumulates in mitochondria (Iacovelli et al., 2011), and with the
sorting and assembly protein-50 (SAMS50) (Fig. 6D), a mitochondrial protein, suggesting that

TRAP1 is located within the mitochondrial compartment.
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Figure 6. TRAP1 is expressed in human RPE cells. TRAP1 messenger RNA (mRNA) (A) and protein
(B) are expressed in ARPE-19 cells. TRAP1 is located mainly in the mitochondria of ARPE-19 cells where
it co-localizes with MitoTracker green (C) and the mitochondrial sorting and assembly protein-50 (SAM50)
(D). NTC: Non-template control. Scale bars: 10 um.
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3.2. Impact of Oxidative Stress on Cell Viability and TRAP1 Levels

Exposure to hydrogen peroxide (H>0-) is commonly utilized as a model to evaluate the
susceptibility to oxidative stress and antioxidant activity of retinal pigment epithelial (RPE) cells
(Mitter et al., 2014; Aryan et al, 2016; Brown et al., 2019). To determine the optimal
concentration and incubation time, ARPE-19 cells were exposed to several concentrations of
H>0; for 2 hours (Fig. 7A), 4 hours (Fig. 7B), and 24 hours (Fig. 7C), and cell metabolic activity

was assessed using the resazurin assay (Fig. 7).
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Figure 7. Assessment of cell metabolic activity of ARPE-19 cells upon challenge with hydrogen
peroxide. ARPE-19 cells were treated with different doses of hydrogen peroxide (H,0O>) (0; 31.25; 62.5;
125; 125; 250; 500; 1000 and 2000 uM) for 2 hours (A), 4 hours (B) and 24 hours (C). NS: Non-stimulated
(black bars); ST: stimulated with H>O, (grey bars). The values are presented as a percentage of the control
(non-treated cells). Cell metabolic activity was assessed using the resazurin assay. Four independent
experiments were performed (n=4). Statistical significance was calculated using the Mann-Whitney U test.
Statistically significant values: * p < 0.05. In the graphs, all values are expressed as mean + standard error

of the mean (SEM).
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The viability of ARPE-19 cells decreased in a concentration-dependent manner upon 24-
hour exposure to H>O» (Fig. 2). Considering this, for subsequent experiments, a concentration of
500 uM H,O, with a 24-hour incubation period was chosen, as these conditions resulted in a

53.5% £ 6.6% reduction in cell viability compared to the control (non-treated cells; p = 0.0286).

To investigate whether the levels and localization of TRAP1 in ARPE-19 cells were
altered under oxidative stress, cells were treated with 500 uM H,O, for 24 hours (Fig. 8). Our
findings revealed that the localization of TRAP1 remained consistent between non-treated cells
(Fig. 8A) and treated cells (Fig. 8B). However, western blot analysis demonstrated a decrease in

TRAPI1 levels (61.4% + 9.1%) following exposure to 500 uM H»O; for 24 hours (Fig. 8C,D).
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Figure 8. TRAPI1 levels decrease upon challenge with hydrogen peroxide. ARPE-19 cells were treated
(ST), or not (NS), with 500 uM H>O for 24 hours. Scale bar in A and B: 20 um. (D) Exposure to 500 uM
H>0; for 24 hours resulted in lower levels of TRAP1. NS: Non-stimulated (dark grey bars); ST: stimulated
with H,O» (light grey bars). The values are presented as a percentage of the control (non-treated cells). Four

independent experiments were performed (n=4). For the graph D, statistical significance was calculated by
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using an unpaired #-test. Statistically significant values: * p <0.05, ** p <0.01, *** p <0.001. In the graphs,

all values are expressed as mean + standard error of the mean (SEM).

3.3. TRAPI1 Silencing Decreases Cell Metabolic Activity

We aimed to investigate the impact of TRAP1 silencing on cell metabolism (measured as
dehydrogenase activity), ROS production, cell proliferation, and cell survival in RPE cells. By
using a specific siRNA for TRAP1 (siTRAP1) (Butler et al., 2012), we achieved a reduction of
approximately 50% in TRAP1 levels after 72 hours of silencing (Fig. 9B, C, D, E). In contrast,
transfection of a scramble control siRNA (siCTL), used as a reference, did not influence TRAP1
levels (Fig. 9A, B, D, E). Following 72 hours of TRAP1 silencing, we observed a 33.8% decrease
in cell metabolic activity, as determined by the resazurin assay (Fig. 9F). Notably, TRAPI
silencing did not exacerbate the decline in cell metabolic activity in ARPE-19 cells exposed to
500 uM of H,0, for 24 hours (Fig. 9G). The total number of cell nuclei (Fig. 9H), cell mass
quantified through the sulforhodamine B (SRB) assay (Fig. 9I), and the number of proliferating
cells indicated by the number of Ki67-positive cells (Fig. 9J) remained comparable to the siCTL
control. These findings suggest that TRAPI1 silencing primarily induces a reduction in cell

metabolic activity, rather than promoting cell death or reducing proliferation.
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Figure 9. TRAP1 silencing decreases ARPE-19 cellular metabolism. Seventy-two hours after TRAP1
silencing using a specific siRNA (siTRAP1), the levels of TRAP1 were reduced by approximately 50% (A,
C, D, E), while the scramble control siRNA (siCTL) did not affect TRAP1 levels (A, B, D, E) compared to
the incubation with only the transfection reagent (lipofectamine RNAIMAX) (A, D, E). Scale bars in A-C:

