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por mi vida durante estos intensos pero alucinantes 5 afios. Yo solo espero no dejarme a nadie, y si fuera
el caso me disculpo de antemano por mi capacidad recurrente de olvidarme de las cosas. Algun dia me
dardn un premio por eso o una mafiana moriré achicharrada por olvidarme la cafetera hirviendo en los
fogones de mi piso de Nueva York, que son por cierto de la época de Maria Antonieta. Antes de empezar a
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habéis aportado y ensefiado cosas distintas, pero cada una con un valor incalculable.

En primer lugar, quisiera agradecer a mis directores de tesis al Dr. Alberto Anel y a la Dra. Raquel
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es infinita por haberos encontrado. He aprendido tanto con vosotros que podria escribir otra tesis. Gracias

por todo, siempre seréis un referente para mi.

También agradecer a Maria Barreiro, la mujer del Dr. Alberto Anel, la “mami”, y es que ella también
lo sabe, que es como si fuera mi segunda madre. Gracias por cuidarme como si fuera de los tuyos, y sobre
todo por hacerme reir tanto. Oye, enserio, algln dia me mataras de la risa. jQue afortunada soy en tenerte

en mivida también!

Ahora toca a la familia. Creo que van a ser unas lineas duras porque desde que empecé esta tesis

muchos nos han abandonado.



En primer lugar, quiero agradecer a mi querida madre Maria Angeles Agesta por haberme dado Ia
vida. Gracias por tu apoyo incondicional, tu amor infinito hacia mi. Gracias por TODO. Yo no podria haber

hecho esto si no fuera por ti. Te quiero mama.

En segundo lugar, agradecer a mi padre Ramon Soler, tU también has sido imprescindible para que
esto pase. Gracias por esforzarte en intentar hacer las cosas lo mejor que pudiste. Aungue no nos veamos

mucho, pienso en ti muy a menudo. Hoy soy la mujer que soy gracias a ti.

También quisiera mencionar a mi familia mas cercana, mis difuntos abuelos Ascensién Gracia y
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mafianeros y por esas cenas tan buenas que me preparas después de un largo dia de trabajo. Gracias por

ser el mejor. Te quiero mucho.

En la misma linea, quisiera también agradecer a la familia Cérdova (la tia Rosy, el tio Fernando, Gigi,
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carifio incondicional. Aunque no lo credis, habéis sido un apoyo enorme cuando el burnout de la tesis

empezaba a hacer mella. Gracias por tratarme como uno de los vuestros. Os quiero.
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RESUMEN

PT-112 es una nueva molécula de uso quimioterapéutico que presenta una estructura de platino
conjugada con un pirofosfato, la cual se ha demostrado que tiene baja afinidad de unién al ADN comparado
con otros andlogos de platino. En la actualidad, PT-112 se encuentra en desarrollo clinico de fase 2 y se ha
demostrado su actividad en pacientes diagnosticados con tumores sélidos que se encuentran en
enfermedad avanzada, incluyendo el cdncer de prdstata metastdsico resistente a la castracion. Estudios
previos apuntan a que PT-112 inhibe la biogénesis ribosémica e induce muerte celular inmunogénica, la
cual culmina en una respuesta inmune antitumoral. La capacidad de PT-112 de estimular el sistema
inmunitario fue en parte descubierta por experimentos realizados con ratones inmunocompetentes que
demostraron que la vacuna preparada a partir de un extracto de células previamente expuestas a PT-112
permite generar proteccién inmunoldgica frente al desarrollo de tumores inoculados con células del mismo
tipo. En ese mismo estudio también se reporté que PT-112 es capaz de establecer sinergia con los
inhibidores de puntos de control inmunolégicos anti-PD-1 o anti-PD-L1, lo que permite controlar el
crecimiento de tumores inoculados en huéspedes inmunolégicamente competentes. De acuerdo con
dichos antecedentes, el objetivo la presente investigacion es ampliar el estudio del mecanismo de acciéon
de PT-112 asi como tratar de elucidar los mecanismos que subyacen a la muerte inmunogénica inducida

por este compuesto.

En este trabajo se ha podido demostrar que PT-112 sensibiliza preferentemente a las células de
cancer que presentan disfunciones mitocondriales y que, ademas, presenta selectividad tanto citostatica
como citotdxica por células humanas de cancer prostata, sin afectar significativamente a la linea sana de
prostata RWPE-1, a las concentraciones ensayadas. Asi mismo, se ha demostrado que, en la mayor parte
de las células tumorales ensayadas, PT-112 induce muerte celular a través de la via apoptética mitocondrial
mediada por la oligomerizacién de BAK1 y BAX y la activacién de caspasa-3. Ademads, la muerte celular
inducida por PT-112 esta asociada con fendmenos de estrés mitocondrial como la produccién de especies
reactivas de oxigeno, cambios en el potencial de membrana mitocondrial, alteracién en la capacidad
respiratoria, reorganizacion del sistema de supercomplejos respiratorios asociados al complejo lll, asi como

cambios en la morfologia del organelo.

En este trabajo se ha validado también la capacidad de PT-112 de inducir muerte celular

inmunogénica en modelos celulares no ensayados anteriormente. Concretamente, se ha podido demostrar



qgue PT-112 induce un aumento en la liberacion de ATP, en la exposicion de calreticulina, en la secrecion de
HMGB1 y de IFN tipo |, esta Ultima precedida por un aumento en el ADN de doble hebra citosélico. Ademas,
se ha demostrado que la acumulacion de este ADN en el citosol es parcialmente dependiente de las
proteinas pro-apoptoéticas BAK1 y BAX. Finalmente, se ha demostrado que PT-112 podria tener la capacidad
de modular la actividad de las células presentadoras de antigeno de acuerdo con el aumento en la expresion
del MHC de clase | en la superficie de las células cancerosas observado. En conjunto, los datos obtenidos
en este trabajo proporcionan informacion adicional sobre el estrés mitocondrial y las vias relacionadas con

muerte celular inmunogénica en respuesta al PT-112, las cuales podrian tener futuras aplicaciones clinicas.



ABSTRACT

PT-112 is a novel pyrophosphate-platinum conjugate with low DNA-binding affinity compared to
other platinum analogs. PT-112 is currently under phase 2 clinical development and its activity in advanced
pretreated solid tumors, including in metastatic castration-resistant prostate cancer (mCRPC), has been
demonstrated. In previous studies, PT-112 has been shown to cause ribosomal biogenesis inhibition
followed by immunogenic cell death (ICD), culminating in anticancer immunity. In line with this,
immunocompetent mice vaccinated with cancer cells previously exposed in vitro to PT-112, efficiently
protected it from challenge with living cancer cells of the same type. Additionally, it has been observed that
PT-112 synergizes with PD-1 or PD-L1 blockade controlling mouse tumors that were developed in
immunologically competent hosts. Thus, according with what has been previously observed, the aim of this
research is to extent the study of PT-112’s mechanism of action and to elucidate the underlying

mechanisms of PT-112-induced ICD.

During this work it has been demonstrated that PT-112 further sensitizes cancer cells with
mitochondrial dysfunctions and exhibits cancer cell selectivity by inhibiting cell growth and leading to cell
death of prostate cancer cells without affecting non-tumorigenic epithelial prostate cell line RWPE-1 at the
concentrations tested. PT-112 also triggers BAK1 and BAX oligomerization-mediated mitochondrial
apoptosis, and caspase-3 activation, that is preceded by several events indicating mitochondria stress
including mitochondrial ROS generation, compromised organelle membrane integrity, altered respiration
capacity, reorganization of the complex-lll containing respiratory supercomplexes as well as morphological
changes in the organelle. Furthermore, it has been validated PT-112’s ability to induce ICD in other cancer
cell models never tested before. PT-112’s capacity to induce ICD was demonstrated by an increase in ATP
release, calreticulin exposure, HMGB1 and type | IFN secretion, preceded by an increase of the cytosolic
dsDNA molecules which accumulation was demonstrated to be partially dependent on the pro-apoptotic
proteins BAK1 and BAX. Moreover, it has been demonstrated that PT-112 display the capacity to modulate
the activity of the professional antigenic presenting cells (DCs) by increasing the expression of MHC class |
molecules on the surface of cancer cells. Altogether, the data obtained in this work provide additional
insight into mitochondrial stress and ICD-relevant pathways in response to PT-112 which could have future

relevant clinical applications.






ABBREVIATIONS

A | ABB, annexin binding buffer

ACD, accidental dell death

AIF, apoptosis-inducing factor

ALP, alcaline phosphatase

ANXA, annexin

Apaf 1, apoptotic protease activating factor 1
APCs, antigen presentation cells

Apo2L/TRAIL, TNF-related apoptosis-Inducing ligand
AR, androgenic receptor

AR, androgenic receptor

ATP, adenosine triphosphate

B | BCA, bicinchoninic acid assay

BCL2, B-cell leukemia/lymphoma 2 gene
BH, bcl-2 homology

C | CAR, chimeric antigen receptor

CASP, caspase

cFLIP, cellular FLICE Inhibitory Protein
CoQ, coenzyme Q

CRPC, castration-resistant prostate cancer
CALR, calreticulin

CTCs, circulating tumor cells

CTL, cytotoxic lymphocytes

CXCL10, C-X-C motif chemokine ligand 10
CXCR3, CXC-chemokine receptor 3

D | DAMPs, danger associated molecular patterns
DAMPs, danger-associated molecular patterns
DAPI, 4',6-diamidino-2-phenylindole

dATP, deoxyadenosine triphosphate
DCA, dichloroacetate

DcR, decoy receptor

DCs, dendritic cells

DD, death domain

DED, death effector domain

DISC, death-inducing signaling complex
DMSO, dimethyl sulfoxide

DR, death receptor




dsDNA, double-stranded DNA

DTCs, disseminated tumor cells

ELISA, enzyme-linked immunosorbent assay
EMT, epithelial-mesenchymal transition

ER, endoplasmic reticulum

ETC, electron transport chain

FADD, Fas-associated death domain
FBS, fetal bovine serum

FDA, food, and drugs administration
FPR, formyl peptide receptor

FPPS, farnesyl pyrophosphate synthase

GLOBOCAN, global cancer observatory

GSDM D, gasdermin D

GSDM, gasdermin

GZMB, granzyme

HLA-I, human leukocyte antigen |

HMGB1, non-histone chromatin-binding protein high-mobility group box 1
HR, hormone receptor

IAPs, inhibitor of apoptotic proteins

ICD, immunogenic cell death

IDH, isocitrate dehydrogenase

[FN, interferon
IFNAR1; interferon a/B-receptor subunit 1

lg, immunoglobulin

IL, interleukin

IM, inner membrane

IRF, interferon regulatory factor

IRF9, interferon regulatory factor 9

ISGF3, interferon-stimulated gene factor 3

ISGs, interferon-stimulated genes

JAK1, janus kinase 1

LC3, microtubule-associated protein 1A/1B-light chain
LRP1, LDL receptor related protein 1

MCL1, myeloid cell leukemia 1

mCRPC, metastatic castration-resistant prostate cancer
MET, mesenchymal-epithelial transition

mETC, mitochondrial electron transport chain

MHC-I, major histocompatibility complex-|



MICs, metastasis-initiating cells

MOA, mechanism of action

MOMP, mitochondrial outer membrane permeabilization
MPT, mitochondrial permeability transition

mtDNA, mitochondrial DNA

mtROS, mitochondrial reactive oxygen species

MTT, dimetil-tiazolil-difeniltetrazolium bromide

NF-KB, nuclear factor- KB

NK, natural killer

NLPR3, NLR family pyrin domain-containing 3

NLR, nucleotide-binding domain and leucine-rich repeat-containing
OM, outer membrane

OXPHOS, oxidative phosphorylation

P2RX7, purinergic receptor P2X7
P2RY2, purinergic receptor P2Y2

PARP1, polyadenine diphosphate ribose polymerase
PBS, Phosphate Buffered Saline

PGE,, prostaglandin E;

Pl, propidium iodide

PINK1, PTEN-induced kinase 1

PRRs, pattern recognition receptors

PS, phosphatidylserine

PSA, prostatic specific antigen

PSMA, prostate specific membrane-antigen

PTEN, phosphatase tensin homolog

PVDF, polyvinylidene difluoride

RCD, regulated cell death

RIPK3, necroptotic kinase receptor-interacting serine-threonine kinase 3
RNS, reactive nitrogen species

ROS, reactive oxygen species

RT, radiation therapy

SDS, sodium dodecyl sulphate

SMAC/DIABLO, second mitochondrial activator of caspases/ direct IAP-binding protein with low pl
SNP, single nucleotide polymorphism

SOD, superoxide dismutase
STING, stimulator of interferon genes

STING1, stimulator of interferon genes 1
TCA, tricarboxylic acid
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TEMED, N, N, N, N’-tetrametiletilendiamine
TLRs, toll-like receptors

TME, mesenchymal-epithelial transition
TME, tumor microenvironment

TNF, tumor necrosis factor

TNFR1, tumor necrosis factor receptor 1
TNF-a, Tumor Necrosis Factor- a

TYK2, tyrosine kinase 2

VEGF, vascular endothelial growth factor
WHO, World Health Organization

XIAP, X-linked inhibitor of apoptotic protein

Z-VAD-fmk, benciloxicarbonil-Val-Ala-DL-Asp-fluorometilceton

v8 T cells, gamma delta T cells
A, mitocondrial membrane potential
7-AAD, 7-aminoactinomycin D
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Introduction

1. Introduction
1.1 Cancer: general concepts, incidence, and mortality

Cancer is a large group of diseases that are characterized by the uncontrolled division and growth
of cells from a specific tissue, leading eventually to the invasion of adjoining parts of the body, spreading

to other organs and colonizing other tissues (NIH, 2021).

Although to date we still not have the so-called cure for cancer and the prevalence appears to be
high in numbers (19.3 million new cases reported in 2021) (Sung et al., 2021), during the last decades of
clinical trials and basic research, researchers have managed to develop new therapeutical strategies that
were able to increase the quality of life and the overall survival of cancer patients (NIH, 2024b). Indeed,
discoveries such the ones made by M.D. Bert Vogelstein and his team in the 90’s were of special relevance
in the history of cancer research. Professor Vogelstein was the pioneer in discovering the causes of the
tumoral transformation, providing an accurate description of its origin and the principles governing its

pathogenesis (Vogelstein & Kinzler, 1993).

The term cancer was first described near the year 1600 B.C. in the antique Egypt. Later, Hippocrates
(460-370 B.C.) considered the “Father of Medicine” was the first one to use the term karkinoma to refer to
it. However, it was not until the emergence of the Roman empire that this term was latinized and

transformed to the word cancer, as we currently know it (NIH, 2024c).

According to the most recent statistics provided by the World Health Organization (WHO) (WHO,
2024), cancer is the second leading cause of death globally, with an estimated average of 9.9 million of
deaths per year. Going deeper into the statistics, the Global Cancer Observatory (GLOBACAN) (Sung et al.,
2021) points to breast cancer as the cancer type with highest rate worldwide (see figure 1). Moreover, lung,
prostate, colorectal, stomach and liver cancer are the most common types of cancer in men while breast,
colorectal, lung, cervical and thyroid cancer are the most common among women. Regarding the mortality
rates, the data that we currently hold indicate that lung cancer is the one that causes more deaths per year
in both sexes, followed by breast cancer which is also the deadliest type of cancer in women (for more

information see section 1.11).
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Estimated age-standardized incidence and mortality rates (World) in 2020, World, both sexes, all ages
(excl. NMSC)
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Figure 1. Graph bar provided by the International Agency for Research of Cancer, representing the estimate
age-standardized worldwide incidence and mortality rates in 2020 for both sexes and all ages. Blue bars
represents the incidence and red bars the mortality (Observatory, 2024).

1.1.1 Tumoral transformation- early stages of tumor development

Tumoral transformation can have multiple causes and be aggravated by external factors such as
tobacco and alcohol consumption, unhealthy diet, exposure to ionizing sources, physical inactivity,
infections, among others. All of these factors are well known for favoring the apparition of DNA mutations,
compromising the genome stability of normal cells (Sung et al., 2021). The accumulation of several
mutations can eventually lead to the cells to multiply, disorganize and transform into a malignant version
that over the time will contribute to a tumor mass formation (Vogelstein & Kinzler, 1993). In essence,
cancer debuts with the transformation of a normal cell into a tumor cell with the ability to escape apoptosis
signaling (see section 1.3.1.1). If the immune system does not respond against this primary tumor, it will
have the opportunity to keep growing and dividing without regulation. It is important to note that the
process by which the immune system controls the emergence of tumors is referred as cancer

immunosurveillance (Zitvogel et al., 2006), and it will be discussed later in section 1.4.2.1.

In general, most tumor cells acquire resistance to death mechanisms that the immune system uses
to maintain the cellular homeostasis. Indeed, the main mechanism that regulates the apoptotic signaling is

mainly caused by genetic abnormalities that encode the P53 protein (Junttila & Evan, 2009). However, this
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explanation seems to be very simplistic, since a large number of factors that are directly related to the
oncogenesis process have been described over the recent years (D. Hanahan & Robert A. Weinberg, 2011).

These factors are known as hallmarks of cancer, and they will be also introduced in section 1.2 of this work.

1.1.2 Metastasis

Metastasis is the ultimate and most lethal manifestation of cancer which is characterized by the
growth of cells in organs distant from the one where it initially originated. In fact, the vast majority of cancer
patients die as a consequence of their metastatic disease and not because of their primary tumors
(Gerstberger et al., 2023). During this process, the future metastatic cancer cells progressively acquire the
capacity to invade the mucosa and reach the lymph nodes and blood vessels that can act as a hallway for
cancer cells (in this stage also known as a circulating tumor cells (CTCs)) and allows them to freely travel
through the body and attain other tissues. However, this process is not abrupt but gradual, and it can take
from days to months or even years. In consequence, cancer cells need to develop different strategies in
order to survive in transit, to adapt to the environmental changes, as well as to evade the immune system

antitumor activity (Quail & Joyce, 2013).

The studies dedicated to understanding this complex succession of events, referred as metastatic
cascade (Lambert et al., 2017; Massagué & Ganesh, 2021), have made it possible to differentiate three
different phases of this process that can overlap in time: dissemination, dormancy, and colonization

(Gerstberger et al., 2023) (see figure 2).

Dissemination Dormancy Colonization

Dynamic equilibrium with immunity Failure of immune surveillance
of disseminated tumor cells

Dormant MIC ()

B
}

Proliferative »'v
\‘) Yy

Primary | -} Disseminated (e Clearance
tumor 4 tumor cells )

Figure 2. Schematic representation of different stages of the metastatic process. Modified from

(Massagué & Ganesh, 2021).
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The ignition point begins when cells from a primary tumor acquire the ability to undergo migration.
This step is often stimulated by a multiplicity of factors that are associated, but not only, with the tumor

microenvironment (TME).