20 um. TRAP1 siRNA-mediated silencing decreased the cell metabolic activity measured by the resazurin
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assay (F). TRAPI silencing did not further decrease cell metabolic activity upon treatment of cells with 500
uM H,O; for 24 hours (G). The total number of cell nuclei (H), cell mass measured by sulforhodamine B
(SRB) assay (I) and the number of proliferating Ki67-positive cells (H) did not change upon TRAP1
silencing. Black bars: cells incubated only with lipofectamine RNAIMAX reagent. Dark grey bars: cells
transfected with lipofectamine RNAIMAX reagent and siCTL. Light grey bars: cells transfected with
lipofectamine RNAIMAX reagent and siTRAP1. Number of independent experiments: E (n=5); F (n=8);
G (n=4); H (n=5); I (n=6); J (n=4). Statistical significance was calculated using the Mann-Whitney U test.
Statistically significant values: * p <0.05, ** p <0.01, *** p <0.001. In the graphs, all values are expressed

as mean =+ standard error of the mean (SEM).

3.4. TRAPI1 Silencing Increases Reactive Oxygen Species Production

To investigate the impact of TRAP1 silencing on free radical levels, we evaluated the
production of superoxide anions using the dihydroethidium (DHE) assay at 24- and 72-hours
following transfection (Fig. 10). Following TRAPI silencing, we observed an elevation in DHE
signal at both 24- and 72-hours post-transfection (Fig. 10). These findings indicate that TRAP1

may play a regulatory role in controlling the levels of superoxide anions in these cells.
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Figure 10. TRAP1 silencing in ARPE-19 cells increase the levels of superoxide anion. Representative
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confocal microscopy images of fluorescent detection of reactive oxygen species (ROS) by dihydroethidium
(DHE) in cells transfected with siCTL (A, D) and siTRAP1 (B, E) for 24 hours (A, B) and 72 hours (D, E).

Scale bars: 20 um. Mean fluorescence intensity (MFI) of at least 4 images per condition/experiment, was
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measured using Image J v1.53C, and divided by the number of the DAPI-positive nuclei (MFI/cell) (C, F).
Dark grey bars: cells transfected with lipofectamine RNAIMAX reagent and siCTL. Light grey bars: cells
transfected with lipofectamine RNAiMAX reagent and siTRAP1. Four independent experiments were
performed (n=4). Statistical significance was calculated using the Mann-Whitney U test. Statistically
significant values: * p < 0.05, ** p <0.01. In the graphs, all values are expressed as mean + standard error

of the mean (SEM).

3.5. TRAPI1 Silencing Impairs Mitochondrial Structure

We conducted a comprehensive analysis to examine the impact of TRAP1 silencing on
mitochondrial physiology. Initially, we assessed the effect on mitochondrial ultrastructure using
transmission electron microscopy (TEM). Silencing of TRAP1 in ARPE-19 cells did not
significantly alter the mitochondrial ultrastructure, as clear cristac and membranes were observed
(Fig. 11A, B). To complement this analysis, mitochondria were stained with TMRM Reagent and
morphological parameters such as mitochondrial interconnectivity and elongation were quantified
(Tso etal., 2022). No fragmentation of mitochondria was observed in the siTRAP1 cells compared
to the control (Fig. 11C, D). Furthermore, TRAPI1 silencing did not affect mitochondrial
interconnectivity (Fig. 11F) but led to increased mitochondrial elongation (Fig. 11E) compared

to siCTL cells.

59



A SICTL B SITRAPL

5 oy

C siCTL D siTRAP1

(=]
|
-
(3.}
|

=)
1
® o P eA® o800 o,
bl

S
o
1

Mitochondrial elongation

o
=)
]

Mitochondrial interconnectivity

siCTL siTRAP1 siCTL siTRAP1

Figure 11. TRAP1 silencing increases mitochondrial elongation without affecting mitochondrial
ultrastructure. Transmission electron microscopy (TEM) images of mitochondria from ARPE-19 cells
transfected with siCTL (A) or siTRAP1 (B). Representative mitochondria (indicated by black arrows) are
presented. Scale bars in A and B: 100 nm. Confocal live imaging microscopy images for mitochondrial
labelling in ARPE-19 cells transfected with siCTL (C) or siTRAP1 (D) Scale bars in C and D: 50 pm.
siTRAPI cells showed increased mitochondrial elongation (E). The mitochondrial interconnectivity was

similar between the two experimental groups (F). Dark grey bars: cells transfected with lipofectamine
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RNAIMAX reagent and siCTL. Light grey bars: cells transfected with lipofectamine RNAIMAX reagent
and siTRAPI1. Statistical significance was calculated by using an unpaired t-test. Statistically significant
values: * p <0.05, ** p <0.01, *** p <0.001. In the graphs, all values are expressed as mean + standard

error of the mean (SEM).