In brief, the early form of metastatic cells is known as metastasis-initiating cells (MICs) and are
originated from the primary tumor. In this stage, cells acquire the ability to penetrate the blood vessels
(intravasation) and freely circulate through the bloodstream. During this step those cells adopt the name
of circulating tumor cells (CTCs). This process is known as epithelial-mesenchymal transition (EMT). During
this event, most of the CTCs will not be able to survive to the physical, redox, and immune stressors and
thus, they are cleared from the bloodstream system. However, a small but significant part of the CTCs will
be able to adapt in the absence of a niche-specific-growth factors, abandon the blood vessels
(extravasation) and migrate into organ parenchyma. This reverse step is known as mesenchymal-epithelial

transition (MET).

Afterwards, disseminated tumor cells (DTCs) would encounter the necessity to adapt to the new
environment and some remain in a dormancy stage (now known as dormant MIC). However, at some stage
of the process, these cells can exit the dormancy and start actively dividing and ultimately forming a clinical

detectable metastasis (see figure 3) (Gerstberger et al., 2023).

Primary tumor Micrometastasis
Vi Attrition Outgrowth
AR De—&P—
& &y ®
WA -
OO Invasive migration ,( Dormancy exit Macrometastasis

@ © Q) —> @ Dormant MIC

Intravasationl - MIC $ Extravasation
F

ailed disseminating cells

@ Circulating OO @ © © @ © O

tumor cells

Progressive resistance to physical, biochemical, redox, and immunological stressors

>

Figure 3. Stages of metastasis - the metastatic cascade. Modified from (Gerstberger et al., 2023).

1.1.2.1 Factors priming metastasis

As previously mentioned, the emergence of metastasis is a complex and intricate process that
requires several numbers of traits for it to occur. Most of these features are the result of genetic mutations

that the tumor cells have acquired in the primary site (Samuel F. Bakhoum et al., 2018). Accordingly, most
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of the cells originated in the primary lesion are exposed to a major evolutionary bottleneck and are unable
to survive. Indeed, only a few portions of cells that develop metastatic-specific traits will be positively
selected and able to endure. Generally, the main factors that have been identified priming metastasis are:
epigenetic factors (e.g., aging, and circadian rhythm disruptions (Kaur et al., 2019; Masri & Sassone-Corsi,
2018)), adhesive signals from the extracellular matrix components (e.g., collagen, fibrin (Kai et al., 2019))
extracellular mechanical pressures (e.g., tension and compression (Follain et al., 2018)), cell-cell
interactions, soluble signals (e.g., growth factors and cytokines (Coffelt et al., 2015)) and the intratumoral

microbiota (Helmink et al., 2019) (Fares et al., 2020).

1.2 Hallmarks of cancer

Several characteristics have been identified as common markers of tumor cells (Hanahan, 2022; D.

Hanahan & Robert A. Weinberg, 2011). Those considered of major relevance are described thereafter:

Dysregulation in cell growth: Cancer cells are able to produce their own growth factors that
stimulate their own cell surface receptors by an autocrine-dependent secretion. This
characteristic let tumor cells the ability to autonomously control their growing rate even in
absence of external stimulation. Also, but not only, cancer cells can increase the number of
receptors anchored on their membrane, resulting in an intensification of the signaling pathway
activation. Moreover, cancer cells are also able to internally activate intracellular pathways in

absence of its ligand stimulator.

Apoptosis evasion: The evasion of the apoptotic stimuli it is a very well-known characteristic of
cancer cells (Evan & Littlewood, 1998). In fact, tumor cells are able to develop apoptosis
resistance by hijacking the mechanisms that regulate this process. Some of those strategies
implies overexpressing anti-apoptotic proteins such as BCLXL, BCL2 or MCL1, or blocking the
expression of proteins that prime apoptosis such as BAX, BIM or PUMA, between others, cancer
cells can also short circuit the signaling pathways that are regulated by death ligands such as
Fas and TRAIL (Fulda, 2009). All the details related to the regulation of this pathway are

explained in section 1.3.1.1.2.1.
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Unlimited replicative potential: Different to normal cells, tumor cells have no limits for division.
This is due, in part, to the reacquisition of the telomerase, the enzyme that protects
chromosomes from the reduction of their telomeres during the replicative process and thus

preventing tumor cells from entering into a senescence stage (Blasco, 2005).

Prolonged angiogenesis: Like any organ, tumors need oxygen and nutrient supply from the
bloodstream system. Tumor cells are able to locally stimulate the formation of new blood
vessels by releasing pro-angiogenic growth factors (e.g.,, VEGF or TSP-1) in the tumor
microenvironment. This increases tumor irrigation necessary for sustaining cell growth and

division (Ferrara & Kerbel, 2005).

Inactivation of tumor suppressor genes: Frequently, tumor cells can acquire specific mutations
in tumor suppressor genes that are in charge of controlling cell cycle and apoptosis.
Consequently, any type of mutation affecting their transcription and functionality would
eventually promote tumor development. Accordingly, the most notorious tumor suppressor
gene is p53 which is also referred as “the guardian of the genome” (Donehower et al., 1992;

Finlay et al., 1989; Nigro et al., 1989).

Gain of activity of proto-oncogenes: Proto-oncogenes are genes that under normal conditions
encode for proteins that are responsible of cell growth regulation. However, the acquisition of
critical mutations in those genes can promote the transcription of pathological version of those
proteins, causing cell growth dysregulation. The aberrant version of those genes are known as

oncogenes (Thomas et al., 2007).

Remodeling of energy metabolism: Neoplastic transformation is often associated with
rewriting cancer cell metabolic pathways. This process permits cancer cells to control and adapt
the nutrient supply according with their energy demands. For instance, remodeling of glucose
metabolism, also known as a Warburg effect, is one of the most well-known metabolic changes
found in cancer cells (Vander Heiden et al., 2009; Otto Warburg, 1956) that will be fully detailed

in section 1.6.1.
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° Evasion of the immune response: Among all the strategies put in place by cancer cells to evade

the immune response, the most relevant is the expression of immunomodulatory molecules

(immune checkpoints) used by the immune system to control antitumor responses. For

example, PD-L1 and PD-L2 cell surface expression on tumor cells inactivates immune cell

effectors by PD1 ligation and thus, protects cancer cells from their attack (Sharma & Allison,

2015). On the other hand, cells can also slip past of the immune system by decreasing the

expression of antigen presentation cell surface molecules such as HLA-I (MHC-I in mice)

(Garrido et al,,

cytotoxic T lymphocytes (see section 1.4).
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Figure 5. Hallmarks of cancer (Hanahan, 2022).

1.3 Cell death
1.3.1 Regulated cell death
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Regulated cell death (RCD) is the form of cell death activated when cells are under stressful

conditions and it is controlled by a genetic machinery that results from one or more signal transduction

modules, meaning that it can be regulated by genetic or pharmacological ways (L. Galluzzi et al., 2018)

When cells are stressed, they attempt to survive by activating cellular mechanisms that facilitates

their adaption to the environmental changes. A few examples of these mechanisms are the DNA damage

response pathway or the activation of the autophagy machinery (see section 1.5.7). However, if the cells
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cannot cope with that stress, they are provided with genetic mechanisms that can be activated and will
determine their fate (Newton et al., 2024). In some cases, cells can also enter in a stage of senescence (i.e.,
cellular stage of irreversible loss of proliferative potential associated with specific morphological and
biochemical features). The other alternative will be the activation of one of the regulated cell death types.
For instance, apoptosis, necroptosis, pyroptosis, anoikis and ferroptosis are some of the cell death types
included in the last update in the classification of RCD (Lorenzo Galluzzi Ilio Vitale, et al., 2018), and certain

of them will be explained in the following paragraphs of this section.

Contrary, in cases when cell death is not preceded by and attempt of stress adaptation that it is

classified as accidental dell death (ACD) that will be briefly described in section 1.3.1.5.

1.3.1.1 Apoptosis

Apoptosis is a form of RCD characteristic of the eukaryotic organisms participating in the regulation
of development, growth, and homeostasis. The main function of apoptosis in adults is the elimination of
excessively damaged and potentially harmful cells (e.g., cancer cells or cells infected with pathogens) (Vitale
et al., 2023). However, this process also participates during embryonic and post-embryonic development
contributing to morphogenesis (e.g., finger separation) (Ke et al., 2018; Newton et al., 2024). Apoptosis is
also involved in key events to preserve the health of the individual. For instance, it participates in the
negative selection of autoreactive immune cell lines during hematopoiesis as well as the maintenance of
the effector function of cytotoxic lymphocytes (CTLs) and natural killer (NK) cells (van Parijs et al., 1998).
Therefore, alterations in the apoptotic pathway are associated to pathologies such as neurological,
cardiovascular, renal, or hepatic disorders, autoimmune diseases as well as hematological malignancies,
and solid cancers (Vitale et al., 2023). In most cases of cancer, the apoptotic pathway is either altered or
the tumor cell have developed mechanisms to evade the apoptotic stimuli. For example, the
overexpression of anti-apoptotic proteins (e.g., BCL2, BCLXL or MCL1) or the loss of the expression of genes
encoding pro-apoptotic proteins (e.g., BIM) are the more common alterations of the apoptotic pathway

found in cancer cells (Bedoui et al., 2020; Singh et al., 2019).

Apoptosis can be activated through two different pathways: the extrinsic pathway (see section

1.3.1.1.2) which is triggered from an external cell signal, and the intrinsic one (see section 1.3.1.1.1), that

can be triggered from both an internal and external cell stimulus.
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Both apoptotic pathways are regulated by caspases, proteins of the protease family that are
specifically cleaved after an aspartic acid amino acid residue. Caspases are classified based on the level
where they display its activity within the apoptotic cascade. For instance, caspase 8 (CASP8) or CASP10 are
considered the initiator caspases since they are located upstream of the cascade while CASP3 and CASP7
are assigned as effector caspases due to the fact that they activity is exhibited downstream in the pathway

(see figure 7).

For the caspase to reach its functional/active form, the non-active form named procaspase must
be cleaved between specific domains leading to the formation of a heterotetrametric structure (Nicholson,
1999). Caspase activity is regulated by the IAP proteins such as XIAP - that binds to the executioner caspases

promoting their degradation - or cFLIP which blocks the activation of initiator CASP8 (Bagnoli et al., 2010).

Apoptosis starts with the condensation of the cytosol and the compaction of the chromatin
(pyknosis), forming visible aggregates at the vicinity of the cell membrane. Subsequently, endonucleases
digest the DNA into fragments of approximately 180 base pairs long. Simultaneously, the dilation of the
endoplasmic reticulum along with a membrane blebbing takes place (see figure 6). Finally, the cell is
segregated into fragments called apoptotic bodies that exposes “eat me” signals in the outer membrane
such as phosphatidylserine (PS) that will be recognized by macrophages which will end up phagocyting the
apoptotic cell. The phagocytosis of the dying cells (also known as efferocytosis) also prevents the release
of cellular DAMPs but the release of immunosuppressors that maintains an immunosilent environment
(Chenetal., 2001; Gao et al., 1998; Sisirak et al., 2016). The outcome of this process is a “clean” and “silent”
cell death that typically does not initiate an inflammatory process (EImore, 2007).

Even so, the attribution of apoptosis as a poorly immunogenic event has been a matter of debate.
Indeed, for many years apoptosis has been attribute as an event with low capacity to stimulate the immune
system. However, several works have shown that apoptosis can also engage immune responses (Blachere

et al., 2005; Guermonprez et al., 2002).
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Figure 6. Progression of the cell morphology during apoptosis. Image created with BioRender®.

1.3.1.1.1 Intrinsic or mitochondrial apoptotic pathway

The intrinsic pathway of apoptosis is the most conserved pathway in evolutionary terms, also
known as the mitochondrial apoptotic pathway since the main spot of regulation is the mitochondria. It is
an autonomous cell death, specific to the cell, and activated in response to certain internal or external
stimuli such as absence of growing factors, ionizing radiation, oxidative stress, DNA damage, microtubular

alterations, among others (Vitale et al., 2023).

For this modality to be triggered, it is needed the activation of the pro-apoptotic proteins of the
BCL2 family (BAX, BAK and BOK) with capacity to dimerize and create a pore in the outer mitochondrial
membrane (MOMP), causing the release of the apoptogenic factor cytochrome ¢ and SMAC (second
mitochondrial activator of caspases, also known as DIABLO) into the cytosol. This event is known to be
accompanied by the dismantling of the mitochondrial electron transport chain (mETC) and drop of the
mitochondrial membrane potential (AWm). Afterwards, the cytochrome c in the cytosol interacts with Apaf
1 together with dATP forming the apoptosome that recruits and activates CASP9 (Li et al.,, 1997).
Simultaneously, the release of SMAC in the cytosol induces the degradation of members of the IAP family
(caspase inhibitors), which preserves functional activated caspases. This cascade of events culminates with

the activation of CASP3 by the activity of the CASP9, and the death of the cell (see figure 7).
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relevant proteins involved in the apoptotic cascade and their interactions (Vitale et al., 2023).
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1.3.1.1.2 Extrinsic apoptotic pathway
1.3.1.1.2.1 Mediated by death receptors

Different to the mitochondrial pathway, the extrinsic pathway is exclusively triggered by an
external stimulus, and it is manly activated by the binding of the death ligands FasL, Apo2L/TRAIL and TNF,
to their corresponding transmembrane receptors Fas, DR4/DR5 and TNF-R1, respectively. The death ligand
receptors are constituted of an intracellular death domain (DD) that interacts with the DD domain of the
adapter protein FADD. Subsequently of its stimulation, the death effector domains (DED) of the FADD
protein binds to the DED domains of the pro-caspases 8 and 10. The homotypic interaction between these
proteins forms a complex known as DISC that allows the activation of the caspases (Nagata, 1997). Later,
the activation of the pro-caspase 8 promotes the cleavage and activation of the CASP3 and CASP7,

culminating the process with the death of the cell (see figure 8).

Death ligands can be expressed on the cell surface of activated T cells, or they can be stored in the
cytoplasm, mainly associated with intraluminal vesicles of multivesicular bodies upon an additional
activation. These intraluminal vesicles are secreted in the form of exosomes (Martinez-Lorenzo et al., 1999;

Monledn et al., 2001).

1.3.1.1.2.2 Mediated by cytotoxic granules

Apoptosis can also be induced by molecules specifically secreted by the immune system. Indeed,
in the cytoplasm of activated CTL and NK cells are stored granules containing cytotoxic proteins such as
perforin, granzymes and granulysin with the capacity to activate the apoptotic signal when they are
secreted and establish contact with the membrane of the target cell. This process is referred as granular

exocytosis, and it is exclusive of the immune cells (Keefe et al., 2005; Pardo et al., 2009; Peters et al., 1991).

For this event to happen in CTLs, it is necessary the interaction between the T-cell receptor (TCR)
of the CD8" T cells and the peptide -MHC | complex exposed on the external membrane of the target cell.
Simultaneously, the interaction between the LFA-1 integrin from the T-cell with the ICAM-1 integrin of the
target cell must occur for a successful activation (Grakoui et al., 1999; Makgoba et al., 1988; Monks et al.,
1998; Weiss & Littman, 1994). All these signals promote the reorganization of the cytoskeleton inside of
the T lymphocyte that facilitates the fusion of the cytotoxic granules with the plasma membrane and the

subsequent release of the granule contact into the immunological synapse (Stinchcombe et al., 2011).
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Cell death induced by cytotoxic granules is mediated by the perforin-facilitated entry of granzymes
in the cytosol of the target cell (Martinez-Lostao et al., 2015). Granzyme B (GZMB) is a serin-protease, active
at neutral pH with cleavage specificity at Asp residues, similar to caspases. Early in vitro experiments initially
demonstrated that GZMB was able to directly cleave and activate CASP3 (Darmon et al., 1995). Experiments
performed with whole CTL either using granzyme or caspase inhibitors (Anel et al., 1997) or using CTL from
granzyme and/or perforin knockout mice (Pardo et al., 2008; Pardo et al., 2004) demonstrated that
perforin/GZMB system was able to induce apoptotic cell death through caspase activation, either directly
or through the mitochondrial apoptotic pathway. Regarding granzyme A (GZMA), although it was initially
thought to induce caspase-independent (Fan et al., 2003; Pardo et al., 2004), it was later demonstrated
that its cytolytic potential was much lower than that of GZMB, especially in the case of the human
proteases, and that it was rather implicated in the promotion of inflammation (Metkar et al., 2008). In those
studies it was also demonstrated that an additional caspase- and mitochondria-independent non-apoptotic
cell death pathway was activated by cytotoxic granules (Pardo et al., 2004). Later on, it was demonstrated
that GZMB is able to cleave gasdermin E (GSDME), a protein that when cleaved is able to induce membrane
pores leading to pyroptosis (see section 1.3.1.3)(Zhang et al., 2020). Thus, granzyme A (GZMA) is also able
to induce gasdermin B (GSDMB) cleavage and pyroptosis, explaining its less-efficient and caspase-

independent cell death ability (Zhou et al., 2020).

1.3.1.1.2.3 Connection between the intrinsic and the extrinsic pathway

Although in this work both extrinsic and intrinsic pathways have been introduced as if they were
two unrelated pathways, there exists a connecting point between them through the activation of the BH3-
only protein BID that promotes MOMP formation (see figure 8). In fact, the activation of the initiator CASP8
and 10 from the extrinsic results in the proteolytic cleavage of BID, generating the truncated active form of
the protein tBID (Scaffidi et al., 1998). The dependence on the mitochondrial apoptotic pathway when
activated the extrinsic apoptotic pathway allow for the classification of cells as type I, if they are

dependent, or type |, if they are independent (Scaffidi et al., 1998).
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Figure 8. Connection between the extrinsic and the intrinsic apoptotic pathway (Bedoui et al., 2020).

1.3.1.1.2 BCL2 family of pro- and anti-apoptotic proteins

As already mentioned, the apoptotic machinery is controlled by proteins of the BCL2 family which

are grouped in three subfamilies according to their homology between their four protein domains BH1,

BH2, BH3 and BH4:

-Anti-apoptotic proteins (BCL2, BCLXL, BCLW, MCL1, BFL1): They interact with the pro-apoptotic proteins

and inhibits their activity. They controls the release of apoptogenic proteins from mitochondria (Wei et al.,

2001).

-Multidomain pro-apoptotic proteins (BAX and BAK1): Activated by an apoptotic stimulus, BAX (located in

the cytosol) and BAK (associated with the mitochondrial membrane) are able to oligomerize and built pore

channels in the mitochondrial membrane (referred as a MOMP), resulting in the release of cytochrome c
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into the cytoplasm. Accordingly, BAK and BAX proteins act as a gatekeeper for the cytochrome c release

process (Wei et al., 2001).

-BH3-only pro-apoptotic proteins (BID, BAD, BIK, BLK, BIML, PUMA, NOXA, among others). They can exert
their function in two ways: (1) by its association with anti-apoptotic proteins and inhibiting their function
(specifically BIM and PUMA) or (2) by directly associating with the multidomain pro-apoptotic proteins BAX
and BAK (Gonzalo et al., 2023; Kim et al., 2006).

As previously mentioned in this work, it is very common to found abnormalities in the apoptotic
pathway of tumor cells. Thus, targeting BCL2 family proteins seems to be a rational for cancer treatment
(Diepstraten et al., 2022; Kaloni et al., 2023). Over the past years several antiapoptotic inhibitors have been
developed with the expectation of attaining human clinical trials. However, most of them some are still
only in preclinical development and till the date the only that have received the approval by the Food and
Drugs Administration (FDA) is the BCL2 mimetic venetoclax as it has been observed to be effective in certain

types of cancer. A summary table of some of those therapies is included thereafter:

Table 1. Current state of development of BH-3 mimetics drugs (adapted from (Diepstraten et al., 2022)).

Vernalis and Servier

ABT-737 AbbVie and Idun
BCL2, BCLXL and Preclinical
BCLW ABT-263 (also known as
. Phase I/
navitoclax) AbbVie
ABT-199 (also known as
AbbVie, Genentech and WEHI Approved
venetoclax)
BCL2 S55746 Servier and Novartis Phase |
APG-2575 (also known as University of Michigan and
lisaftoclax) Ascentage Phase |
WEHI and Genentech
BCLXL WEHI-539 Preclinical
A-1331852 AbbVie, WEHI and Genentech Preclinical
Preclinical
MCL1 S63845
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S64315 Phase |
Vernalis, Servier and Novartis
Phase | (on
AMG-176 hold)
Amgen
AZD5991 Phase /Il
AstraZeneca
VU661013 Preclinical

Vanderbilt University

The main reason of why cancer cells display heterogenous responses to a different to BH-3
mimetics is because of their “addiction” to the apoptotic proteins of the BCL2 family (Certo et al., 2006).
Actually, over the last decade, Dr. Letai’s research group have been dedicated to understanding this
concept. Emerging from their investigations, Dr. Letai and co-workers develop a functional approach that
can be used to accurately predict cellular responses after a cell perturbation based on the use of a panel of
BH-3 domain peptides (Del Gaizo Moore & Letai, 2013). This technique is known as a BH-3 profiling and it

can be exploited to predict clinical cancer responses to BH-3 mimetics such as venetoclax (Chonghaile et

al., 2011).

(1) Apoptotic stimuli

- Apoptosome
* Nutrient deprivation Pro-survival Pro-apoptotic ~ Apoptogenic formation
* Growth factor deprivation (BCL-2,BCL-W, BCL-X, | | pore-forming
* lonizing radiation . BFL1, MCL1) (BAX, BAK) r_. LRI
* Reactive oxygen species Pro-apoptotic
* Chemotherapy BH3-only db® - Cytochrome ¢
{cytotoxic or targeted) ‘activators’ Adqb — g
¢ Excessive mitogenic (BIM, tBID,
stimulation PUMA) ® ®
¥ l@
Up;gream signalling OM|989-SMAC @
°p

] Sequestration ¥ = \QEELEASE 3
BH3-only
‘sensitizers 478 lv

<

(BAD, Noxa,

* ER stress
* MYC
* Kinase inhibition

Hrk) Preparation of apoptotic cell
for phagocytosis
N e
l?:grm'me“cs &C! @ (DNA fragmentation, cell fragmentation,
fABT179397)' > externalization of phosphatidylserine)

Doctoral Thesis|16



Introduction

Figure 9. The mitochondrial apoptotic pathway and therapeutical strategies targeting pro and anti-

apoptotic proteins (Singh et al., 2019).

1.3.1.2 Necroptosis

Necroptosis is a regulated form of necrosis that is characterized by the rupture of the cell
membrane and the release of the cellular components to the extracellular media with capacity to activate
the immune system. This type of cell death is thought to play a role in killing cells infected with pathogens

and/or cells that have been damaged by degenerative disorders (Newton & Manning, 2016).

Necroptosis can be triggered by several immune signaling pathways through the activation of
transmembrane receptors such as TLRs, death receptors or RIG-I-like receptors. The stimulation of these
transmembrane proteins promotes the phosphorylation of the necroptotic kinase receptor-interacting
serine-threonine kinase 3 (RIPK3) (or RIPK1 if the stimulation is done through death receptors) that
ultimately activates by phosphorylation the pseudokinase mixed lineage kinase domain like (MLKL) (Sun et
al., 2012), promoting the migration of this protein to the plasma membrane in where it will disrupt cell
osmolarity and membrane potential (Bedoui et al., 2020). These events will culminate on cell lysis and
death. Although the molecular cascade of this pathway is well documented, the precise mechanism by

which MLKL can compromise the membrane integrity remains unclear.

Interestingly, despite apoptosis and necroptosis are two separate pathways, they are deeply
interconnected (Vercammen, Brouckaert, et al., 1998). Indeed, necroptosis is negatively regulated by
CASP8 which is also known to act as initiator of the apoptotic pathway mediated by death ligands (e.g.,

tumor necrosis factor, TNF) (see section 1.3.1.1.2.1) (Bedoui et al., 2020). Thus, in conditions in which the

active form of CASP8 is present, necroptosis is blocked by preventing RIPK1 phosphorylation (Oberst et al.,
2011). This blockage is mediated by cFLIP that directly controls the activity of CASP8 (Bagnoli et al., 2010;
BOATRIGHT et al., 2004). In this scenario, the stimulation of the death receptors will terminate on apoptosis
activation. Contrary, when CASP8 is absent, inhibited or its activity is compromised by the apoptosis
inhibitors clAP1 and clAP2 (Deveraux et al., 1997; Roy et al., 1997), cell death induction through death

receptors will activate necroptosis (Vercammen, Beyaert, et al., 1998).

As a relevant fact, CASP8-dependent cell death regulatory mechanisms were for the first time
described in in vitro conditions in the murine fibrosarcoma cell line L929 in which it was demonstrated that
blocking caspases increased their sensitivity to necrosis mediated by TNF (Vercammen, Beyaert, et al.,

1998). Later on, Vanlangenakker and colleagues also demonstrated that stimulation of the tumor necrosis
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factor receptor 1 (TNFR1) by TNF along with Casp8 knockdown genes promotes necroptotic cell death,
corroborating Vercammen previous findings (Vanlangenakker et al., 2011) (see figure 11). It is important to
note that the L929 cell line model will be detailed in section 1.9 of this introduction, and it is especially

relevant for this work.

Moreover, it has been reported that CASP8 not only promotes cell death by activating the extrinsic
apoptotic pathway but also displays a pro-survival activity by blocking necroptosis in specific conditions as
in embryogenesis (Newton et al., 2019). Accordingly, genetic ablation of CASP8 results in embryonic

lethality which also supports the pro-survival activity of the CASP8 (Varfolomeev et al., 1998).
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Figure 10. Molecular mechanisms of necroptosis (Bedoui et al., 2020).
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1.3.1.3 Pyroptosis

Pyroptosis is a type of regulated cell death that was first described in macrophages infected with
Salmonella typhimurium (Hersh et al., 1999). This event is typically stimulated by bacterial or viral infection
through a CASP1-dependent cellular mechanism as it was observed in both in vitro and in vivo conditions
(Hersh et al.,, 1999; Monack et al., 2000). However, it has also been demonstrated that changes in ion fluxes
(K* efflux, Ca®* signaling, Na* efflux and chloride efflux) are critical events that can trigger pyroptosis through
inflammasome activation (Green et al., 2018; Mufioz-Planillo et al., 2013; Murakami et al., 2012). All those
cells’ disturbances can stimulate the nucleotide-binding domain and leucine-rich repeat-containing (NLR)
family receptors such as NLR family pyrin domain-containing 3 (NLPR3) that in association with pro-caspase
1 and the adaptor protein ACS form the inflammasome, a large cytosolic multiprotein complex that
activates CASP1. The release of CASP1 promotes the proteolytic conversion of pro-IL-1B and pro-IL-18 into
their active forms, and the oligomerization of GSDMD that create pores of approximately 2 nm in the cell
membrane facilitating the release of IL-1B and IL-18 before the execution of cell death (Brough & Rothwell,
2007; Yang et al.,, 2019). As a consequence, the morphology of the cell undergoing pyroptosis is

characterized by cytoplasmic swelling and the lysis of the plasma membrane due to osmotic changes which
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are precisely caused by the formation of pores in the membrane by GSDMD (Fink & Cookson, 2006). As

described previously in the granule-induced cell death mechanism in section 1.3.1.1.2.2, pyroptosis can be

also activated by direct cleavage of GSDM by granzymes or caspases (Zhou et al., 2020).
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Figure 12. Inflammasome activation and pyroptosis pathway (Bedoui et al., 2020).

1.3.1.4 Others forms of regulated cell death

Since the discovery of apoptosis as a type of RCD in the early 1970s (Kerr et al., 1972), the list of
other types of RCD has not stopped growing. Nowadays, there is around 20 modalities/types of RCD that
have been identified. Necrosis, anoikis, autophagy-dependent cell death, autosis, efferocytosis, entotic cell
death, ferroptosis, lysosome-dependent cell death, mitochondrial permeability transition (MPT)-driven
necrosis, mitotic cell death, NETotic cell death, parthanatos and pyroptosis are some of them include in

this list (L. Galluzzi et al., 2018).

1.3.1.5 Accidental cell death (ACD)

Accidental dell death is another modality of cell death that it is characterized by not being preceded
by and attempt of the cell to adapt to the stress. The official definition is an instantaneous and
uncontrollable form of cell death that is associated with the rupture of the plasma membrane and triggered
by and extreme physical, chemical, or mechanical cause. Consequently, this phenomenon is naturally

irreversible (L. Galluzzi et al., 2018).
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Figure 13. Schematic representation of the cell death types identified in the last recommendations of the

Nomenclature Committee on Cell Death in 2018 (L. Galluzzi et al., 2018).

1.4 Immune system

1.4.1 Basic concepts
organisms, chemical substances and physical conditions that threat our health. These external factors

Our bodies are constantly exposed to external agents from our environment such as pathogenic
might be able to penetrate in our bodies through the mucosae or trespass the skin, leading to the

development of diseases.

The immune system is an interactive network formed by lymphoid organs, cells, chemical
substances, and humoral factors. Its essential function is to host defense against foreign agents, and thus,

to protect us from the development of pathologies that could ultimately cause our death. Therefore, the

inactivity and/or defect in the immune system action often result in severe and recurrent infections, and
Doctoral Thesis|21

more significant for this work, the apparition of tumors (Parkin & Cohen, 2001).



Introduction

Immunity can be divided into two parts determined by the speed and the specificity of the reaction:
the innate and the adaptative immune system. However, it is important to note that this classification is a
simplistic approach to compartmentalize different events that are in fact, deeply interconnected. Both

modalities will be detailed thereafter.

1.4.1.1 Innate immune system

Innate immunity is the first line of defense of the organism that is activated during primary infection
and is the responsible for maintaining homeostasis and preventing microbe invasion. It is a quick and
unspecific response against pathogens or external agents which is involved in the activation of the adaptive

immunity.

The components of the innate immune system include external physical barriers such as skin and
mucosa, humoral mechanisms including antibodies, cytokines, antimicrobial peptides and cellular types
such as granulocytes, monocytes, macrophages, dendritic and NK cells (see figure 14) (Riera Romo et al.,
2016). Additionally, the innate immune system plays a role in cancer development and elimination. All

these concepts are discussed in sections 1.4.2.1 and 1.4.2.2.
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Figure 14. Overview of the innate immune response (Riera Romo et al., 2016).
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1.4.1.2 Adaptive immune system

Differently from the innate, the adaptive immune system is characterized by its antigenic specificity
which is given by the interaction antigen-receptor. Indeed, the immune cells of the adaptive system are
equipped with receptors that after its activation -triggered by the interaction with the foreign antigen- are

able to attack and kill the infectious agent.

Despite this is a slower response as it often takes several days to set up, it is characterized by being
considerably stronger than the innate and with the additional advantage to create immunological memory.
Thus, in case of a second exposure to the same pathogen, the immune system is capable to recognize the

infection and respond more rapidly and efficiently.

The principal components of the adaptive immune system are two specialized cell types, T cells
and B cells, each one playing a specific role depending on the nature of the infection. For the activation of
this type of immunity it is necessary a phenomenon known as clonal expansion which is characterized by
the rapid division and increase in number of cells after their activation through its specific antigen receptor.
It is important to note that this event is essential for an efficient antitumoral and antibacterial immune

response (Medzhitov & Janeway, 2000).

1.4.2 The immune system in cancer

1.4.2.1 Immunosurveillance

In 1909, the Nobel Prize in Medicine Paul Ehrlich, anticipated the concept of the immune system
opposing tumor development and suggested that the antibody-based therapies could be “the magic bullet”

against cancer.

Later in 1950, Burnet and Thomas introduced the early concept of cancer immunosurveillance
(Burnet, 1967, 1971; Thomas, 1982). According to them, the immune system is the responsible of
controlling the development of cancer and eliminating tumors in immunocompetent individuals. However,
their theory was highly debated by the scientific community until the beginning of the 21 century (van
den Broek et al., 1996) (Shankaran et al., 2001), especially after the studies published by Osias Stutman
between 1974 and 1980 in nude mice using 3-methylcholanthrene (Stutman, 1974) that contradicted the

immunosurveillance hypothesis.

Certainly, until the beginning of this century, cancer has been always associated with the concept

of a cell-intrinsic disease with genetic or epigenetic components. However, the role of the tumor
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microenvironment it is nowadays considered as a key actor controlling tumor growth. The process by which
the immune system represses cancer development is referred as immunosurveillance, and it is the basic
principle of modern cancer therapy (Finn, 2018). Accordingly, it has been more than 6 decades since Prehn
and Main discovered that immunocompetent mice are able to generate specific immunological memory
against carcinogen-induced self-tumors (Prehn & Main, 1957). Years later, Klein and colleagues reproduced
the same experiment and demonstrated that mice that could have developed an immune response after
tumor removal remained immune and would reject the challenge after being inoculated with the same
previous tumor (Klein et al., 1960). However, the discovery of mutant mouse without thymus lacking T cells
(known as a nude) (Flanagan, 1966; Pantelouris, 1968) add a new level of complexity to this idea, especially
after the notorious experiments performed by Stutman and colleagues that a priori disproved the initial
hypothesis. Interestingly, at the same time that the Stutman studies contradicted the immunosurveillance
hypothesis, NK cells were discovered (Herberman et al., 1975) and the same Stutman group demonstrated

that they were present and active in nude mice (Stutman et al., 1980).

It would take at least 20 years to understand the connection of the innate and the adaptive immune

response that would definitely explain the anti-tumor immune response.

In 2022, Robert Schreiber and co-workers proposed an improved version of the cancer
immunosurveillance hypothesis that was referred as the cancer immunoediting theory (Dunn et al., 2002)

and will be discussed in next section.

1.4.2.2 Cancer immunoediting

Years of research has been needed to demonstrate that the immune system plays a double role in
the development of cancer: not only it has the possibility of controlling and eliminating cancer cells, but it
would also be responsible for sculpting the tumor phenotype. That is, the immune system would also
promote the selection of variant clones with reduced immunogenicity, providing developing tumors with
mechanisms to escape immunological detection and elimination. This clonal selection is known as the
cancer immunoediting process (Schreiber et al., 2011). Altogether, cancer immunoediting encompasses

three stages:

1. Elimination: The immune system recognizes clones of transformed cells and eliminate them
before the apparition of clinical signs of the disease. This step is usually mediated by the
recognition of effector molecules and the action of pro-inflammatory cytokines from the immune

system, especially IFN-y.
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Equilibrium or editing: During this stage the immune system positively “selects” the clones that

survive from the attack of the immune system due to their low immunogenicity. This process can
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Basic work developed over the years by the research groups of Dr. Jim Allison and Dr. Tasuku Honjo

on the function of the immune checkpoints CTLA4 and PD-1, initially discovered at the end of the 80’s

(Brunet et al., 1987; Ishida et al.,

1992), led to successful clinical assays using blocking antibodies against

them in 2010 and 2012 (Hodi et al., 2010; Topalian et al., 2012). These two researchers received the Nobel
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Prize in 2018 for those works and since then, immunotherapy has gained ground in the field of cancer
research (Sharma & Allison, 2015). Consequently, over the past 15 years, members of the scientific
community started to focus on the development of cancer treatments based on the stimulation of the
immune system, leading to the emergence of a new era for cancer therapy (Korman et al., 2006). Certainly,
immunotherapy is nowadays considered a desirable treatment alternative as it is known to display lower
toxicities -compared to traditional chemotherapeutic regimens- and show greater antitumor selectivity.
Nevertheless, only a portion of the patients can beneficiate from this treatment. Thus, major efforts are
needed to develop new strategies with the aim to increase the number of cancer patients eligible for this
type of treatment. This idea is directly related with the concept of immunogenic cell death that is discussed

in the next section 1.5 of this work.

CAR T cells-based therapies, immunogenic cell death inducers, immune checkpoint inhibitors,
oncolytic viruses, prophylactic vaccines, tumor-targeting monoclonal antibodies, antibody-drug conjugates
or immunotoxins are some of the US Food and Drug Administration-approved immunotherapies that are

currently in the clinic (Kroemer et al., 2024; Sanz et al., 2021).

For instance, the goal of tumor antigen vaccines is to activate the patient's immune system against
specific tumor cell antigens (Lin et al., 2022). Adoptive cell therapy is based on the same concept but the
immune cells from the patient are isolated by apheresis, activated in vitro against antigens from their own
tumor and reinfused into the patient. Some of the examples are CAR-T, TCR-T, CAR-NK, CAR-macrophages,
dendritic cells (DCs) cells and TILs cell therapy (Dougé et al., 2024; Liu et al., 2023).

Other therapies, such as the already commented checkpoint inhibitors, are based on the use of
monoclonal antibodies that binds to CTLA-4 or PD-1 molecules exposed on the surface of activated CTLs.
These antibodies are currently used for the treatment of a wide variety of cancers and have provided
encouraging results. The anti-CTLA-4 antibody ipilimumab, the anti-PD-1 antibodies nivolumab or
pembrolizumab, and the anti-PD-L1 antibodies atezolizumab or durvalumab are some of these successful

treatments (Wei et al., 2018).

1.5 Immunogenic cell death

1.5.1 Definition and its implication in cancer

As discussed in the previous section, a substantial fraction of cancer patients will be classified as

not responders for immunotherapy. This is mainly due to the low immunogenicity of their tumors.
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Accordingly, tumors can be classified as cold or hot depending on the type and the quantity of immune cells
present within the tumoral mass. This concept was introduced as soon as 2005 by the group of Dr. Jéréme
Galon (Pagés et al., 2005) which demonstrated upon genetic analysis of colorectal tumor biopsies that
these immune infiltrations following a TH; signature has better prognosis than tumors without immune
infiltration. Accordingly, this strategy seeks to develop immunological tools to use as (1) a prognostic of
tumor progression and (2) a predictor forimmunotherapy responses. Gallon and colleagues referred to this
concept as immunoscore (Galon & Lanzi, 2020) and it has demonstrated its validity in recent clinical assays

(Locke et al., 2024).

As per definition, hot tumors are characterized by a noticeable immune infiltration in the tumor-
limiting area and consequently they tend to respond better to the immunotherapy. Contrary, cold tumors
are characterized by a low immune cell infiltration and thus considered as poorly immunogenic. Predictably,

those patients show poor responses when they are treated with immunotherapy.