3.6. TRAPI1 Silencing Impacts Mitochondrial Energetic Status

We also evaluated the effects of TRAP1 silencing on mitochondrial oxygen consumption
rates (OCR) and extracellular acidification rate (ECAR) in ARPE-19 cells (Fig. 12A). TRAP1
silencing resulted in a significant reduction in OCR. TRAP1 silencing resulted in a 60-70%
reduction in basal OCR, maximal OCR and ATP production-linked OCR (Fig. 12C, D, E) as well
as approximately 50% reduction in proton leak-related OCR (Fig. 12F). Additionally, there was
a slight decrease in basal extracellular acidification rate (ECAR) (Fig. 12B). Measurement of
these two major energy-producing pathways, mitochondrial respiration (represented by OCR) and
glycolysis (indirectly measured by ECAR), enables the identification of four bioenergetic
phenotypes: quiescent, energetic, aerobic, and glycolytic. Notably, plotting the average data of
basal OCR (Fig. 12C) against basal ECAR (Fig. 12B) revealed that TRAPI silencing shifted the
cellular metabolic profile towards a more quiescent phenotype compared to untreated cells (Fig.
12B, O).
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Figure 12. TRAPI silencing drives a quiescent metabolic state. (A-F) Representative images of oxygen
consumption rate (OCR) and extracellular acidification rate (ECAR) measurements using a Seahorse
XFe96 Extracellular Flux Analyzer. A shift towards a more quiescent phenotype was observed when the
average mitochondrial basal OCR was plotted against the average basal ECAR (B). A decrease in
mitochondrial OCR was paralleled by a slight decrease in ECAR (B). siTRAPI1 cells presented a decreased
basal and maximal OCR when compared to the siCTL cells (C, D). siTRAP1 silencing significantly reduced
the ATP production-linked (E) and proton leak-related (F) OCR. Data are the mean + SEM of 3 independent
experiments and show the effects of mitochondrial inhibitors (a) oligomycin (2 pM), (b) FCCP (1 puM) and
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(c) antimycin A (1 uM) plus rotenone (1 pM) injected as indicated. The results are expressed as pmol
O?/min/cell mass for OCR and mpH/min/cell mass for ECAR. Dark grey bars: cells transfected with
lipofectamine RNAIMAX reagent and siCTL. Light grey bars: cells transfected with lipofectamine
RNAIMAX reagent and siTRAP1. Statistical significance was calculated by using an unpaired t-test.
Statistically significant values: * p < 0.05, ** p <0.01, *** p <0.001. In the graphs, values are expressed

as mean =+ standard error of the mean (SEM).

3.7. Differentiation and Characterization of iRPE

To differentiate RPE from hiPSC, we used the hiPSC line LUMCO0004iCTRL10 (Fig. 13),
previously validated as being pluripotent with low levels of somatic variation (Dambrot et al.

2013).

Figure 13. Human induced pluripotent stem cell line LUMCO004iCTRL10. Microscopy images of the
hiPSC line LUMCO004iCTRL10 passage 19. Scale bars: (A) 250 um, (B) 125 pm. Magnifications: (A) 20X
and (B) 40X.

Then, we employed a protocol based in the validated protocols from Maruotti et al. and
Smith et al., with minor modifications (Maruotti et al., 2015; Smith et al., 2019) (Fig. 14A),
altering and adjusting the cell plating densities and the CO, levels in the cell culture incubator.
During the second month of differentiation, we started to observe some domes and rosette-like
structures, as indicated by the black arrows in Fig. 14H, I. Cells also formed a very thigh
pigmented monolayer. Indeed, at differentiation day (dd) 56, pigmentation was clearly observed
in the cell pellet resultant from the splitting and centrifugation of cells (Fig. 14J, K). At dd 84,
the final day of the differentiation process, virtually all cells were strongly pigmented (Fig. 14M,
L).

63



hiPSCs RPE Differentiation Protocol
e RPE ifrentiaion edium S wwedm
NIC + CTM NIC
| | ] ] | | |
I 5 days I 1 day ' 13 days ! 14 days 28 days I 28 days I
Day 0 Day 28 Day 56 Day 84
Split Split Harvest

Figure 14. Differentiation of hiPSC into RPE. (A) Schematic protocol of hiPSC differentiation into RPE
using a combination of Nicotinamide (NIC) and Chetomin (CTM). (B, C, D, EF, G, H, I, J, L) Microscopy
images of the morphology of the differentiating cells through the differentiation process. (B) Cells at
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differentiation day (dd) -05, after split and plating at high density. (C) Cells at dd 0 of the differentiation,
right after medium change from mTSeR Plus to RPE differentiation medium (RPE DM). (D) Cells at dd
01, the first day with NIC and CTM induction. (E) Cells at dd 14, right after the medium change to RPE
DM with NIC induction only. (F) Cells at dd 28, right before splitting and amplification. (H, I) During the
second month of differentiation, domes and rosette-like structures were visible, as indicated by the black
arrows. (J) Cells have formed a very thigh pigmented monolayer and were ready to split and amplification.
(K) Cell pellet resultant from the splitting and centrifugation of cells at dd 56, pigmentation was clearly
observed. (L) Cells at dd 84, the final day of differentiation. (M) Cell pellet resultant from the harvesting
and centrifugation of cells at dd 84, dark pigmentation was evident. Scale bars: (B, D, L) 500 um, (C, E, F,
J) 250 um, (G, H, I) 125 pm (K, M) 10 mm. Magnifications: (B, D, L) 10X, (C, E, F, J) 20X and (G, H, I)
40X.