For all of these reasons, it is necessary to develop new therapeutical strategies that can transform
cold tumors into hot tumors, enabling patients to obtain benefits from this therapy (Sharma & Allison,
2015). One of the most likely approaches is to employ chemotherapeutic drugs that by its specific
mechanism of action can kill cancer cells in a way that they can become recognizable for the immune
system. This concept is known as immunogenic cell death (ICD) and seeks to increase the immune

infiltration on the tumor site, rendering the immunotherapy effective in those patients.

The concept of ICD was introduced for the first time by the research group of Guido Kroemer in
2005 with the aim to differentiate cases of regulated cell death that drive antigen-specific immune
responses and generates immunological memory from cases of RCD that only are able to engage the innate
immune system (Casares et al., 2005). Nowadays, this term is used to define the mode of action of anti-
cancer agents such as chemotherapy and radiation therapy (RT) with capacity to engage tumor-targeting

immune responses (L. Galluzzi et al., 2020).

By definition, immunogenic cell death is a type of cell death with the capacity to activate the
immune response against dead-cell antigens (Green et al., 2009). Therefore, this process involves the
change of the cell surface as well as promotes the release of soluble mediators that operate as a signal on
the receptors expressed by dendritic cells, and subsequently contribute to the antigenic presentationto T
cells (Green et al., 2009). Indeed, many works have demonstrated that some types of cell death, but not

all, can elicit signals that stimulates the immune system (also known as immunogenic). Some of the
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examples are calreticulin (CALR) exposure and on the cell surface as well as ATP release, the non-histone
chromatin-binding protein high-mobility group box 1 (HMGB1) and type | IFN extracellular secretion
(Fucikova et al., 2020). All of them will be detailed in the following sections of this chapter. Contrary, it has
been demonstrated that cell signs such as phosphatidylserine (PS) exposure, prostaglandin E; (PGE,)
release or caspase activation display immunosuppressive potential that accompany immunologically silent

cell death events (Fadok et al., 1998; Kalinski, 2012; Lauber et al., 2003).

The perception of cell death as immunogenic depends on several factors that rely on the cytotoxic
stimulus, the dying cell, and the host (L. Galluzzi et al., 2020). For this event to take place it is necessary in
first instance that the cell dies in a context of failing in adaptation to stress. In addition, it is required that
dying cells express antigens that are not involved in peripheral tolerance but able to emit ICD-associated

DAMPs (Holicek et al., 2024).

Certainly, the concept of immunogenic cell death is proved to be relevant for the cancer treatment.
Accordingly, clinical evidence showed that situations in where immunogenic cell death is compromised
(e.g., poorly immunogenic regiments) are often associated with bad outcomes and therapeutic failures in
cancer patients. Contrary, a clinical context favoring immunogenic cell death seem to correlate with
successful long-term clinical responses. Thus, these observations point to ICD as a highly desirable event in

the clinical context that is changing the paradigm of cancer therapy.

1.5.2 Calreticulin

Calreticulin (CALR) is a chaperone protein localized in the lumen of the endoplasmic reticulum (ER)
which plays a role in preserving calcium homeostasis (Johnson et al., 2001) in nascent protein folding in the
ER (e.g., MHC class | molecule (Del Cid et al., 2010; Fucikova et al., 2021; Howe et al., 2009)). However, in
cases of cellular stress, CALR can be exported and anchored to the outer plasma membrane, known as ecto-
calreticulin (ecto-CALR). Ecto-CALR in turn displays a potent “eat me” signal for innate immune cells,
especially for the antigen presentation cells (APCs). Moreover, CALR exposure not only facilitates the
phagocytosis of the cells by the APCs and the activation of innate immunity (Guilbaud et al., 2023; Sen
Santara et al., 2023) (see figure 16), but also contributes to the activation of the adaptive immune response
(Chen et al, 2017) generating immunological memory which is a crucial event for tumor

immunosurveillance (see section 1.4.2.1).

CALR membrane exposure linked with ICD is regulated by the phosphorylation of elF2a which is

involved int the ER stress response via the protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK),
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a sensor of accumulation of misfolded proteins located in the ER membrane (Bezu et al., 2018; Costa-

Mattioli & Walter, 2020; Hetz & Papa, 2018).

Accordingly, several works point to CALR levels as a predictive value for cancer prognosis. However,
it is still not clear if this correlation is direct or indirect. Indeed, low CALR levels in cancer cells have been
associated with hyperproliferative phenotypes and poor clinical outcomes (Alur et al., 2009). Contrary, high
levels of CALR expression have been linked to improved disease control in several malignancies (Fucikova
et al., 2016; Hsu et al., 2005; Peng et al., 2010; Schardt et al., 2009). Other works demonstrated that high
levels of ecto-CALR, at least in multiple myeloma malignant blasts, are associated with a failed immune
response bad prognosis (Serrano Del Valle et al., 2022). Even if this correlation is still under research, data

seems to point to CALR to influence disease progression and response to therapy (Fucikova et al., 2021).
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Figure 16. Effects of calreticulin exposure in innate immune response (Guilbaud et al., 2023).

CALR exposure can be directly monitored by different techniques. For instance, cytofluorometric
assay that use an specific anti-CALR antibody together with vital dyes such as 4',6-diamidino-2-phenylindole
(DAPI), propidium iodide (Pl) or 7-aminoactinomycin D (7-AAD), used to exclude dead cells with

permeabilized plasma membrane from the analysis and avoid false-positive results, it is one of the most
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usual and simple way to quantify it (Fucikova et al., 2020). Still, other techniques such as immunochemistry

are routinely used to evaluate paraffin-embedded samples (Fucikova et al., 2016).

1.5.3 Extracellular ATP

Another marker of immunogenic cell death is ATP release that is mediated through pannexin
channels reported to take place in an autophagic-dependent manner (Martins et al., 2012; Martins et al.,
2014b; Wang et al., 2013). The secretion of ATP displays a robust signal for dendritic cells precursors and
macrophages since it binds to purinergic receptors P2Y2 (P2RY2) and P2X7 (P2RX7) which facilitates the
recruitment of myeloid cells to the same location as the ICD is occurring (Elliott et al., 2009; Kaur & Dora,
2023). Additionally, the presence of ATP in the extracellular space induces the activation of the CASP1-
dependent NLRP3 inflammasome that stimulates the secretion of IL-1p and IL-18 by dendritic cells. All these
events culminate with the activation of T CD8* and gamma delta T cells (y6 T cells) boosting the adaptative
antitumor-immune response (Ghiringhelli et al., 2009; Mariathasan et al., 2006). Consistent with this, it has
been demonstrated that the immunogenicity of cell death can be blocked in cases where the purinergic
pathway cannot be activated, suggesting the importance of the adenosine signaling in the context of
anticancer therapies (Galluzzi, Buqué, et al.,, 2017). Thus, falling ATP accumulation in the tumor
microenvironment, either by the action of the ATP-degrading enzyme ENTPD1 or a loss-of-function of the
purinergic receptors (P2RX7 or P2RY2) in the myeloid compartment are some of the markers that has been
associated with immunosuppressive outcomes (Ghiringhelli et al., 2009; Nagate et al., 2021; Stagg et al.,

2012; Vijayan et al., 2017).

ICD-associated ATP secretion can be monitored in vitro by its quantification in cell supernatants
using commercial luminescent-based kits. This assay is based on the quantification of light emission during
the oxidation reaction of luciferin after adding the enzyme luciferase. Extracellular ATP levels can also be

evaluated by quantifying the residual pool of intracellular ATP in cell lysates (Fucikova et al., 2020).

1.5.4 HMGB1 release

High mobility group box 1 (HMGB1) is a highly evolutionary conserved nuclear protein from the
high mobility group (HMG) family protein, widely expressed in mammalian cells and tissues with multiple
functions according to its subcellular location (Chen et al., 2022; Goodwin & Johns, 1973). In normal
physiological conditions, HMGB1 is in the nucleus, associated to DNA molecules where it acts as a
chaperone and helps to maintain the structure and function of chromosomes. However, in specific stress

conditions this protein can shuttle to the cytoplasm and be passively released outside the cells in where it
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acquires the function as a damage-associated molecular pattern (DAMPs) molecule, acting as a mediator
of inflammation, immunity, and metabolic responses (Scaffidi et al., 2002; Tsung et al., 2005). Once
liberated to the extracellular space, HMGB1 can bind to several membrane receptors of the immune cells
such as TLR4 which is the primary receptor need for macrophage simulation and cytokine release (Jong

Sung Park et al., 2006; Yanai et al., 2011; Yang et al., 2010) .

Due to the fact that HMGB1 lacks a leader sequence in its protein structure, its release to the
extracellular space is not associated with the conventional endoplasmic reticulum-Golgi secretory pathway.
Thus, two models of secretion have been identified for this protein that can be grouped in active and

passive release, depending on the event that is taking place during its liberation (Chen et al., 2022).

Within the active secretory modality, two major subcategories can be differentiate: (1) HMGB1 can
freely be released into the cytoplasm, a process that seems to be associated with the activation of a cell by
a stimulus (Youn & Shin, 2006) or (2) enclosed in intracellular vesicles, preceded by its fusion with the cell

membrane (Gardella et al., 2002).

Oxidative stress (ROS and RNS production), disruption of calcium ion levels, tumor necrosis factor
(TNF) release as well as the activation of the classical inflammatory pathways NF-kB or NOTCH, MAPK, and
STAT signaling cascades, are some of the events that have been identified to regulate HMGB1 secretion
(Chen et al., 2022). Moreover, it is has been reported that HMGB1 can be found associated to the tumor
protein TP53, forming a protein complex in processes responding to DNA repair and to the regulation of
the apoptotic/autophagic flux balance which is known to be relevant in the cancer setting (Livesey et al.,

2012).

In line with the above, it has also been observed that the release of HMGB1 into the extracellular
space can be also linked to cell death processes such as apoptosis, necroptosis, pyroptosis, necrosis,
ferroptosis, NETosis, and lysosome-mediated and autophagy-dependent cell death (Morinaga et al., 2010;
Murakami et al., 2014). However, this type of secretion is not caused by the death process itself, but it is a
consequence of the events that are directly associated with it. This secretory modality it is categorized as
passive, and it is known to be regulated by molecules such as PARP1, RIPK3, cathepsin, DNase, caspases,

ATG and alkaliptosis (Chen et al., 2022).

Due to the fact that HMGB1 is known to contribute to inflammatory processes -as it has been
reported to be secreted by monocytes and macrophages (Bonaldi et al., 2003; Wang et al., 1999)- and to
mediate immune responses (Yanai et al., 2009), it is considered nowadays a marker of immunogenic cell

death that can be easily monitored in vitro (Fucikova et al., 2020). Nonetheless, it is important to note that
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since extracellular HMGB1 is also associated in cell death processes, its analysis cannot be interpreted as a
reliable sign of ICD and thus, it has to be complemented with the analysis of other ICD-markers (Fucikova

et al., 2020).

1.5.5 Annexin Al

Annexin A1 (ANXA1) appertains to the multigene family of Ca?*-regulated proteins with affinity for
acidic phospholipids in a calcium-dependent manner (Gerke et al., 2005). Its pro-inflammatory activity is
mediated through its interaction with the formyl peptide receptor 2 (FPR2) when it is secreted or surface-
exposed (Perretti & D'Acquisto, 2009). FPR1 is expressed by myeloid cells, especially by intratumoral
dendritic cells, supporting the importance of this molecule in anti-tumor immunity (Cucolo & Minn, 2015;

Del Prete et al.,, 2023; Le Naour et al., 2021; E. Vacchelli et al., 2015).

In line with this, it has been reported that malignant cells lacking ANXA1 expression present limited
sensitivity to anthracycline-based chemotherapy in vivo (Erika Vacchelli et al., 2015). Moreover, in the same
work, Vacchelli and colleagues reported that loss-of-function variants exhibiting single nucleotide
polymorphisms (SNPs) of its receptor FRP1 in samples of breast cancer patients were associated with
compromised clinical responses to cisplatin and anthracycline-based therapy. Altogether, these data points
to the relevance of both ANXA1 and FRP1 in the antitumor immune response and supports the idea that
polymorphisms in FRP1 could be used as a predictive biomarker for chemotherapy response and disease

aggressiveness (Erika Vacchelli et al., 2015).

In the past, the detection of extracellular ANXA1 was performed by semiquantitative Western blot
analysis. However, it is rather monitored by using a commercial ELISA assay with increased sensitivity and

specificity (Baracco et al., 2019).

1.5.6 Type I IFN signaling

Type | IFN belongs to a proinflammatory cytokine family that was initially discovered as a
fundamental component of the mammalian first-line defense system against pathogenic viruses (Hardy et
al., 2004). Type | IFN was first identified in chicks as a soluble factor secreted the chorioallantoic membrane

after exposure to influenza virus A (Isaacs & Lindenmann, 1957; Isaacs et al., 1957).

Its secretion can be initiated in innate immune cells by the interaction of a variety of pathogen-
derived molecules (also known as MAMPs) with pattern recognition receptors (PRRs) such as plasma

membrane-associated toll-like receptors (TLRs) -also able to recognize HMGB1 (see section 1.5.4) (J. S. Park
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et al., 2006), double-stranded DNA (dsDNA) CpG containing motifs (Hemmi et al., 2000), dsDNA sensor
cyclic GMP-AMP synthase (CGAS) (Sun et al., 2013)(see section 1.8.1), among others.

In line with this, in all nucleated cells provided of functional IFN type | (IFNAR1 and IFNAR2), type |
IFN ligand can bind to them and activate an intracellular cascade that involves in first place the activation
of the Janus kinase 1 (JAK1) and/or the tyrosine kinase 2 (TYK2). Subsequently, the formation of the
supramolecular complex composed by STAT1, STAT2 and interferon regulatory factor 9 (IRF9) is induced
which ultimately stimulates the transcription of the interferon-stimulated genes (ISGs). There are several
factors involved in the inhibition of viral replication as well as for immunostimulatory molecules and
chemotactic factors such as C-X-C motif chemokine ligand 10 (CXCL10) (see figure 17) (de Weerd et al.,
2013; Holicek et al., 2024; Schoggins, 2019). Additionally, it has been described that type | IFN exert
immunomodulatory effects (Parker et al., 2016) such as an increase in MHC class | expression on the surface
of cancer cells, increasing tumor immunogenicity (Greiner et al., 1984). Indeed, type IFN is necessary for a
correct T-cell-cross priming with dendritic cells (Fuertes et al., 2011) and it is also an efficient activation of
NK cells (Mizutani et al., 2012). In addition, it is required for the generation of CD8" memory T cells (Lu et
al., 2019; Marrack et al., 1999; Mescher et al., 2006), for the differentiation of CD4* T cells to the Tyl
phenotype and lymphocytes B into antibody-secretion plasma cells (Jego et al., 2003). Accordingly, a great
variety of preclinical data show that defects in the IFN type | pathway as well as in PRR signaling can favor

oncogenesis and tumor progression in addition to restrain responses to therapy (Holicek et al., 2024).

Type | IFN associated with ICD events can be monitored in vitro by different laboratory
technigues. One of them consists in analyzing the intracellular expression of /fnb1 mRNA transcripts by RT-
PCR. However, this technique has its drawbacks as an increase in transcripts is not necessarily associated
with its translation and secretion. Thus, type | IFN in cell supernatants analyzed by ELISA-based techniques

appears to be more reliable with superior sensitivity (Fucikova et al., 2020).
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Figure 17. Type | IFN signaling (Holicek et al., 2024).

A summary of the molecular mechanisms leading to ICD is schematically depicted thereafter:
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Figure 18. Effects of ICD in immune cells activation and antigenic presentation (Galluzzi, Bugué, et al., 2017).

In response to immunogenic cell death inducers, cancer cells are able to emit a plethora of signals engaging

antitumor immune responses. For instance, dying cells can expose calreticulin (CALR) on the surface of their

membranes as well as secrete ATP, type | IFN, annexin 1 and HMGB1. Those molecules bind on the surface

receptors of immune cells promoting the maturation of dendritic cells (DC) that will acquire the capacity to

activate the adaptive immune response mediate by the antigenic presentation. All these events eventually

prime immunological memory and control tumor growth by eradicating chemotherapy resistant cells via

IFN gamma secretion mechanism.
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1.5.7 Implication of autophagy in cancer and ICD

Autophagy is a highly conserved cellular lysosome-mediated degradation pathway exclusive of the
eukaryotic organisms which is controlled by autophagy-related (ATG) family proteins (Levine & Kroemer,
2019). The main role of this process is to clear cells from their “molecular trash” (e.g., damaged organelles,
protein aggregates, nucleic acids, lipids) in order to maintain cell homeostasis and promote differentiation,

development, and survival (Galluzzi, Baehrecke, et al., 2017).

Different types of autophagy have been described depending on the mechanism that mediates
the delivery of cargo to lysosomes for degradation. The three different types of autophagy are: (1)
macroautophagy, (2) microautophagy and (3) chaperone-mediated autophagy, the latest only occurs in
mammalian cells and it is regulated by an entire different set of proteins without involving membrane
dynamics (Kaushik & Cuervo, 2018; Klionsky et al., 2021). Both macroautophagy and microautophagy can
be classified as selective and non-selective. It refers as non-selective autophagy when the process occurs
randomly with the indiscriminate engulfment of the cytosolic components in response to nutrient
starvation. Contrary, selective autophagy degrades specific targets such as damaged organelles and

bacteria (Vargas et al., 2023).

Selective autophagic process involves two major steps: in first place, the dysfunctional organelles
or other molecules are typically tagged by ubiquitylation by the action of E3 ubiquitin ligases and selectively
enclosed in a double-membrane system known as autophagosome. Secondly, the autophagosomes fuse
with the lysosomes which are organelles containing hydrolases. The fusion of these two membranous

systems originated the autophagolysosome in where the hydrolases digest the molecular content.

The initiation of this process is mediated by the ULK complex containing the kinase UNC-51-like
kinase 1 (ULK1) and 2 (ULK2), FIP200, ATG13, ATG101 together with ATGS promotes the autophagosome
formation. This complex is controlled by cellular signaling pathways involved in nutrient and energy sensing
such as mechanistic target of rapamycin complex 1 (mTORC1) and it is facilitated by cargo adaptors such

as p62, NDP52, TAX1BP1 and OPTN.

Downstream of the ULK molecular complex, the class Il phosphatidylinositol 3-kinase complex |
(PI3KC3-C1) formed by beclin-1, VPS34, VSP15 ATG14 and NRBF2 are associated with the ULK1 complex
that catalyzes the production of phosphatidylinositol-3-phosphate (PI3P) which is the main effector for the
elongation of the autophagosome membrane. Subsequently, PI3P recruits ATG16L1-ATG5-ATG12, ATG3
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and ATG7 that act as a facilitators for lipid conjugation of autophagy-related genes 8 (ATGS8) family
members, including microtubule-associated protein 1A/1B-light chain 3 (MAP1LC3), also referred as LC3
that is lipidated into a LC3-ll form by its association to phosphatidylethanolamine. Finally, the
autophagosome fusions with the lysosome by the action of PLEKHM1, EPG5 and RAB7 as well as two SNARE
complexes containing STX17-SNAP29-VAMP7/8 and YKT6-SNAP29-STX7 proteins (Yamamoto et al.,
2023).

Accordingly, many works associate general autophagy as a mechanism used by cancer cells to cope
with difference sources of stress, contributing to apoptosis evasion and therapy resistance (Jarauta et al.,
2016; White et al., 2021). Indeed, several studies points to autophagy as an advantage for cancer
development and growth (Levy et al., 2017). However, there is also scientific evidence suggesting that
autophagy could act as a repressor for cancer cells (Bhutia et al., 2013; Eskelinen, 2011). Therefore,
manipulating autophagy (either inducing it or repressing it) is nowadays considered as a strategy for cancer
treatment, especially in combination with other anticancer therapies (Ramakrishnan et al., 2012; Sui et al,,

2013).

It has been shown that autophagy is essential for the immunogenic release of ATP from dying cells
(Michaud et al., 2011) which act as a recruiter of immune cells into the tumor bed when is actively secreted.
For instance, Martins and colleagues demonstrated that knocking down the autophagic-related genes
(ATG3, ATG5, ATG7 and BECN1) abolished the secretion of ATP during death of several mice cell lines
(Martins et al., 2012). Additionally, a work published by Yamazaki and colleagues demonstrate that
autophagy blocks CGAS/STING1 induced- type | IFN secretion a process initiated by cytosolic mitochondrial
DNA in response to radiotherapy (Takahiro Yamazaki et al., 2020). In line with this, it has also been
documented that the autophagic protein ATG9a and STING (which is activated by CGAS, see section 1.8.1)
co-localized in vesicles and can limit the production of type | IFN production mediated by dsDNA in mouse
embryonic fibroblasts (Saitoh et al., 2009). In addition, many works investigating bacterial and viral infection
have reported that the activation of STING1 by CGAS in this context initiates several types of autophagy
(Collins et al., 2015; Rasmussen et al., 2011; Yamashiro et al., 2020). Thus, all this scientific evidence points
to STING1 not only as a component of the autophagic machinery but also as a modulator of immunogenic
cell death through the activation of type | IFN secretion. Other works showed that autophagy activation is
necessary for a successful anti-cancer immune response in the context of chemotherapy (Follo et al., 2019;
Michaud et al., 2011). However, the role of autophagy in cancer development and immunogenic cell death

remains controversial and still unclear.
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1.5.8 Immunogenic cell death inducers

Immunostimulatory drugs also known as a “ICD inducers” are routinely used in the clinic for the
treatment of a wide range of cancer types (Lorenzo Galluzzi et al., 2020). Paradoxically, before the
immunotherapy era initiated in 2010, traditional chemotherapeutic drugs received the FDA-approval
according to their specific effects on cancer cells and skipping the fact that they could also act on anti-
tumor immunity (Zitvogel et al., 2008). Indeed, experimental data point that chemotherapeutic agents
(Solari et al., 2020) as well as radiotherapy (Dewan et al., 2009; Golden et al., 2012) can also have a positive
effect on the antitumor action of the immune system. Some of the examples are cyclophosphamide
(Schiavoni et al., 2000), anthracyclines (Casares et al., 2005; Orsini et al., 1977), taxanes (Senovilla et al.,
2012) or some platinum-based compounds (see section 1.12) (O. Kepp & G. Kroemer, 2020; Tesniere et al.,

2010a).

The immunostimulatory capacity of these compounds is explained by the fact that they are able to
induce ICD, a rationale to combine them with immunotherapy regimes. Nevertheless, further investigations

are needed to demonstrate their clinical potential when combined with immunotherapy.

1.6 Cancer metabolism

Unicellular organisms such as bacteria are constantly exposed to an evolutionary pressure to
reproduce as quick as possible when nutrients are available. Consequently, when the nutrients are scarce
there is a need to control and adapt their metabolism according with the nutrient supply and to extract the
maximum energy from those resources. Accordingly, different regulatory mechanisms have been
developed to control metabolic pathways in proliferating versus non-proliferating cells. Thus, it is also
expected that cancer cells have adopted similar strategies in order to meet their high energy demands even

in the most austere nutrient conditions (Vander Heiden et al., 2009).

1.6.1 Alterations in glucose metabolism -The Warburg effect

The role of metabolism as a hallmark of cancer (Hanahan, 2022; D. Hanahan & Robert A. Weinberg,
2011) was postulated for the first time by Otto Warburg in the 20’s (Warburg, 1924). According to
Warburg’s theory, cancer cells undergo a process of metabolic reprogramming — initially deemed a sequela
of primary damaged mitochondria (see also section 1.7.4.1) - which increases the levels of glucose

consumption and induces the redirection of the pyruvate obtained from the glycolysis to lactate fueling the
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lactic fermentation process pathway, also referred as aerobic glycolysis (O. Warburg, 1956) (see figure 19).
It is currently accepted by most of the scientific community that this feature represents an advantage for
cancer cells to grow faster (Ralph J. DeBerardinis & Navdeep S. Chandel, 2020; Liberti & Locasale, 2016;
Lunt & Vander Heiden, 2011; Vander Heiden et al., 2009; Peter Vaupel & Gabriele Multhoff, 2021) and to
escape from the immune system’s antitumoral activity (Cataldn et al., 2015; Huber et al., 2017; Xia et al.,

2021).
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Lactate l Iactate
Lactate
CO,
Oxidative Anaerobic Aerobic
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~36 mol ATP/ 2 mol ATP/ (Warburg effect)
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Figure 19. The Warburg effect (Vander Heiden et al., 2009).

But what drives cancer cells to perform aerobic glycolysis and why is this feature associated with
proliferation? Proliferating cells require large amounts of ATP to meet their increased needs for biomass
synthesis. According to the efficiency in terms of ATP production, aerobic glycolysis is much less efficient
compared to oxidative phosphorylation (see section 1.7.3.1), producing 4 mol of ATP per 1 mol of glucose
versus 38 ATP molecules per 1 mol of glucose, respectively (see figure 19) (Vander Heiden et al., 2009).
One possible explanation of why this metabolic rewriting implies an advantage for cancer cells is that
increasing glucose consumption provides important biosynthetic precursors that fuel anabolic reactions
such as lipid, nucleosides, or protein synthesis pathways. However, this explanation appears to be

incomplete as most of the glucose consumed by cancer cells is secreted as lactate, and the major precursor
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of biomass derives from amino acids rather than glucose (Hosios et al., 2016). Thus, some theories propose
that aerobic glycolysis also facilitates the production of electron carriers such as NADPH that are required
as a cofactor for redox reactions. Moreover, other models cognate the idea that this metabolic phenotype
would result from an adaptation of molecular crowding (Vazquez & Oltvai, 2011) or even caused by
mitochondria saturation due to the excessive glucose consumption (Wang & Patti, 2023). That said,
Warburg postulated that malignant cells largely depend on glucose for bioenergetic metabolism as a
consequence of mitochondrial dysfunction (O. Warburg, 1956) a possibility that has now been invalidated
(P. Vaupel & G. Multhoff, 2021; Vyas et al., 2016; Zong et al., 2016). Indeed, accrued glucose uptake by
malignant cells appears to mainly fuel anabolic (rather catabolic) metabolism in support of lipid and
nucleotide biosynthesis (which are crucial for accelerated proliferation), mitochondrial ATP remaining the
major source of energy (R. J. DeBerardinis & N. S. Chandel, 2020; Locasale et al., 2011; Lunt & Vander
Heiden, 2011; Vander Heiden et al., 2009). Moreover, mitochondrial metabolism at large — including
catabolic and anabolic components thereof — is fundamental for all steps of oncogenesis, including
malignant transformation, tumor progression and response to treatment (Hanahan, 2022; D. Hanahan &

R. A. Weinberg, 2011; Porporato et al., 2018).

Certainly, cell metabolic reprogramming towards aerobic glycolysis favors lactate secretion leading
to an acidification of the tumor microenvironment (TME). This creates an immunosuppressive niche that

impairs immune cell infiltration and function and favors tumor growth (Apostolova & Pearce, 2022).

Through the last years, the study of glucose metabolism in the context of cancer has led to the
emergence of different therapeutical approaches. For instance, drugs targeted towards glucose
transporters and glycolytic enzymes (e.g., GLUT1, HK-2) are currently undergoing clinical trials (Sainero-
Alcolado et al., 2022; Tilekar et al., 2020). Interestingly, metformin which is the most widely used drug for
the clinical management of type Il diabetes, has been associated with lower cancer cases in these patients
(Allende-Vega et al., 2022; Pollak, 2012). Other drugs such dichloroacetate (DCA) which targets the
pyruvate dehydrogenase kinase 1 (PDK1) displays antitumor effects in vitro and target specifically cells with
mitochondrial DNA mutations (de Mey et al., 2020; Dunbar et al., 2014; Marco-Brualla et al., 2019;
Tataranni & Piccoli, 2019).

Undoubtedly, pharmacological blockade of glucose uptake by cancer cells or shutting off the
biosynthesis of metabolic intermediates is a rationale that would directly affect tumoral growth (X. S. Chen

et al.,, 2016; Ghanavat et al,, 2021; Yu et al., 2016).
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Apart from the strategies based on the inhibition of aerobic glycolysis, therapeutical approaches

directed against other metabolic pathways such as glutamine, nucleotide metabolism, and de novo fatty

acid synthesis (Luengo et al., 2017; Stine et al., 2022) are currently being studied (see figure 20 and table

2).
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Figure 20. Metabolic and molecular pathways supporting tumor biomass synthesis in cancer cells. a-KG, a-
ketoglutarate; ARG, arginase; PC, pyruvate carboxylase; PPP, pentose phosphate pathway (Martinez-Reyes

& Chandel, 2021).
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Table 2. Drugs targeting cell metabolism.

Pemetrexed

5-Fluorouracil

Hydroxyurea

Gemcitabine

Fludarabine
6-Mercaptopurine

Methotrexate
Enasidenib
Ivosidenib
Metformin

Leflunomide

Bempedoic acid

Hydroxychlorquine

Sulfasalazine

CPI-613
IM156

IACS-010759
CB-839

IPN60090

DRP-104
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TYMS

RNR
DNA
incorporation
DNA

incorporation
PPAT

DHFR
Mutant IDH2
Mutant IDH1

Complex |

DHODH

ACLY

Autophagy

SLC7A11/xCT

Mitochondria

Mitochondria
Mitochondria

Glutaminase

Glutaminase
Glutamine-
utilizing
enzymes

dUMP to dTMP
conversion; folate
to THF conversion
dUMP to dTMP
conversion
Ribonucleotide to
deoxyribonucleotide
conversion
Nucleotide
analogues
Nucleotide
analogues
Purine synthesis
Folate to THF
conversion
2-Hydroxyglutarate
synthesis
2-Hydroxyglutarate
synthesis
Oxidative
metabolism
Pyrimidine
metabolism

Lipid synthesis

Removal of
damaged cellular
components
Cystine/glutamate
exchange
Oxidative
metabolism
Complex |
Complex |
Glutamine to
glutamate
conversion
Glutamine to
glutamate
conversion

Glutamine-

dependent enzymes

NSCLC

CRC, gastric and breast cancer

CML, HNSCC
Pancreatic, ovarian and breast cancer;
NSCLC
CLL

ALL
Breast, HNSCC, lung, non-Hodgkin
lymphomas

AML
AML
Type 2 diabetes mellitus

Rheumatoid arthritis

Heterozygous familial
hypercholesterolemia, established
atherosclerotic cardiovascular disease

Rheumatoid arthritis

Ulcerative colitis

Pancreatic cancer, AML, solid tumors,
lymphoma
Solid tumors, lymphoma
AML, advanced solid tumors

Leukemia, CRC, breast cancer, RCC

Advanced solid tumors

NSCLC, NHSCC, advanced solid tumors



Introduction

AZD-3965 MCT1 Lactate symporter Advanced cancers

TVB-2640 FASN Fatty acid synthesis NSCLC, CRC, breast cancer, astrocytoma
AG-270 MAT2A Production C.Jf S.- Advanced solid tumors or lymphoma

adenosylmethionine
SM-88 Tyrosm.e Oxidative stress Sarcoma, prostate, breast and pancreatic
metabolism cancer
Indoximod IDO1 Kynurem.ne Melanoma, breast and pancreatic cancer
synthesis

ACLY, ATP-citrate synthase; ALL, acute lymphatic leukemia; AML, acute myeloid leukemia; CLL, chronic
lymphocytic leukemia; CML, chronic myeloid leukemia; CRC, colorectal cancer; DHFR, dihydrofolate
reductase;, DHODH, dihydroorotate dehydrogenase; FASN, fatty acid synthase;, HNSCC, head and neck
squamous cell carcinoma; IDH, isocitrate dehydrogenase; IDO1, indoleamine 2,3-dioxygenase 1; MAT2, S-
adenosylmethionine synthase isoform type 2; MCT1, monocarboxylate transporter 1; NSCLC, non-small-cell
lung cancer; PPAT, phosphoribosyl pyrophosphate amidotransferase; RCC, renal cell carcinoma; RNR,
ribonucleotide reductase; THF, tetrahydrofolate; TYMS, thymidylate synthase. Modified from (Stine et al.,
2022).

1.7 Mitochondria and cancer

1.7.1 Characteristics and functions of mitochondria

Mitochondrion is an intracellular organelle present in almost all eukaryotic organisms, also known
as the powerhouse of the cell, due to the fact it is the hub of ATP synthesis. Apart from energy production,
mitochondria participate in other cellular key functions such as biomass synthesis, control of Ca?*
homeostasis, autophagy, apoptosis regulation (Desagher & Martinou, 2000), and even immunogenic cell

death (Riley et al., 2018)(see section 1.8).

This organelle is composed by a double membrane (the inner (IM) and the outer membrane (OM))
that delimitates two compartments with differential functions: the matrix and the intermembrane space
(IMS). Through this membranous system, mitochondria form a dynamic and interconnected network with
the rest of the cell compartments (Xia et al., 2019). Typically, the inner membrane -which is in contact with
the matrix- is shaped by numerous bag-like invaginations, referred as a mitochondria cristae, in which the
molecular machinery in charge of ATP production -known as electron transport chain (ETC)- is anchored

(see section 1.7.3.1) (Kuhlbrandt, 2015).
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It was in the 1960s, when Lynn Margulis hypothesize that mitochondria come from prokaryotic
organisms incompletely endocytosed by an elderly anaerobic eukaryotic cell (Sagan, 1967). This symbiotic
alliance provided an advantage to the host cell as it developed the capacity to produce energy in aerobic
conditions (Lane & Martin, 2010; Pittis & Gabalddn, 2016). Nowadays, this concept is accepted as the
endosymbiotic theory, and it would eventually explain how the multicellular organisms have emerged and

why current mitochondria display unique features that evoke regular bacteria.

Certainly, mitochondria are the only organelles in animal cells that contain their own genetic
material (known as mitochondrial DNA (mtDNA)) which is located within the mitochondrial matrix
compartment. Contrary to nuclear DNA, mtDNA is a super-coiled double-stranded closed circular genome
formed by 37 genes: 2 ribosomal RNAs (12s and 16s rRNAs, similar to bacteria), 22 transfer RNAs (tRNAs)
and 13 genes that encodes for 13 protein subunits of the respiratory complexes composing the ETC (see
figure 23) (Anderson et al., 1981; Andrews et al., 1999; Montoya et al., 2006). The mtDNA is characterized
by a series of unique features when is compared with the nuclear DNA. First, the mtDNA is inherited
exclusively from the maternal lineage and second, it is found in multiple copies (polyploidy) in the same

cell.

More than 1,500 proteins composing mammalian mitochondria have been identified, indicating
that this organelle strongly depends on the nuclear genes to maintain its basic functions (Schmidt et al,,
2010). Thus, it is assumed that during years of evolution, the mtDNA genes that were originally from the
alpha-protobacterium began to migrate to the nucleus and were incorporated into the nuclear genome
resulting in the mtDNA as currently known (Adams & Palmer, 2003). This process is known as numtogenesis
and it seems to be an ongoing process in some pathologies such as cancer (Ju et al., 2015;

Srinivasainagendra et al., 2017).

1.7.2 Mitochondrial dynamics

Mitochondria are highly plastic organelles implicated in a plethora of cell functions. For instance,
mitochondria intervene in fundamental process that are involved in cardiac function (Bonora et al., 2019).
From metabolic functions to immunostimulatory effects (Weinberg et al., 2015), mitochondria dynamics
are indispensable to preserve the correct functioning of the cell. Certainly, mitochondria undergo a
continuous process of fission, fusion, transportation, and elimination (known as mitophagy, see section
1.8.2) that controls their morphology, quantity, disposition, and function (R. Quintana-Cabrera & L.

Scorrano, 2023). Thus, dysregulation of mitochondrial dynamics and function is often associated with

Doctoral Thesis|44



Introduction

pathologies such as cardiac disease and ischemia (Ding et al., 2017; Ong et al., 2010) or even cancer

(Giampazolias & Tait, 2016).

AW,
mtDNA damage

_ﬁ,;;..j- .
/

Mitophagy

Figure 21. Mitochondrial fusion, fission and elimination cycle (Rubén Quintana-Cabrera & Luca Scorrano,

2023).

Mitochondria can undergo fission, typically in cases where mtDNA is damaged or mitochondria are
depolarized (AWy) (Kleele et al., 2021). During this process, the damaged components are pushed towards

the part that will be segregated and subsequently eliminated by mitophagy (see figure 21).

However, this process is reversible as a daughter mitochondria resulting from the fission can fuse
with other new mitochondria to generate a recomposed larger organelle fusion. Once the insult is resolved,
hyperfused mitochondria enters in a new cycle of fission and fusion in order to preserve the mitochondrial

network of the cell (Rubén Quintana-Cabrera & Luca Scorrano, 2023).
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1.7.3 The mitochondrial electron transport chain (mMETC) and the
oxidative phosphorylation system (OXPHQOS)

1.7.3.1 Composition, organization, and dynamics of the mECT

The majority of the cellular ATP pool is generated by the electron transport chain which is a
supramolecular complex composed by respiratory complexes, electron carriers and the H*-ATP synthase
(Enriquez, 2016). The elements of the oxidative phosphorylation system (OXPHOS) couple the oxidation of
the nicotinamide adenine nucleotide (NADH) and flavine adenine dinucleotide (FADH,) to the pumping of
protons across the inner membrane, generating a proton electrochemical gradient that is used by the
complex V or ATP synthase to produce ATP from ADP (Acin-Pérez et al., 2008). Within the OXPHOS system,

5 respiratory complexes that are directly anchored in the IM can be distinguished:

e Complex I (Cl), also known as NADH/ubiguinone oxidoreductase, its function consists in accepting
the electrons from the NADH and transfer them to the ubiquinone (also known as coenzyme -Q
(CoQ)) to be reduced into CoQH,. During this step, 4 H* per molecule of NADH are pumped into
the intermembrane space.

e Complex Il (Cll), also known as succinate dehydrogenase, accept the electrons from the FADH;
obtained from the enzymatic conversion of succinate into fumarate during tricarboxylic acid (TCA)
cycle. These electrons are subsequently transferred to the CoQ, promoting its reduction into
CoQHa. In this step, no protons are pumped.

e Complex Il (CllI), also known as ubiquinol-cytochrome ¢ reductase, assists the electron transfer
from CoQH, to the cytochrome c. During this oxidation-reduction reaction, 4 H* are pumped into
the intermembrane space for each pair of electrons transferred.

e Complex IV (CIV), also known as cytochrome c oxidase, is the final acceptor of the electrons
proceeding from the Clll and that are transferred to O, in this step. During this process it is
produced H,0 and 2 H* per NADH molecule are pumped to the intermembrane space.

e Complex V (CV), also known as ATP synthase, is in charge of catalyzing the conversion of ADP into
ATP to the mitochondrial matrix by the incorporation of a phosphate group. This reaction is
sustained by the energy generated from the electrochemical proton gradient originated during the
electron transport from Cl to CIV. For the ATP synthesis, the protons from the intermembrane

space are transferred back to the matrix through the pore formed by the F, region of the ATP
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synthase. The energy obtained during this step is used by the region F; of the CV to catalyze the

formation of ATP by a rotary movement of this protein complex (see figure 22).