After the end of the differentiation process, we collected the iRPE cells and performed a
molecular characterization of the cells to access if they express RPE specific markers. In fact,
key RPE markers such as retinal pigment epithelium-specific protein of 65 kDa (RPE65), the
cellular retinaldehyde-binding protein (CRALBP) and the tight junction protein zonula occludens
1 (ZO-1) (Fig. 15) were expressed in the iRPE cells resultant from our differentiation protocol.
Moreover, the cells showed the polarity expected of RPE cells, with ZO-1 showing predominant
apical localization (Fig. 15E, F). Finally, we also demonstrated that TRAP1 protein is expressed
in the iRPE cells resultant from our differentiation protocol (Fig. 15G, H, I).
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Figure 15. Characterization of the iRPE cells. Western Blotting analysis confirmed that RPE65 (A) and
CRALBP (B) protein were expressed by hiPSC-RPE cells. (C, D) Immunocytochemistry analysis also
confirmed that these cells express zonula occludens 1 (ZO-1) protein. (E, F) z-stack confocal micrographs
showed the typical polarized expression of RPE proteins, with ZO-1 demonstrating apical localization. (G,
H) Immunocytochemistry analysis confirmed that TRAP1 was expressed in the iRPE cells. (I) Western
Blotting analysis showed the expression of TRAP1 protein. Scale bars: (C, D, G, H) 10 um, (E, F) 5 pm.
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4. Discussion

Tumor necrosis factor receptor-associated protein 1 (TRAP1) has been found to be
expressed in various tissues and cell types (Song et al., 1995; Felts et al., 2000; Yoshida et al.,
2013; Sciacovelli et al., 2013; Agorreta et al., 2014; Palladino et al., 2016; Barbosa et al., 2018;
Xiao et al., 2021; Bruno et al., 2022; Dharaskar et al., 2023a; Dharaskar et al., 2023b). TRAP1
messenger RNA (mRNA) has been reported to exhibit variable expression in tissues such as the
brain, skeletal muscle, heart, kidney, liver, lung, placenta, and pancreas (Song et al., 1995).
Previous studies have also identified TRAP1 protein expression in different cell lines, including
H1299 human cell lung carcinoma (Barbosa et al., 2018), G361 melanoma (Song et al., 1995),
PC-3M prostate carcinoma (Felts et al., 2000), A549 human adenocarcinoma (Agorreta et al.,
2014; Palladino et al., 2016) SW480 colorectal adenocarcinoma (Song et al., 1995), HL-60
promyelocytic leukemia (Song et al., 1995), SH-SY5Y neuroblastoma (Yoshida et al., 2013),
IMR-32 neuroblastoma (Dharaskar et al., 2023) HCT116 colon cancer (Bruno et al., 2022;

Matassa et al., 2022), and human cervix carcinoma HeLa cell lines (Xiao et al., 2021).

Although the expression of TRAPI in the retinal pigment epithelium (RPE) has never
been described in the literature, both HSP70 and its family member HSP90 have been identified
in the retina (Kojima et al., 1996; Dean et al., 2001). The important role of TRAP1 is further
supported by studies using TRAP1/HSP90 inhibitors, which have been found to induce neuronal
toxicity and lead to visual disorders (reviewed in Ramos Rego et al., 2021). Concerning HSP70,
a study in a Wistar rat model of retinal ganglion cell degeneration induced by ocular hypertension
show that the upregulation of HSP70 supports the survival of injured retinal ganglion cells. The
authors also suggest that their findings provide support for translating the HSP70-based cell
survival strategy into therapy to protect and rescue injured retinal ganglion cells from
degeneration associated with retinal diseases (Park et al., 2001). In a recent study using a HSP90a.
murine knockout model, it was reported that HSP90a is essential for the maintenance of rod
photoreceptors (Munezero et al., 2023). Hsp90a '~ mice showed not only a decline in rod
photoreceptor function, but also progressive rod photoreceptor degeneration. Photoreceptor
nuclei layers were uniformly and progressively reduced on each side of the optic nerve in the
retina of the knockout mice. Furthermore, the authors also observed the activation and migration
of microglia to the photoreceptor layers, abnormalities in the outer segments and apoptotic nuclei
accumulation in Hsp90a "~ models (Munezero et al., 2023). Furthermore, in human trials, some
HSPI0 inhibitors, such as 17-DMAG and NVP-AUY922, have caused visual disorders and retinal
dysfunction (Sessa et al., 2013; Yamaguchi et al., 2020). In fact, HSP90 is suggested as a

promising therapeutic target in retinal diseases. Indeed, the HSP90 protein family is a fundamental
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constituent of a complex defense mechanism that enhances cell survival and regulates
homeostasis even under cellular stress and adverse environmental conditions (McClellan et al.,
2007; Khong et al., 2011; Zhou et al., 2013; Aguila et al., 2016; Piri et al., 2016; Fiesel et al.,
2017). These findings related with the HSP70 and HSP90 functions highlight the involvement of
TRAP1 in neurodegenerative processes and in the function of retinal cells. Further research and
clinical studies are needed to validate the therapeutic potential of TRAP1 modulation in retinal
diseases, opening possibilities for new therapeutic approaches focused on modulating this protein

for addressing devastating disorders such as AMD.