NAD* E . Succinate  Fumarate

Figure 22. The electron transport chain. The electrons flow from the complex | to complex IV and the protons
(H*) are pumped from the intermembrane space into the mitochondrial matrix. At the end of the ETC, the
protons from the matrix return to the intermembrane space through the complex V facilitating the

production of ATP. Adapted from (Enriquez, 2016).

According to the plasticity model, respiratory complexes can be freely anchored in the
mitochondrial membrane or establish associations between them forming a supramolecular protein
complex referred a supercomplexes (when associated more than one) and respirasomes (the totality of the
supercomplexes associations) (Acin-Pérez et al., 2008; Enriquez, 2016; Lobo-Jarne & Ugalde, 2018) (see
figure 24). The type and the association level between all the complexes can vary from one cell type to
another as it is known to be modulated by the cell energy demands, the type of tissue, nutrient resources
availability or even by the dysfunction of the respiratory complexes (Lapuente-Brun et al., 2013; Marco-

Brualla et al., 2019).
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Figure 23. The plasticity model of the organization of the ETC. Modified from (Enriquez, 2016).

1.7.4 Role of mitochondrial in cancer

By virtue of all of its functions, mitochondria are essential organelles in life as they are the main
intracellular components that controls cell homeostasis and survival. In consequence, dysfunctionality of
mitochondria has been related to carcinogenesis (Galluzzi et al., 2010). Over the last years, numerous
studies concerning mitochondrial implication in cancer have been carried out (Ahn & Metallo, 2015; Ghosh
et al., 2020; Giampazolias & Tait, 2016; Grasso et al., 2020; Marco-Brualla et al., 2019; Porporato et al.,
2018), and a plethora of processes that are directly interconnected with mitochondria have been identified
as potentials hallmarks of cancer (Hanahan, 2022; D. Hanahan & Robert A. Weinberg, 2011). For example,
cancer cell evasion from cell death is a process that ultimately implicates mitochondria (Carneiro & El-Deiry,
2020; Igney & Krammer, 2002). Indeed, the partial loss of P53 activity contributes to the resistance to the
mitochondrial apoptotic pathway induced by DNA-damage (Muller & Vousden, 2013). Up-regulation of the
anti-apoptotic proteins (e.g., BCLXL, BCL2, MCL1) or failure in MOMP formation are also known to

contribute to apoptotic-cell death evasion and therapy resistance (see section 1.3.1.1.2).
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1.7.4.1 Implications of mitochondrial DNA mutations

Mitochondria is in charge of cellular energetics which are de-regulated in cancer cells in order to
sustain their increased nutrient demands. The metabolic adjustments observed can be a direct
consequence of mutations in metabolic enzymes that could act as oncogenic drivers. For instance,
recurrent mutations in isocitrate dehydrogenase (IDH), the enzyme that catalyzes the oxidation of
isocitrate to a-ketoglutarate in mitochondria have been identified in cases of glioblastoma, sarcoma and
myeloid leukemia (Chen et al., 2013; Lu et al., 2013; Rohle et al., 2013). Moreover, mutations in mtDNA or
in mitochondrial genes localized in the nucleus can affect both mitochondrial function and mitochondrial-
associated metabolic pathways. For instance, several mutations in Cll components have been reported in
neuroendocrine tumors (Gimm et al., 2000; Niemann & Miiller, 2000). Indeed, malfunction of the electron
transport chain is known to cause ROS production which represents a source of DNA-damage (Kowaltowski
& Vercesi, 1999). For a summary of mtDNA mutations associated with different types of cancer see figure

24.

There is a large list of mitochondrial effects on cancer cells that have been documented and yet

thereis a lot more to explore. For obvious reasons, this work will focus only on a minimal part of this subject.

According to what has been discussed in previous sections, mitochondria are the only extra-nuclear
cell compartment that contains its own DNA. Despite being surrounded by a double membrane, its genetic
material is located within the mitochondrial matrix exposed to numerous mutagenic agents such as ROS
that are produced as a result of the electron transport chain’s activity (Ishikawa et al., 2008; Raimondi et
al., 2020; Yakes & Van Houten, 1997; Yang et al., 2016). As previously mentioned, mtDNA is also found in
many copies per cell. Thus, the combination of these factors predisposes to the acquisition of de novo
mtDNA mutations that could affect the correct functioning of the organelle and it would contribute to the

development of pathologies (Chinnery et al., 2000; Kopinski et al., 2021).

mtDNA mutations can either affect all the DNA molecules or only a portion of them. The presence
of two or more variants of mtDNA copies is referred as heteroplasmy while a cell harboring identical copies
of their mitochondrial genome is referred as homoplasmy. The level of the heteroplasmy can vary between
cells within the same tissue or organ, and between members of the same family (He et al., 2010; Stewart
& Chinnery, 2015). However, the degree of heteroplasmy and the threshold level of mtDNA mutations that

a cell must exceed to exhibit clinical pathologies is still not well defined (Kopinski et al., 2021). It is believed
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that mutation heteroplasmy under clinical thresholds equal to 60 or less are not relevant for the immediate

manifestation of the disease (Kim et al., 2022).

Consistently, a wide range of mtDNA mutations has been reported in many cancer types (Brandon
et al., 2006; Chinnery et al., 2002; J. F. Hopkins et al., 2017; Lu et al., 2009; Petros et al., 2005; Reznik et al.,
2016; Yuan et al., 2023). Indeed, tumoral cells deprived of mtDNA — known as rho 0 (p°) cells — exhibit a
reduced proliferation rate as well as delayed tumor formation (Cavalli et al., 1997; Morais et al., 1994; A. S.
Tan et al., 2015), a fact that sustains the influence of mtDNA in cancer development (Cruz-Bermudez et al.,
2015). Indeed, mtDNA mutations could affect the ETC activity that would impair their respiratory capacity
and their ability to generate ATP. As Otto Warburg postulated more than a century ago, mtDNA mutations
could drive cancer cells to rewrite its metabolism to adapt and survive. These metabolic changes could also
affect to other cellular pathways that are directly associated with tumorigenesis (Martinez-Reyes &
Chandel, 2021). One of the examples is the hypoxia inducer factor 1 alfa (HIF-1a) that has been
demonstrated to be active in cells undergoing the Warburg effect (Bao et al., 2021) which is also known to
be associated with cancer and metastasis (Birner et al., 2000; Bos et al., 2003; Schindl et al., 2002; Semenza,

2003).

Despite all the scientific evidence that exists around this topic, mtDNA mutations could partially
but not totally explain the metabolic rewriting observed in cancer cells which is nowadays considered as
one of the hallmarks of cancer (D. Hanahan & Robert A. Weinberg, 2011). The degree of impact that mtDNA
mutations could have in this scenario remains unclear. Hence, further studies are needed to comprehend

these pathways as well as to characterize tumor-associated mitochondrial phenotypes.
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Figure 24. Human mtDNA map and different variants identified as potential pathogenic (Kopinski et al.,
2021). PC, prostate cancer; OC, oncocytoma,; CR, control region; MELAS, mitochondrial encephalomyopathy
and stroke-like episodes syndrome; LHON, Leber hereditary optic neuropathy, MERRF, myoclonic epilepsy

and ragged red fiber; NARP, neurogenic muscle weakness retinitis pigmentosa.

1.8 Mitochondrial role in ICD

In connection with what has been discussed in the previous sections of this work, it has been
demonstrated that mitochondria is a source of danger signals with capacity to regulate the activation of
inflammation (Jin et al., 2017). The exceptional similarities between mitochondria and bacteria (see section
1.7.1 for more information) leads to the engagement of pathogenic-like immune responses in situations
when mitochondrial internal components are released into the cytosol (see figure 25). mtDNA,
mitochondrial antiviral signaling protein (MAVS), mtROS production, cardiolipin, N-formyl peptides (NFPs),
ATP and succinate (Rodriguez-Nuevo & Zorzano, 2019) are some of the key triggers for the activation of

inflammatory pathways, and that are usually linked to cell death processes (Vringer & Tait, 2023).
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For instance, the hypermethylated CpG rich motifs of mtDNA can stimulate the endosomal Toll-like
receptor 9 (TLR9) and activate the innate immune response (Latz et al.,, 2004). Another example of
mitochondrial DAMP that is shared with bacteria is the phospholipid cardiolipin. This molecule located
within the mitochondrial matrix can activate mitophagy when is externalized in the OMM (Chu et al., 2013)
promoting the activation of the NLRP3 inflammasome (see section 1.3.1.3). Moreover, the discovery of the
CGAS/STING1 signaling pathway as a sensor of cytosolic dsDNA and its connection with type | IFN-mediated

immune responses confirm the immunostimulatory capacity of this organelle (Kwon & Bakhoum, 2020).

The release of signals that activate pro-inflammatory pathways occur during MOMP which is also
the converging point for the activation of the mitochondrial apoptotic cell death pathway (see section
1.3.1.1.1). This observation indicates that the activation of the apoptotic pathway triggers, at least partially,
inflammation. However, caspases, which are the main executioners of this molecular signaling have been
identified as inhibitors of pro-inflammatory pathways after MOMP formation (Ning et al., 2019; Rodriguez-
Ruiz et al., 2019; A. Rongvaux et al., 2014; White et al., 2014). This fact supports the idea that apoptosis is
an immunosilent event when caspases are activated. Consequently, caspases appear to be the key
determinants in the inflammatory output accompanying the cell death process. Thus, blocking caspases
could be presented as a strategy to boost anti-tumor immune responses induced by radiotherapy and/or
chemotherapy (Giampazolias et al., 2017; Rodriguez-Ruiz et al., 2019). In fact, this manipulation would
induce a rather necroptotic cell death process, especially if elicited by death receptors (see section

1.3.1.1.2.1).

Nonetheless, the pan-caspase inhibitor Emricasan known to accumulate in the liver, is now in
clinical trials for the management of non-alcoholic fatty liver disease (NASH) and liver transplants showing

limited beneficial effects (Frenette et al., 2019; Harrison et al., 2020).

Despite all previously mentioned, the molecular process by which mtDNA is released into the
cytosol and promotes inflammation is a matter of debate. On one hand, scientific evidence points that the
canonical mtDNA release to the cytosol is mediated via the MOMP pore formed by BAX and BAK
oligomerization (Cosentino et al., 2022; McArthur et al., 2018; Riley et al., 2018). However, there are also
scientific evidence suggesting that the formation of the mitochondrial permeability transition pore (mPTP)
would be sufficient for the release of the mtDNA to the cytosol despite its much-reduced size (Nakahira et
al., 2011). Even though we understand the fundamentals of this pathway, the discovery of new alternative

regulation mechanisms adds more complexity to this question (Riley & Tait, 2020).
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In any case, it is beyond the doubt that mitochondrial-driven inflammation can enhance

immunogenic cell death and it may be therapeutically exploited to improve cancer treatment (Vringer &

F
“.-' reee
N-formyl peptides ATP

Tait, 2023).
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Figure 25. Mitochondria-derived DAMPs and the possible outcomes (Vringer & Tait, 2023).

1.8.1 Cytosolic dsDNA sensor: the CGAS/STING1 pathway

The CGAS/STING1 pathway is an evolutionary preserved molecular mechanism that mediates
immune responses against pathogenic infections (Ishikawa & Barber, 2008; Jenson & Chen, 2020; West et
al., 2015). CGAS is a DNA sensor that recognizes extracellular double strand DNA (dsDNA) -from viral,
bacterial or plasmid origin- as well as cytoplasmic free self-dsDNA from nuclear and/or mitochondrial origin.
The acquisition of DNA breakages in precancerous cells during tumorigenesis, exposure to classical
mitochondrial -targeting chemotherapy or micronucleus formation are some of the main causes of DNA
fragmentation and release to the cytosol. In this scenario, CGAS recognizes free DNA fragments and
catabolizes the CGAMP production by employing ATP and GTP as a substrate for the reaction. Subsequently,
CGAMP binds and activate the stimulator of interferon genes (STING1) which is associated to the
endoplasmic reticulum (ER) membrane. At this level, STING1 mediates the activation by the NF-kB pathway
and/or the phosphorylation of IRF3, both transcription factors with the capacity to migrate to the nucleus

and stimulate the transcription of type | IFN and other proinflammatory cytokines, such as TNF-a and IL-6
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(see figure 26) (Kim et al., 2023; Sun et al., 2013). Among others, type | IFN plays an important role in
antitumor responses as it mediates the connection between the innate immune response (Stetson &
Medzhitov, 2006) and T-cell immunity (Ishikawa & Barber, 2008). Due to the fact that this pathway is
involved in the activation of the innate immune system (Woo et al., 2014), its dysregulation has been linked

with a broad range of human pathologies including cancer (Samson & Ablasser, 2022).

However, it seems that the CGAS/STING1 pathway could have a dual role in tumor development.
From one point of view, it could display a pro-tumor role by inducing chronic inflammation (S. F. Bakhoum
et al.,, 2018; Q. Chen et al., 2016). For instance, it has been reported that chronical stimulation of the
CGAS/STING1 pathway by some carcinogenics such as DMBA may innduce inflamation-driven
tumorigenesis (Ahn et al., 2014). In this particular case, targeting CGAS/STING1 signaling seems to be an
attractive therapeutic option for cancer (Conlon et al., 2013; Tang et al., 2016), including its use as adjuvant
in combination with chemotherapy or radiotherapy (Khoo & Chen, 2018). From other perspective, there
are some works that supports that the activation of the CGAS/STING1 patway supresses cancer
development by inducing cellular senenscense and by promoting immuno-surveillance (Glick et al., 2017;
Yang et al., 2017). Moreover, it has been reported that functional cGAS/STING1-type | IFN pathway is

requiered to obtain sucessful radiation-mediated antitumor responses (Deng et al., 2014).

According with the mentioned before, the combination of CGAS/STING1 activators with
immunotherapy (e.g., immunocheckpoint blockade) could result into an improval of the anticancer

treatments efficacy (Wang et al., 2017).
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Figure 26. Overview of the CGAS/STING1 signaling pathway (Kim et al., 2023).

1.8.2 Specific autophagy: mitophagy

Mitophagy is a specific form of autophagy that selectively removes dysfunctional, damaged, or
superfluous mitochondria to preserve cell homeostasis (Palikaras et al., 2018). Mitophagy works in
coordination with mitochondrial dynamics and biogenesis (see section 1.7.2) controlling the quality and the

guantity of these organelles within the cell.

The canonical pathway of mitophagy is mainly controlled by phosphatase and tensin homologue
(PTEN)-induced putative kinase 1 (PINK1) - Parking pathway. In healthy physiological conditions, PINK1, is

rapidly cleaved and degraded in a proteasome-dependent manner. Contrary, in conditions of
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depolarization of the IMM, PINK1 is not degraded and stabilized on the OMM (Gan et al.,, 2022).
Subsequently, PINK1 recruit Parking that ubiquitinates several mitochondrial components of the OMM for
organelle degradation. The ubiquitinated proteins recruits general autophagy adapters such as p62 and
optineurin. Then, the tagged mitochondria interacts with LC3-positive autophagosomes that eliminate the

damaged organelles (Palikaras et al., 2018).

Considering mitophagy as a system of mitochondrial fitness surveillance, impaired mitophagy
causes the accumulation of dysfunctional mitochondria which has been associated with the development
of several neurodegenerative disease such as Parkinson, Alzheimer or Huntington disease (Chen et al.,

2018; Fang et al., 2019; Hwang et al., 2015) as well as with cancer development (Chang et al., 2017).

In the cancer setting, mitophagy appears to play a dual role, depending on the type and status of
the cell. On one hand, in early stages of tumor development, mitophagy maintains cell homeostasis by
removing dysfunctional ROS-producing mitochondria that could potentially promote tumorigenesis
(Raimondi et al., 2020). However, once the tumors are already progressing, mitophagy can represent a
cytoprotective mechanism for cancer cells against radiotherapy/chemotherapy-induced mitochondrial

damage or apoptosis (Yan et al., 2017).

Moreover, mitochondria is known to be involved in inflammatory processes that are linked to the
activation of the immune system. As previously described, damaged mitochondrial can release its own
mtDNA into the cytosol and activate the CGAS/STING1 pathway, promoting the production and release of
type | IFN (see figure 26). Thus, it seems logical to hypothesize that, activated mitophagy would also
contribute to tumor-immune evasion by reducing the ability of the “ICD inducers” to boost antitumor
immune responses (see section 1.5.8). Indeed, over the last few years, several works that supports this
hypothesis have been published (Glytsou et al., 2023; Li et al., 2019; Limagne et al., 2022; Liu et al., 2020;
Villa et al.,, 2017; Yao et al., 2019; Zhao et al., 2022).

In addition, Yamazaki and colleagues demonstrates that autophagy (but not specific mitophagy)
represses the abscopal effect observed in the context of radiotherapy by limiting the CGAS/STING1-type |
IFN-dependent signaling (Takahiro Yamazaki et al., 2020). In the same line, Glytsou and co-workers showed
that mitophagy promotes resistance to BH3 mimetics in acute myeloid leukemia (Glytsou et al., 2023).
Moreover, a recent work in the context of inflammation and aging demonstrated that mitophagy is involved

in the clearance of cytosolic mtDNA from old-damaged mitochondria. This directly impairs the activation
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of CGAS/STING1 pathway restricting type | IFN production and inhibiting chronic inflammation (Jiménez-
Loygorri et al., 2024).

Hence, blocking mitophagy seems a rationale for the improvement of anti-cancer therapies,
especially in combination with immunotherapy, although a lot of work is still needed to deeply characterize

this mechanism.

1.9The L929/1L929dt mouse model

1.9.1 In vitro and in vivo characterization of a new L929-derived cell line

L929 was one of the first cell lines to be established in continuous culture. It is an immortalized
fibroblast mouse cell line growing in adherent monolayer derived from the L strain of a normal
subcutaneous areolar and adipose tissue from a 100-day-old male C3H/An mouse. After the 95" subculture
passage, in March 1948, the clone 929 was isolated by the capillary technique for single cell isolation

(Gavilondo et al., 1982; Rodriguez et al., 1984; Sanford et al., 1956).

In a previous work carried out by our research group, we have generated a L929-subline by
collecting spontaneous detached cells that were present floating in the culture dish which were referred
as L929dt (dt coming from English “detached”). Interestingly, after several passages, these cells kept

growing in suspension and never re-acquired the adherent phenotype (Catalan et al., 2015).

Later, the characterization study revealed that 1929dt cells displayed some of the typical
characteristics of tumor cells that are in an advanced metastatic stage of the disease. The findings related

to this new L929-derived cell line are listed below (Marco-Brualla et al., 2019):

1. Accelerated growth and division: L929dt grow faster compared to L929 when maintained in
fermentative medium (high-glucose), with almost 2-fold increase in the duplication time when
cultured in galactose restricted media.

2. Metabolic changes: Seahorse analysis revealed that L929dt cells are higher glucose consumers
than L929 cells together with an increased in lactate production and a drastic reduction in their
oxygen consumption rate. These features suggest that these cells underwent a Warburg-like
metabolic remodeling displaying an elevated acidification rate typically observed in cells with

a fermentative phenotype (see section 1.6.1).
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3. Acquisition of two mtDNA mutations in the ND2 subunit of the respiratory complex I: Two
variations in the C4859T and C4206T mtDNA sequences caused the replacement of a histidine
to a tyrosine at position 316, and a replacement of a methionine for a threonine at position 98,
respectively.

4. Changes in the activity and dynamics of the components of the ETC: A reduction in the
formation of supercomplexes containing complex | (I + Il and | + lIl + 1V) was observed as well
as a partial reduction of the individual complex | expression. Moreover, complex | activity
(individually orin association with ClIl) was demonstrated to be substantially reduced in L929dt
cells compared to the parental L929. Contrary, Cll and CIl + Clll activity was detected to be
increased, revealing the existence of a compensatory mechanism in response to Cl
malfunction. Those defects in the ETC were also confirmed by testing L929dt sensitivity to the
PDK1 inhibitor DCA which resulted especially toxic against L929dt cells.

5. Increased general and mtROS production levels as well increased activity of antioxidant
enzymes: Superoxide levels appeared to be higher in L929dt cells, probably as a result of the
defects in the ETC already mentioned. In addition, the activity of the ROS detoxification
enzymes catalase and superoxide dismutase (SOD) were greatly enhanced 1L929dt cells. This
feature has been associated with an adaptation of metastatic cells to oxidative stress due to
cell detachment (Piskounova et al., 2015).

6. Lower antigenicity: L929dt cells showed a reduction in their antigenic presentation capacity
due to a drastic reduction of MHC-I exposure on their membrane surface.

7. Higher tumorigenicity in vivo: According to in vivo experiments, L929dt cells are able to form

bigger tumors at higher rate than L929 cells and to generate higher number of metastasis.

1.9.2 Transmitochondrial cybrid generation between L929 and L929dt
cells

After the identification of specific mtDNA mutations harboring by L929dt cells, our research group
sought to understand if the genetic changes acquired during the generation of these cells were the
responsible of their increased tumorigenic and aggressive phenotype both in vitro and in vivo. For this
purpose, Marco-Brualla and our team generated transmitochondrial cybrids between L929 and L929dt cell
lines consisting in two step-process: (1) the previous elimination of the mitochondria from the recipient
cell line and (2) the subsequent repopulation with mitochondria from a different cell type (Bacman et al.,

2020; King & Attardi, 1989; Liao et al., 2020; Marco-Brualla et al., 2019) (see figure 27). The result of this
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procedure allowed us to obtain two transmitochondrial cybrids that were named as L929% and dt“*?°. The
L9299 cybrid harbors the nuclear background of the parental L929 cells but the mutated mitochondria of
the L929dt cells. Contrary, dt'9?° cybrid contains the nuclear background of the L929dt cells but the wild

type (WT) mitochondria from the 1929 cells.

Remarkably, the mitochondrial exchange between cells caused in the repopulated mitochondrial
recipient cell lines the acquisition of the same phenotype than their respective mitochondrial donor:
parental L929 cells with L929dt mitochondria lost matrix attachment and MHC-I expression. Conversely,
L929dt cells with the L929 mitochondrial background re-acquired the adherence to the culture dish and
MHC-I expression. In addition, cybrid cells showed the same pattern of sensitivity to DCA-induced cell death
and in vivo tumorigenic properties than mitochondrial donor cells. This model will be used in this work

performed on this Doctoral Thesis.
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Figure 27. Schematic representation of the transmitochondrial cybrid generation process (Soler-Agesta,

2024).

1.10 Prostate cancer

1.10.1 Basic concepts of the disease

The prostate is a small and rubbery gland of the male reproductive system located below the
bladder in between the penis and the rectum. Its principal function is the production of the seminal fluid

that forces the semen through the urethra during ejaculation (NIH, 2024a).

According to the World Health Organization, prostate cancer is the leading cancer diagnosed

among men and the second most common overall with 288,300 expected cases (WHO, 2024).

Most of the prostate cancer types are adenocarcinomas derived from the prostate gland cells.
However, there are other forms of prostate cancer such as small cell carcinoma (regular or
neuroendocrine), large cell carcinoma, transitional cell carcinoma and sarcoma, but they are very rare
(American Cancer Society, 2024). Typically, prostate cancer is relatively a slow-growing type of cancer and
its main sustain are the androgens hormones, mainly testosterone (Prostate Cancer Foundation, 2024). Its
diagnosis is based on complementary techniques such as digital rectal examination that seeks for lumps or
hard areas, the analysis of the levels of the prostatic specific antigen (PSA) in serum, biopsies from the

prostate gland as well as magnetic resonance imaging (MRI) and computed tomography (CT) scan.

The stage of the disease is classified according to the Gleason Grade given by the pathologist after
the examination of the biopsy. Grades 1-5 rate the primary and secondary most common pattern of cells
within the biopsy. Usually, malignant tissues scores 6 or more in the Gleason scale. A score of 7 means that
it is an intermediate risk of cancer, and higher scores from 8-10 means there is a high risk that the cancer

keeps growing and generate metastasis (Swanson et al., 2021).

In most cases, prostate cancer does not cause any symptoms, specially at early stages. However,
if the cancer has already spread to other parts of the body (also known as a metastatic prostate cancer, see
next section 1.10.3) the patients can experience continuous back or bone pain with risk of fracture,

tiredness, and loss of weight.
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Nowadays, there are different types of treatment options available for localized, no metastatic

prostate cancer cases. The three most common treatments are the following (Cancer Research UK, 2024b):

1. Radiotherapy:

External beam radiotherapy for prostate cancer. It consists in using high energy waves similar
x-rays to irradiate the patient from the outside of the body. This treatment option is frequently

combined with hormone therapy.

Brachytherapy for prostate cancer is a type of internal radiotherapy performed inside of the
prostate. Also known as permanent seed brachytherapy, the radiation might stay inside of the
organ, and it is gradually released over the months. In this modality it also exists the high dose
rate brachytherapy (or temporary brachytherapy) which consists in the irradiation of the

internal part of the prostate but for a short time period of about 15 to 40 minutes.

2. Hormone therapy: Due to the fact that prostate cancer cells depend on testosterone to grow, hormone
therapy seeks to block the action of this hormone in order to control cancer cell growing. There are
three types of hormonotherapy that are currently used in the clinic: (1) Luteinizing hormone-releasing
hormone agonists (LHRH agonists or LH blockers) such as leuprolerin, goselerin acetate, triptorelin, that
regulates the luteinizing hormone (LH). (2) Gonadotrophin-releasing hormone antagonists (GnRH
blocker) that blocks the pituitary gland from producing the follicle-stimulating hormone (FSH). Both LH
and FSH are in charge of controlling the amount of testosterone produced by the testicles. (3) Anti
androgens that block the testosterone receptor of prostate cells. Some of the examples are

enzatulamide or cyproterone acetate.

3. Surgery. Radical prostatectomy is the type of surgery that consists in removing the entire prostate gland

and the surrounding lymph nodes to reduce the testosterone levels in the body.

In advanced stages of the disease, when the patient does not respond to the androgen
deprivation therapy, and the cancer has metastasized, is referred as metastatic castration-resistant

prostate cancer (MCRPC) stage that it is detailed in the following section 1.10.3.

Usually, the disease evolution and the treatment effectiveness is controlled by monitoring the

levels of PSA in blood. Nonetheless, PSA level does not seem to be a reliable marker because (1) fails to
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discern between an indolent and aggressive prostate cancer and (2) PSA is also found in normal prostate
cells. Thus, in recent years, prostate specific membrane-antigen (PSMA) has gain interest in the oncology
field (Ahmadi et al., 2023). PMSA is type Il transmembrane glycoprotein only expressed in prostate cells
that has been considered as more reliable biomarker for theragnosis, a treatment strategy that combines
both diagnosis and therapy by employing radioligands. For instance, lutetium-177 (177Lu)-PSMA-617 is a
radioligand that delivers beta-particle radiation to PSMA-expressing cells that is currently in clinical trials

for the detection and treatment of mCRPC (see figure 28) (Almuradova et al., 2024; Sartor et al., 2021).
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Figure 28. Mechanism of action of lutetium-117-PSMA-617, a radioligand used for diagnosis and

treatment (Ferretti et al., 2023).

1.10.2 Molecular basis of prostate cancer

Prostate cancer is known to be an heterogenous disease with many molecular alterations and
chromosomal aberrations reported. Chromosome mutations in the ETS-related gene (ERG) oncogene

which is involved in hematopoiesis, angiogenesis, and bone development are frequent in prostate cancer.
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Indeed, ETS is overexpressed in 50% of prostate cancer cases and often presents 5’ aberrant gene fusions

(Hermans et al., 2006; Soller et al., 2006; Tomlins et al., 2005).

Defects in the genes coding for the androgenic receptor (AR) are other common chromosomal
abnormalities found in prostate cancer. The AR is essential as it controls the normal physiological function
of the prostate gland. This intracellular receptor is highly sensitive to dihydrotestosterone (DHT) that upon
binding to the AR induces the release of heat-shock proteins and receptor dimerization and
phosphorylation. Subsequently, the AR receptor is translocated to the nucleus where it acts as a
transcriptional activator of several genes (M. H. E. Tan et al., 2015). The AR-V7 or AR3 splicing variations
are the most frequent AR variations encountered in prostate cancer (Guo et al., 2009). Indeed, most of the
cases of castration resistance (i.e., the tumor keeps growing even if the gonads are not producing
androgens) are related to genetic alterations that lead to the production of AR lacking ligand-binding

domain and maintains the receptor constitutively active (Attard et al., 2016).

Somatic mutations in phosphatase and tensin homolog (PTEN) tumor suppressor gene has also
been identified as recurrent feature of the disease. PTEN converts the phosphatidylinositol 3,4,5
triphosphate (PIPs) into phosphatidylinositol 4,5-biphosphate (PIP,) which blocks the activation of the
PI3K/AKT/mTOR molecular cascade. Thus, certain mutations in PTEN or the loss-of-function of this
phosphatase results in the activation of the PI3K/AKT pathway that is involved in controlling cell
metabolism, growth, proliferation and apoptosis (Engelman et al., 2006). Activation of PI3K signaling
correlates with resistance to castration and poor outcomes (McMenamin et al.,, 1999). In addition, AR
activity is directly interconnected with this pathway (Carver et al., 2011; Tortorella et al., 2023). Moreover,
pathogenic variants of BRCA 2 gene —involved in the DNA damage response pathway — has been associated
with higher prostate cancer risk (Agalliu et al., 2009; Gallagher et al., 2010). Additional inheritance and
other genetic factors such as RAS, RAF, c-MYC and P53 are also known to have a significant function in

prostate cancer (Gandhi et al., 2018).

1.10.3 Castration-resistant prostate cancer (CRPC) and metastatic
castration-resistant prostate cancer (mCRPC)

As discussed in the previous section, deprivation hormone therapy is one of the main strategies to
control the early stages of prostate cancer. Unfortunately, the general trend for these patients is the

development of a castration-resistant disease which is in most of the cases inevitable, complex to manage
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and with high lethality rate (Devasia et al., 2023). In addition, the acquisition of resistance to hormone

deprivation therapy is normally associated with metastasis.

The most common metastasis sites are the inguinal lymph nodes (causing the swelling of the legs,
known as lymphoedema), liver, lungs (causing respiratory problems) and bones (spine, pelvis ribs and skull).
When the tumor spreads to the spine can cause the compression of the spinal cord which is considered a

life-threating condition (Cancer Research UK, 2024a; Loblaw et al., 2005).

1.10.3.1 Current therapies

Nowadays, the indication regimes to treat CRPC and mCRPC patients are very diverse. The most
common are chemotherapy such as docetaxel and cabazitaxel that acts inhibiting microtubular
polymerization, and platinum-based therapy such as cisplatin and carboplatin that form adducts with the
DNA and blocks cell replication (see section 1.12). Radiotherapy with radium-223 or /’Lu-PSMA-617 are
less frequent as they still under investigation. Targeted therapies such as PARP or PI3K/Akt/ mTOR inhibitors

have also shown benefits in patients with terminal disease (Schaeffer et al., 2022).

For patients with bone metastases, it is indicated the use of bone maintenance therapy such as a
zoledronic acid or RANK ligand inhibitors that bocks the reabsorption of the bone by osteoclasts and

prevents from bone fractures and skeletal-related events (Saad et al., 2004).

Despite we are in the era of cancer immunotherapy, prostate cancer is still one of the tumor types
with lower responses. Actually, clinical trials using the anti-PD-1 nivolumab in mCRPC did not show
significant response rates (Topalian et al., 2012), neither with pembrolizumab (Philippou et al., 2020). Other
phase Il and phase Il clinical trials of the immune check-point inhibitor anti-CTLA-4 ipilimumab after
receiving chemotherapy or in combination with radiotherapy, showed no objective and no long-term safety
signals in a cohort including mCRPC patients (Fizazi et al., 2020). Hence, the limited activity of the single-
agent check-point inhibitors in advanced disease suggest the need of combinatorial regimes to expand the

benefits of immunotherapy in this type of cancer.

Sipuleucel-T based on autologous dendritic cells vaccine or other tumor-associated based vaccines
as well as adoptive cell therapy are showing encouraging results but still in preliminary stages of

development (Sridaran et al., 2023).
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1.10.4 Prostate cancer metabolism

Prostate secretory epithelial cells have a specialized function as they are in charge of secreting the
seminal liquid which is remarkably rich in citric acid (around 12-fold higher than blood plasma levels). The
physiological role of citrate produced by the prostatic glands is to acidify the vagina introitus and to favor
the spermatozoid motility and fecundation ability (Verze et al., 2016). Accordingly, normal prostate cells
transforms glucose into acetyl-CoA that fuels the tricarboxylic acid (TCA) cycle in where the citrate is
produced. In other cellular types, citrate would be oxidized to produce metabolic intermediates but in this
case accumulated is and secreted into the prostatic lumen (Barron & Huggins, 1946). The impaired
oxidation of citrate is mainly due by the inhibition of mitochondrial aconitase (m-aconitase) which is the
enzyme responsible to catalyze the isomerization of citrate to isocitrate within the TCA cycle. The activity
of the enzyme aconitase is controlled by zinc levels that results to be extremely high in this tissue compared
to normal blood plasma levels (around 200-fold increase). Thus, zinc accumulation in mitochondria blocks
the activity of the aconitase that truncates the TCA cycle and leads to the accumulation of citrate (see figure
29) (Costello & Franklin, 1981; Costello et al., 1997). As a result, normal prostate cells are highly reliant on

glycolysis and less dependent on OXPHOS metabolism.

Doctoral Thesis| 65



Introduction

GLUTS\ /
Glucose » Glucose \

E Glycolysis -=-=2" Citrate
J L A
i v e ATP
Aspartate -E-a—r Aspartate Pyruvate -
SLC1A1
T SLC25A1
In*
SLC39A1

Cytoplasm
Extracellular Lumen
matrix / \

Figure 29. Metabolism of a normal epithelial prostate cell (Bader & McGuire, 2020).

Contrary, prostate cancer cells use citrate as a source of energy instead of being secreted. Indeed,
as a substrate of the TCA cycle, citrate can be an attractive source of energy for neoplastic cells with high
energy demands. In this regard, Franklin and Costello postulated “the bioenergetic theory of prostate
cancer” and demonstrated that prostate cancer cells develop the ability to oxidize citrate in order to
complete the TCA cycle and fueled OXPHOS machinery to produce ATP (see figure 30). Accordingly,
prostate cancer cells display reduced levels of citrate and zinc (Liu et al., 1997) that allows the reactivation
of the activity of the m-aconitase. This feature seems to be characteristic of the early stages of prostate
cancer development (Costello & Franklin, 1994) and it is accompanied by an increase of lipid metabolism

(Scaglia et al., 2021; Watt et al., 2019).
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Figure 30. Metabolism of a prostatic adenocarcinoma (Bader & McGuire, 2020).

Costello and Franklin also demonstrated that the accumulation of zinc (Costello & Franklin, 1998)
as well as the regulation of the aconitase gene expression (Costello et al., 2000) is controlled by prolactin
and testosterone levels. Moreover, most of the molecular machinery that characterizes the unique
metabolism of prostate cells seems also to be controlled by AR signaling (Costello & Franklin, 1991; Massie
etal., 2011). Hence, the metabolic shift encountered in prostate cancer is most likely linked to the AR status
- as it has been observed to favor lipogenesis (Swinnen et al., 1996) and oxidative phosphorylation —as well

as to the loss of zinc transporters during tumorigenesis (Desouki et al., 2007).

Certainly, clinical imaging studies employing radiolabeled glucose 18F-fluorodeoxygluocose use for
the detection of tumors by positron emission tomography (PET) scan consistently fail to detect prostate

cancer tumors, supporting the idea that primary prostate tumors do not rely in glycolysis (Liu et al., 2001).

Despite the discovery of the metabolic bases that governate prostate cancer, the complexity of
tumor metabolism together with the genetic and epigenetic components makes prostate cancer an

incurable disease.
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1.10.5 mtDNA mutations in prostate cancer

As previously described in this work, mtDNA mutations are the most common genetic events found
in cancer cells (Kim et al., 2022). One of the earliest records of describing mtDNA mutations in tumors came
from Polyak and coworkers in 1998 who reported the presence of small number of homoplasmic mutations
in colorectal cancer cells (Polyak et al., 1998). However, its contribution in cancer still needs some clarity

as not all the tumors harbor mtDNA mutations.

As an exception, pathogenic mutations in mtDNA have been described as a major contributor in
prostate cancer development (Julia F. Hopkins et al., 2017; Petros et al., 2005). Certainly, large deletions,
non-synonymous, autosomal, and somatic mutations have been reported in mtDNA from patients with
malignant prostate (Jerénimo et al., 2001; Jessie et al., 2001; Lindberg et al., 2013). Furthermore, mutations
in mtDNA have been associated with high PSA levels and higher Gleason Scores (see section 1.10.1) (Chen

et al.,, 2002; Gdmez-Zaera et al., 2006; Kloss-Brandstatter et al., 2010).