In our study, we demonstrated the presence of TRAP1 in the mitochondria of human RPE
cells (Fig. 6). Interestingly, TRAP1 silencing in adult retinal pigment epithelium-19 (ARPE-19)
cells in our experiments did not result in reduced cell proliferation (Fig. 9). This contrasts with
findings reported by Agorreta et al., Barbosa et al. and Palladino et al., who demonstrated that
downregulation of TRAP1 inhibits cell proliferation and decreases cell survival in A549 and
H1299 lung cancer cell lines and in thyroid carcinoma cells (Agorreta et al, 2014; Palladino et al,
2016; Barbosa et al., 2018). The observed discrepancies may be attributed to the level of TRAP1

suppression or the specific cell types involved.

Furthermore, we investigated whether TRAP1 levels and localization were altered in
response to hydrogen peroxide (H»>O»)-induced damage. We observed that TRAP1 levels were
decreased 24 hours after exposure to 500 uM of H,O,, while the localization of the protein
remained unaffected (Fig. 7,8). However, other studies have shown that TRAP1 expression is
upregulated following treatment with H,O, (300 pM) for 24 hours in a neuroblastoma cell line
(SH-SYS5Y) (Yoshida et al., 2013). The discrepancy in the effect of H,O, treatment on TRAP1
levels could be attributed to the specific cell type, as numerous studies indicate that the role of
TRAP1 may differ depending on the cell type (Barbosa et al., 2018; Agorreta et al., 2014; Xiao
et al., 2021).

Our findings reveal that silencing of TRAP1 leads to an increase in reactive oxygen
species (ROS) production in RPE cells, suggesting its crucial role in regulating ROS levels (Fig.
9, 10). Similar observations of elevated ROS production upon TRAPI silencing have been
reported in HCT116 colon cancer cells (Bruno et al., 2022), lung cancer cells (Barbosa et al.,
2018), and HeLa cells exposed to H,O, (Xiao et al., 2021). Furthermore, we investigated the
impact of TRAP1 silencing on mitochondrial morphology. We observed that TRAP1 silencing
resulted in enhanced mitochondrial elongation while maintaining mitochondrial interconnectivity
(Fig. 11). Previous studies conducted in MRC-5 cells showed that reduced TRAP1 levels did not
affect mitochondrial morphology compared to control cells, displaying a complex and

interconnected mitochondrial network (Barbosa et al., 2018). However, the same authors
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demonstrated that TRAP1 silencing in A549 cells led to reduced mitochondrial elongation and

interconnectivity (Barbosa et al., 2018).

TRAP1 is known to regulate mitochondrial energy metabolism, particularly oxidative
phosphorylation (OXPHOS), through its interaction with proteins in the mitochondrial electron
transport chain (ETC), such as complex II and complex IV (Yoshida et al., 2013; Sciacovelli et
al., 2013; Rasola et al., 2014; Masgras et al., 2017). Additionally, we assessed the impact of
TRAP1 on the metabolic profile and capabilities of ARPE-19 cells. Our data revealed that
decreased TRAPI levels led to an overall decline in respiratory capacity, driving the cells into a
quiescent state (Fig. 12). Similarly, other studies demonstrated decreased oxygen consumption
without alterations in glycolytic rates in A549 siTRAP1 cells (Barbosa et al., 2018). In contrast,
TRAP1 knockout in murine fibroblast cells displayed higher basal oxygen consumption rates and
significantly higher maximum respiratory capacity than control cells (Agorreta et al., 2014).
Recently, Xiao et al. demonstrated that TRAP1 overexpression, rather than TRAP1 ablation,
increased maximal respiration and ATP production in cancer-associated fibroblasts (Xiao et al.,

2021).

In summary, our study highlights that silencing of TRAP1 leads to increased ROS
production in human RPE cells and induces a quiescent metabolic state (Fig. 10, 12). Considering
that oxidative stress-induced RPE damage and mitochondrial dysfunction are prominent features
of age-related macular degeneration (AMD) (Brown et al., 2019), TRAP1 might play a role in
AMD pathology, presenting new avenues for the development of therapeutic approaches targeting
TRAP1 modulation. Therefore, future experiments are needed to evaluate the efficacy of TRAP1

gene therapy in more complex models, that better mimic the characteristics of primary RPE cells.

Although the ARPE-19 cell line is the most widely used RPE cell line (Dunn et al., 1996;
Klettner et al., 2020), the expression patterns of ARPE-19 cells depend, not only on the origin of
the cell line, but also on culture conditions (Samuel et al., 2017; Tian et al., 2004). Indeed, when
cultured under conditions that promote differentiation, ARPE-19 cells are able to mimic many
characteristics of primary human RPE, such as pigmentation, cobblestone-like appearance and
polarization (Ahmado et al., 2011; Lynn et al., 2018; Hazim et al., 2019; Pfeffer and Fliesler,
2022). However, in the culture conditions used in our study, ARPE-19 are not fully differentiated.
Our cells were not pigmented, did not present a hexagonal morphology and were not polarized.
Indeed, we needed improved culture conditions to enhance the differentiation of ARPE-19 cells.
Moreover, since TRAP1 expression is upregulated in tumours (Agorreta et al., 2014; Palladino et
al., 2016 Xiao et al., 2021; Bruno et al., 2022; Matassa et al., 2022), it was important to confirm

its expression in an RPE in vifro model that was not an immortalized or transformed cell line.
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Thus, a more complex in vitro model that allows the obtention of fully differentiated RPE cells

was needed.

In the last years, human induced pluripotent stem cells-derived RPE (iRPE) have emerged
as additional source for the generation of fully mature and functional RPE cells (Ferrer et al.,
2014; Maroutti et al.; 2015; Smith et al., 2019; Sharma et al., 2019 Miyagishima et al., 2021). In
fact, the use of iRPE cells offers a promising alternative for further studies (Smith et al., 2019),
enabling a better disease modelling. In this study we used an adaptation of the protocols by
Maroutti et al., and Smith et al., altering and adjusting the cell plating densities and the CO> in
the cell culture incubator. Using the small molecules nicotinamide (NIC) and chetomin (CTM) to
promote the differentiation of hiPSC, we successfully obtained a pure and functional monolayer
of RPE cells (Fig. 13,14,15). After the end of the differentiation process, we collected the iRPE
cells expressing the RPE specific markers retinal pigment epithelium-specific protein of 65 kDa
(RPE6Y), the cellular retinaldehyde-binding protein (CRALBP) and the tight junction protein
zonula occludens 1 (ZO-1) (Fig. 15). Moreover, the cells showed the polarity expected of RPE
cells, with ZO-1 showing predominant apical localization (Maroutti et al., 2015). Finally, we also
demonstrated that TRAP1 protein is also expressed in the iRPE cells resultant from our
differentiation protocol (Fig. 15). The iRPE cells displayed many of the morphological and
molecular characteristics of the primary RPE, confirming the robustness of the differentiation
protocol. Moreover, since these cells exhibit similar characteristics to mature human RPE, this
protocol has the potential to be cost-efficient to produce RPE cells with a high level of purity
through a single passage of the culture. Indeed, the validation of iRPE cells often involves visually
inspection of features such as confluency, hexagonality, and pigmentation, as well as analyzing
gene expression in a subset of genes (Bharti et al., 2011). Although these assessments confirm the
RPE phenotype, they lack the sensitivity required for comparing and validating cells across
multiple laboratories and different patients with AMD. To address this limitation, researchers
have employed scanning and transmission electron microscopy (TEM) to assess the structural
characteristics of the RPE monolayer (Sharma et al., 2019). Through these techniques, it has been
demonstrated that iRPE cells exhibit prominent pigment granules located apically, nuclei
positioned basally, tight junctions connecting adjacent cells, and fully polarized and mature
features evident in their confluent apical processes (Miyagishima et al., 2016; Sharma et al.,
2019). Considering this, the optimization of the iRPE characterization made in our study will
consist in using TEM analysis and in verifying if the obtained iRPE cells express another
developmental (MITF, PAX6, TYRP1, TYR, GPNMB) and mature RPE markers (RLBPI,
ALDHI1A3, BEST1, CLDN19, EZRIN, MFRP) by quantitative PCR analysis (Maroutti et al.,
2015; Sharma et al., 2019; Smith et al., 2019; Farnoodian et al., 2022). Additionally, we can

perform a functional assessment of the tight junctions by measuring the transepithelial resistance
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of cells grown in semi-permeable Transwell® filters (Miyagishima et al., 2016; Sharma et al.,
2019). We can also assess the phagocytosis of photoreceptor outer segments (POS), a key task of
the RPE (Miyagishima et al., 2016; Sharma et al., 2019; Bharti et al., 2022).

The implementation of this optimized protocol of iRPE differentiation holds potential as
an effective model system for studying the role of TRAPI in the RPE and to test the efficacy of
a possible TRAP1-based therapy for AMD. In fact, as previously discussed, several authors have
shown that iRPE cells can be used to model AMD in vitro (Garcia et al., 2015; Golestaneh et al.,
2016; Saini et al., 2017; Dalvi et al., 2019; Peters et al., 2022). Further experiments in our study
may include the generation of hiPSC from skin fibroblasts of AMD donors and age-matched
healthy donors. After the establishment of the hiPSC lines, we can differentiate the hiPSC into
RPE cells (iRPE). Indeed, iRPE derived from AMD human donors exhibit the disease relevant
cellular phenotype and is a valuable tool for in vitro disease modelling in AMD (Golestaneh et
al., 2016). Or we can use healthy iRPE cells and induce an AMD-like phenotype, by adding Bis-
retinoid N-retinyl-N-retinylidene ethanolamine (A2E) a major component of lipofuscin, the main
constituent of macular drusen (Parmar et al., 2018). We can also induce oxidative damage in the
healthy iRPE by inhibiting the antioxidant response of the cells by silencing superoxide dismutase
(SOD) proteins. To investigate the impact of the complete absence of TRAP1 in human RPE cells,
we can also generate a TRAP1 knockout iRPE line, using technologies such as the system

clustered regularly interspaced short palindromic repeats/Cas9 protein (CRISPR/Cas9).

Summing up, our findings about TRAP1 role in ARPE-19 cells and the implementation
of a protocol for iRPE differentiation provide an unprecedented opportunity to understand the
role of TRAPI in the RPE, to better understand AMD disease mechanisms and to identify possible
AMD novel therapeutics based in TRAP1 modulation.

73



74



5. Conclusion

75



76



5. Conclusion

Age-related macular degeneration (AMD) is the leading cause of severe vision loss and
blindness in elderly people worldwide. Vision loss caused by advanced stages of AMD has
profound human and socioeconomic consequences in all societies. The oxidative stress-induced
damage of the retinal pigment epithelium (RPE) is thought to play a key role in the onset and
progression of AMD. The RPE damage resultant from oxidative stress occurs due to the excessive
accumulation of reactive oxygen species (ROS), primarily produced in the mitochondria under
pathological conditions. Maintaining mitochondrial function homeostasis is crucial for keeping
ROS at physiological levels and preventing the metabolic dysfunction observed in AMD
pathology. Therefore, it is important to investigate proteins that are novel players in oxidative

stress mechanisms within the RPE in the context of AMD.

Tumour necrosis factor receptor-associated protein 1 (TRAP1) is a mitochondrial
chaperone that supports protein folding and contributes to the maintenance of mitochondrial
integrity even under cellular stress. TRAP1 protects against mitophagy, mitochondrial apoptosis
and dysfunction by decreasing the production and accumulation of ROS, thus, reducing oxidative
stress. Considering the functions of TRAP1 described in other cell types, we propose that TRAP1
modulates mitochondrial metabolism in the RPE and plays a role in preventing the onset and
progression of AMD. We hypothesize that TRAP1 mediates protection against oxidative stress in
the RPE and therefore is a potential therapeutic target for AMD.

The objective of the present study was to assess the presence and function of TRAP1 in
the human RPE and investigate whether TRAP1 provides protection against oxidative stress in
RPE cells. To test our hypothesis, we studied the cellular functions of TRAP1 in the RPE, using
the Human Adult Retinal Pigment Epithelial-19 (ARPE-19) cell line as in vitro model. We also
aimed to optimize and implement an experimental protocol for the differentiation of RPE cells

from human induced pluripotent stem cells (iRPE) to access the presence of TRAP1.

Our findings revealed that TRAP1 is expressed in human adult RPE cells and primarily
localized in the mitochondria. Additionally, our study highlighted that silencing TRAPI
expression increased ROS production in human RPE cells, decreased mitochondrial respiratory
capacity and lead to a quiescent metabolic state. The successful establishment of the iRPE model
will also allow us to perform key experiments in the future, using a more complex human RPE in
vitro model, that better replicates the characteristics of primary human RPE. Indeed, iRPE cultures
are high-quality models for mechanistic RPE research, being a valuable resource in the

investigation of the responsiveness to interventions and therapies, enabling personalized
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treatment or preventive approaches for AMD patients or individuals at high risk of developing the

disease.

Summing up, our findings about TRAP1 role in ARPE-19 cells and the implementation
of a protocol for iRPE differentiation provide an unprecedented opportunity to understand the
role of TRAP1 in the RPE, to better understand AMD disease mechanisms and to identify possible
AMD novel therapeutics based in TRAP1 modulation.
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7. Supplementary Material

7.1. Differentiation and Characterization of iRPE Cells
Detailed Protocol

Reagents

= hESC-grade Matrigel (Catalog number 354277; Corning, New York, USA);

= TrypLE select enzyme (Catalog number 12563029; Gibco, Waltham, USA);

= mTeSRI1 (Catalog number 05850; STEMCELL Technologies, Vancouver, Canada);

=  DMEM (Catalog number 11965; Invitrogen, Waltham, USA);

= F12 (Catalog number 111765; Invitrogen, Waltham, USA);

= DMEM/F12 (Catalog number 11330; Invitrogen, Waltham, USA);

= KO SR (Catalog number 10828; Invitrogen, Waltham, USA);

= B27, 50x (Catalog number 17504; Invitrogen, Waltham, USA);

= NEAA 100X (Catalog number 11140; Invitrogen, Waltham, USA);

= Glutamine 100X (Catalog number 25030; Invitrogen, Waltham, USA);

= Anti-Anti 100X (Catalog number 15240; Invitrogen, Waltham, USA);

= Nicotinamide (NIC) (Catalog number N3376; Sigma-Aldrich, St. Louis, USA);
Note: NIC 1 M stock (100%; 1 mL in 100 mL): to 50 mL of cell culture water, add 6.1 g
of NIC, filter sterilize. Keep at 4 °C for up to 1 month;

= Chetomin (CTM) (Catalog number C9623; Sigma-Aldrich, St. Louis, USA);
Note: CTM 1 mM stock (20,000x; 5 pl in 100 mL): dilute 1 mg of CTM into 1.4 mL of
cell culture-tested DMSO (Catalog number D2650; Sigma-Aldrich, St. Louis, USA).
Aliquot and store at —80 °C. Note: After thawing, keep CTM aliquots at room temperature
in desiccator for up to 1 week. It is also possible to freeze/thaw CTM at least two or three
times without affecting its efficiency in driving RPE differentiation;

= B-mercaptoethanol (Catalog number M3148; Sigma-Aldrich, St. Louis, USA);
Note: B-mercaptoethanol 1M stock can be prepared with sterile distilled water. Store it at
room temperature for a couple of months. Do not attempt to filter-sterilize pure B-

mercaptoethanol as it will dissolve materials out of the filter.
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Medium Composition

RPE Differentiation Medium (RPE DM Medium)
Medium and supplements Concentration | 500 mL
DMEM/F12 85% (vol/vol) 410 mL
KO SR 15% (vol/vol) 75 mL
Glutamine 100X 2 mM 5mL
NEAA 100X 0.1 mM 5mL
Anti-Anti 100X 1% 5mL
B-mercaptoethanol (Stock: 14.3M) 0.1 mM 3.5uL
RPE Medium
Medium and supplements Concentration | 500 mL
DMEM 70 % (vol/vol) 335 mL
F12 30% (vol/vol) 150 mL
B27, 50x 2% 10 mL
Anti-Anti 100X 1% 5mL
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Experimental Procedures

Differentiation Day -5

- Remove the medium and add 500 pL of TrypLE express per well in 6-well plates (6 WP),
incubate 5 min at 37 °C, collect the cells and add 6 ml of mTesR plus medium and count
them.

- Centrifuge the cells at 300 xg during 5 min.

- Plate hiPSC cells at high density (20,000 cells per cm?, i.e., 192,000 cells per well (6
WP)) on Matrigel.

- Culture cells in 2 ml mTesR plus medium with 2 pl of Y-27632 in 5% CO..

Differentiation Day -4
- Replace the medium by mTesR plus medium (without Y-27632).

Differentiation Day -2
- Replace the medium by mTesR plus medium (without Y-27632).

Differentiation Day 0
- Once cells reached the desired confluency (>80%, approximately 5 days, replace mTesR

plus medium with RPE differentiation medium (RPE DM) (2 ml/6 WP).

Differentiation Day 1 (RPE differentiation induction with DM + NIC and CTM)
- Replace medium with RPE DM supplemented with 10 mM Nicotinamide (NIC) and 50
nM Chetomin (RPE DM + NIC + CTM).
- Change medium every day, adding fresh NIC and CTM.

Differentiation Day 14 (RPE Differentiation Induction with DM + NIC)
- Culture cells in RPE DM medium supplemented with 10mM NIC (RPE DM + NIC). Use
2 mL per well (6 WP).
- Feed cultures daily until day 28.

Differentiation Day 28 (Amplification and RPE Maturation with RPE Medium)
- Remove medium and add 1 mL of TrypLE select enzyme.
- Incubate for 12 min at 37 °C, 5% CO; until most cells look rounded.
- Vigorously dissociate cells in TrypLE select enzyme until most or all clumps have

disappeared.
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Add 2 mL of RPE medium and transfer to 15 mL tube.

Centrifuge, 130 xg, for 5 min.

Remove supernatant and resuspend cell solution in RPE medium.

Filter through a 40-pum nylon mesh (BD Falcon) and count the cells.

On dishes precoated with Matrigel, plate RPE cells at a density of 250-300,000 cells per
cm?(2.4x10° — 2.9x10° cells per well (6 WP)).

Note: About one week after each passage, the polygonal cells formed a very tight, fully

pigmented monolayer.

Differentiation Day 56 (Amplification and RPE Maturation with RPE Medium)

Remove RPE medium and add 1 mL of TrypLE select enzyme.

Incubate for 12 min at 37 °C, 5% CO, until most cells look rounded.

Vigorously dissociate cells in TrypLE select enzyme until most or all clumps have
disappeared.

Add 2 mL of RPE medium and transfer to 15 mL tube.

Centrifuge, 130 xg, for 5 min.

Remove supernatant and resuspend cell solution in RPE medium.

Filter through a 40-pum nylon mesh (BD Falcon) and count the cells.

On dishes precoated with Matrigel, plate RPE cells at a density of 100,000 cells per cm?
(1x10° cells per well (6 WP)).

Differentiation Day 84 (Harvest)

Harvest and/or cryopreserve the cells.
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