That being the case, how mtDNA mutations can suppose an advantage for cancer cells if they
directly affect the central hub of ATP production and impairs the cell redox balance? At the present time
this question still has not a final answer. According to the prostate cancer cases reported, mtDNA mutations
not only contribute to the disease but they are involved in metastasis (Arnold et al., 2009; Ishikawa et al.,
2008). One of the probable explanations is the elevated ROS production - possible as a subproduct of a
malfunction of the ECT- that has been linked to a high grade of invasiveness and more aggressive
phenotypes (Ishikawa et al., 2008; Kumar et al., 2008; Marco-Brualla et al., 2019). Yet, this observation

appears to be just the tip of the iceberg.

1.11 Breast cancer

Breast cancer is a heterogenous disease that is characterized by a numerous molecular and cell

pathways dysregulations with a wide range clinical outcomes.

In 2024, more than 2.0 million people will be diagnosed with cancer in the United States and around
600,000 cancer deaths are expected. Among all of them, an estimated of 310,720 women and 2,790 men
will be diagnosed with breast cancer which makes it the most common cancer diagnosis with almost 42,780

estimated deaths in both sexes (Siegel et al., 2024).
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Breast is a secretory organ manly composed by glandular tissue (also known as mammary gland),
fat, and connective tissue which is surrounded by an abundant lymph node network. Due to the fact that
this organ belongs to the reproductive system, its development and functional is mainly regulated by
hormones, especially for the mammary gland (Petersen et al., 1987). Consequently, the most common and
widely accepted classification of breast cancer is founded on immunohistochemical features which are
based according on the expression of the hormone receptors estrogen (ER), progesterone (PR) and human

epidermal growth factor (HER2) (Orrantia-Borunda et al., 2022).

1.11.1 Breast cancer classification

As mentioned above, breast cancer can be classified according to the presence of the hormone
receptors (HR) progesterone, estrogen, and human epidermal growth factor in tumor biopsies, meaning if
they are able to respond to hormone therapy deprivation. As an abbreviation, patients presenting at least
one of the receptors are referred as HR positive (HR*). Contrary, patients that do not express any hormonal
receptor are referred as HR negative (HR") and they result to have lower rate responses to endocrine
treatments. The different breast cancer subtypes according to this classification are listed hereafter (Inic et

al., 2014):

HER2-negative breast cancer (HER2-):
Luminal A subtype: Luminal A breast cancer tumors are characterized by the presence
of both PR and ER but the absence of HER2. This subtype it is known for its slow
growing rate (low expression of the proliferation marker Ki-67), and this is the one with
the best prognosis which shows high response rates to hormone therapy (e.g.,

tamoxifen and aromatase inhibitors (see section 1.11.3).

Luminal B subtype: It represents 10-20 % of luminal tumors. Compared to luminal A
subtype, luminal B tumors are positive for ER, negative for HER2 but it can be also
negative for PR. These are of high grade with worst prognosis as it usually presents an
elevated Ki-67 (Inic et al., 2014). Most of the cases they benefit from hormone therapy

regimes combined with chemotherapy.

HER2-positive breast cancer (HER2+): It represents 10-15% of breast cancer, and it is
characterized by an elevated expression of the hormone receptor HER2. The HER2-positive

type is known to be more aggressive and fast-growing than HER2-negative type, especially
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it is known for having worst prognosis. Within this group, it can be distinguished luminal
HER2-positive, also positive for ER and PR, and HER2-enriched which is characterized to be
negative for ER and PR. Both subtypes required from HER2-specific targeted therapies such
as trastuzumab (see section 1.11.3). For this type of disease, bones are the most typical

dissemination sites.

Triple negative breast cancer (TNBC): This tumor type is ER, PR and HER2 negative and it is
constituted around 20% of all breast cancers. It is characterized by its aggressiveness, high
proliferation rate, early relapses and it is often present in advances stages of the disease.
From a genetic point of view, it often presents alterations in DNA repair genes and high
genomic instability. Within this group, two categories can be distinguished from a

histological point of view: basal and non-basal TNBC.

With an increased on the understanding of the molecular bases of breast cancer over the past
years, the traditional classification detailed above may also benefit from other molecular markers such as

specific miRNAs levels, and mutations in p53, BRCA1 and 2 genes).

1.11.2 Molecular bases of breast cancer

The exact etiology of breast cancer is still unknown. However, there are some determinants of risk
that are mainly associated with genetic heritance. The most common inherited genes identified that
predisposes to develop breast cancer are BRCA1 (Miki et al., 1994), BRCA2 (Wooster et al., 1995), TP53
(Shahbandi et al., 2020). However, a small portion of the cases shown allele variants and single nucleotide
polymorphisms (SNPs) in the fibroblast growth receptor (FGFR2) (Hunter et al., 2007), thymocyte selection-
associated high mobility group box 9 (TNRC9), mitogen-activated kinase 1 (MAP3K1), lymphocyte-specific
protein (LSP1), CASP8 (Cox et al., 2007) and TGFB1.

HER2 overexpression is one of the most common markers that correlates with breast tumoral
transformation (Seshadri et al., 1989) which is also used as a criteria to classify breast cancer subtypes (see
section 1.11.1) Indeed, HER2/neu oncogene, is a member of family of genes that encodes for HER2
transmembrane receptor which has been found to be amplified from 2 to 20 times-fold in breast cancer
cases and it has been shown to be a reliable predictor of both overall survival and relapse time. Accordingly,
the implication of the HER2 receptor become relevant in the clinic when it was demonstrated that HER2-

positive breast cancers have a worse prognosis than the HER2-negative cancer types (Slamon et al., 1987).
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In the same line, mutations in PI3K/AKT/mTOR pathway have been reported in breast cancer and
to be associated with tumoral transformation and drug resistance (Araki & Miyoshi, 2018; Guerrero-Zotano
et al., 2016). Certainly, this pathway plays a central role in controlling proliferation, survival and
metabolism, among others (Engelman et al., 2006). Related to this, mutations, or loss of function in PTEN
seems to occur in over 70% of breast cancer cases ("Comprehensive molecular portraits of human breast
tumours," 2012) which is also directly associated with the regulation of the PI3K pathway, a feature that is

shared with other tumor types (see section 1.10.2).

1.11.3 Current therapies

Due to the heterogeneity of the disease, there are several therapeutic strategies for the

management of breast cancer. Here under it is listed the most used in the clinic:

1. Hormonal therapy: They are designed to target tumors that responds to hormone deprivation.
Hormone receptor blockers: They act by directly binding to the HR and competing with
estrogen. The most notorious are tamoxifen (Jordan, 2003) and trastuzumab (Modi et al.,
2022).

Selective estrogen receptor degraders (SERDs): They act similar to the hormone receptor
blockers, but they additionally promote HR degradation. They are often used in tamoxifen-
acquired resistance cases. One of the examples is fulvestrant.

Aromatase inhibitors: They inhibit the aromatase enzyme which controls the estrogen levels.
Some of the examples are anastrozole, letrozole and exemestane.

2. Agonists of the luteinizing hormone-releasing hormone (see section 1.10.1)

3. Chemotherapy:
CDK 4/6 inhibitors: Blocks the activity of cyclin D -in charge of regulating the cell cycle - which
is reported to be highly expressed in ER* breast cancer (Gillett et al., 1994; Kenny et al., 1999).
Palbociclib is one of the CDK 4/6 inhibitors that is currently being used in the clinic (Morrison
et al, 2024).
PI13K and mTOR inhibitors: Acts blocking the activity of PI3K or mTOR which are involved in the
PI3K/AKT/mTOR signaling pathway. Everolimus (Francois-Martin et al., 2023) and apelisib
(André et al., 2019) are two examples of mTOR and PI3K inhibitors, respectively.

4. Radiation: Uses high-energy X rays and it can be total or partial, depending on the extent of the

breast area irradiated. This is usually performed following surgery (Polgar et al., 2022).
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5. Surgery: This can be breast-conserving surgery which preserves the surrounding tissue and only
the part of the breast containing cancer is removed, or mastectomy which consist in the removal
of the entire breast. The choose of the type of surgery is usually dictated by the tumor size

(Gradishar et al., 2021).

1.12 Platinum-based chemotherapy

1.12.1 Origin and use for cancer therapy

Around 1950, the concept of cancer chemotherapy was born as a result of an extension research
with mustard gas that started during the First World War. Apart to be use for extermination purposes in
Jewish camps, mustard gas was found to have anti-cancer properties. During that decade, oncologists
begun to acquire interest in analog compounds that they would have demonstrated to block cell replication

by acting as alkylating DNA agents.

Many years before, in 1844, the chemist Michele Peyrone was the first to report the synthesis of
diamminedichloroplatinum (Il) (also referred to cisplatin) (Kauffman et al., 2010) but it was until 1965, when
Dr. Barnett Rosenberg discovered by accident its anti-proliferative properties in a model of Escherichia coli
(Rosenberg et al., 1965). Similar to mustard gas, scientist demonstrated that cisplatin acts as an alkylating
agent analog preventing cell division. As a result, in 1978, cisplatin was the first platinum compound
approved by the FDA to be used in the clinic as an anticancer agent (Rottenberg et al., 2021). Almost 45
years later, in 2019, platinum-based drugs were approved in the USA for the treatment of metastatic

prostate cancer, ovarian and bladder cancer (FDA, 2024).
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Figure 31. Timeline of the milestones in platinum-based chemotherapeutics in both research and clinics

(Rottenberg et al., 2021).

1.12.2 New generation of platinum agents

Despite the discovery of cisplatin revolutionizing cancer treatment, numerous cases of patients
suffering from acquired resistances started to be documented. As consequence, thousands of platinum
analogs have been synthesized as an attempt to overcome this problem (Kelland et al., 1999), but only few
of them received the FDA clinical approval. One of the examples is carboplatin that was the second platinum
analog to be approved for its use in the clinic. After, in 2002, oxaliplatin was introduced first in Europe and
later in the USA, as third-generation platinum compound able to overcome the resistances observed with

cisplatin and carboplatin (Perego & Robert, 2016).
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Figure 32. Chemical structure of the three FDA-approved chemotherapeutic platinum-based agents for

cancer treatment (Apps et al., 2015).

1.12.3 Mechanism of action (MOA) of platinum drugs

DNA is the primary target identified of platinum-based agents forming monoadducts and crosslinks
with the DNA molecule (Jamieson & Lippard, 1999). More precisely, the platinum atoms form covalent
bonds to the N’ position of the guanine (G) in the double helix (Au-Yeung et al., 2006) (see figure 33), having
a direct impact on DNA functions, inhibiting replication, causing cell-cycle arrest, and cell death.
Accordingly, following the formation of DNA adducts, they can be recognized by HMG box family proteins
(see section 1.5.4) that activates TP53 (Jayaraman et al., 1998) triggering several cell responses and

inducing apoptosis.
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The lack of cell specificity of this compounds implies that they can interact with all the DNA
molecules without discriminate if they are normal or cancer cells. In consequence, this type of drugs are
known to provoke nephrotoxicity and neurotoxicity. Even if some of them can be easily managed,
neurotoxicity can imply severe side-effects such as peripheral neuropathy that are linked to life-threatening
clinical complications. Compared to cisplatin, carboplatin shows to be better tolerated but with the same
cross-resistance than cisplatin (Martelli et al., 2006). Interestingly, oxaliplatin seems to be effective in
cisplatin-resistant cells (Tashiro et al., 1989) and display different associated-toxicities even if both a priori
have the same primary target. This is probably due to the diaminocyclohexane (DACH) carrier ligand
variation (see figure 32) that can to form platinum-DNA adducts with major capacity to block DNA
replication which result as an advantage to overcome the mismatch repair DNA system (Perego & Robert,

2016) but also by influence its accumulation capacity (Martelli et al., 2006).
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Figure 33. Molecular interactions between gDNA and cisplatin. Modified from (Au-Yeung et al., 2006).

In line with this, some of the resistance observed have been attributed to drug inactivation by
glutathione, metallothionein or sulfur-containing molecules, changes in the drug incorporation efflux as

well as an increase in the activity of DNA damage response pathways (Lord & Ashworth, 2012).

The mechanisms by which cisplatin and other platinum compounds are incorporate inside of the
cell are not yet fully understood. Some works indicate that they can enter by a mechanism of passive
diffusion through the plasmatic membrane. However, more recent studies carried out in yeast and mice
suggests that cisplatin is incorporated via copper transporters as a decreased expression of these

transporters has been linked to cell resistance (Holzer et al., 2004, Ishida et al., 2002; Komatsu et al., 2000).
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In addition, it is known that both cisplatin and carboplatin but not oxaliplatin can be internalized trough the

volume-regulated anion channel (VRAC) (Hall et al., 2008).

After several years of deep exploration of the MOA of oxaliplatin, in 2017, Hemann's and Lippard's
research group demonstrated that oxaliplatin induces cell death by ribosomal stress rather than by a DNA
damage response (Bruno et al.,, 2017). This alternative MOA would explain the differences in clinical
applications and side effects reported when compared with both cisplatin and carboplatin. Indeed, it has
been documented that oxaliplatin establishes less crosslinks per base than cisplatin and its interaction with
DNA would be minimum leading to the inhibition of ribosomal RNA (rRNA) synthesis which would cause

the ribosomal stress and induce apoptosis (Bruno et al., 2017).

Probably linked to its MOA, oxaliplatin but not cisplatin has also been reported to induce ICD.
Certainly, Dr. Guido Kroemer’s research group was the first to propose that certain chemotherapeutic drugs
can activate adaptive immune responses as they have the ability to induce ICD (Casares et al., 2005).
Concretely, they demonstrated that oxaliplatin and cisplatin are equally able to induce HMGB1 release (see
section 1.5.4) but only oxaliplatin is able to induce pre-apoptotic exposure of CALR (see section 1.5.2) in
colon cancer cell lines followed by a successful induction of anticancer immune response in vivo (Tesniere

et al.,, 2010b).

In line with the previously mentioned, it has been reported that platinum-based agents can also
interact with mtDNA causing mtDNA dysfunction (Cullen et al., 2007; Yang et al., 2006). Indeed, several
works indicates that mitochondria play a role in developed resistance to cisplatin as observed in cisplatin-
resistant cells to exhibit elevated mitochondrial membrane potential (Andrews & Albright, 1992; Isonishi
etal., 2001). Other works have demonstrated that cisplatin treated cells increases their mitochondrial mass
and the mtROS production in response to the treatment (Kleih et al., 2019) supporting the mitochondrial
effect of cisplatin and its link with its capacity to induce cell death. Certainly, many investigations points to
mitochondria as one of the organelles targeted by platinum-based agents as it has been demonstrates that
cells lacking mtDNA (known as rho O cells) are less susceptible to toxicity from cisplatin (Park et al., 2004;
Yang et al., 2006). Thus, it is very probable that some of the immunostimulatory capacities that have been
attributed to those compounds (Chang et al., 2023) could also be directly linked by mitochondrial damaged

(see section 1.7.4.1).

Doctoral Thesis|75



Introduction

1.12.4 PT-112, a next generation platinum agent

PT-112 (also known as imifoplatin) is the first conjugated platinum-pyrophosphate molecule (see
figure 34) under the license of Promontory Therapeutics Inc. since 2010 (Promontory Therapeutics, 2024)
and currently in clinical development for solid tumors including phase Il in mCRPC (Bryce et al., 2023), phase
I in no small cell lung cancer (NSCLC) (Imbimbo et al., 2022) and phase Il in thymic epithelial tumors (NIH,
2024d) (see figure 36).

Figure 34. Chemical structure of PT-112 (MedChemExpress, 2024).

From a chemical point of view, PT-112 appertains to the family of phosphaplatins compounds
which are characterized by containing a diaminocyclohexane core structure similar to oxaliplatin, but with
the replacement of the oxalate group by a pyrophosphate ligand. Interestingly, these type of molecules
have been shown to exhibit higher efficacy and reduced toxicities compared to the traditional platinum
agents (Bose et al., 2008). Certainly, PT-112 was rationally designed to circumvent the toxicity and the cell
mechanisms associated to chemotherapy resistance (Ames et al., 2017). In fact, early in vitro and in vivo
studies in 2012, demonstrated that PT-112 can induced inhibition of growth and death of ovarian A2780

cancer cell line cross resistant to cisplatin and carboplatin (Moghaddas et al., 2012).

Despite containing a platinum atom within its chemical structure, Corte-Rodriguez and colleagues
confirmed that, as the rest of phosphaplatins, PT-112 shows a reduced capacity to stablish adducts with
DNA when compared to traditional platinum agents such as cisplatin and oxaliplatin (Corte-Rodriguez et
al., 2015) which could also explain why PT-112 appears to be effective in cells with acquired resistance to

other platinum compounds (Moghaddas et al., 2012).
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In line with its chemical properties, it has been reported that PT-112 displays a tendency to
accumulate in the bone (also know as osteotropism) (see figure 35) (Ames et al., 2017), meaning that PT-
112’s biodistribution profile could be effective in cancers that originate in or metastasize to the bone such
as multiple myeloma, breast, or prostate cancer. This particular feature may be explained at least in part
by PT-112’s organic pyrophosphate moiety, chemically similar to a bisphosphonate which is used for the

clinical management of skeletal complications and/or bone metastases (Russell et al., 2008).
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Figure 35. Platinum distribution in Vk*MYC mice with established multiple myeloma treated with 90 mg/kg
of PT-112 for 24 h via tail vein injection. PT-112 reaches several tissues such as liver, lung, and the highest
concentrations in mineralized bone. Colorimetric scale indicate platinum accumulation in nanomoles (Ames

etal, 2017).

Since Promontory Therapeutics launched its first-in-human phase | clinical trial in solid tumors in
2014 (ClinicalTrials.gov ID: NCT02266745), PT-112 have demonstrated to be safe, active and well-tolerated,
especially in in late-stage heavily pretreated patients with a median of 4 prior treatment lines (Karp et al.,
2018; Karp et al., 2022). In this study they reported prolonged responses against thymoma and lung cancer

as well as an improvement of serum and radiographic markers in prostate cancer.
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Furthermore, PT-112 has been atributed to induce immunogenic cell death as it has been
demonstrated (1) by the release of DAMPs such as calreticulin, ATP and HMGB1 in vitro (2) by succesuful
vaccination assays and abscopal reponses in vivo (T. Yamazaki, A. Buqué, et al., 2020). Morover, clinical
trials in combination with PD-L1 inhibitor avelumab in mCRPR showed bone pain improvement and a
reduction in volumen tumor, PSA and alcaline phosphatase (ALP) in almonst all patients enrolled (Alan
Haruo Bryce et al.,, 2021; Bryce et al., 2020). In consequence, on September 13, 2022, Promontory
Therapeutics obtained, and extension of the patent entitled "Phosphaplatin Compounds as Immuno-

Modulatory Agents and Therapeutic Uses Thereof" (U.S. Patent No. 11,439,619 B2).

Current Trials

Indication IND Enabling Phase 1 Phase 2

mCRPC: late-line
monotherapy

Thymic Epithelial
Tumors (TETs):
Monotherapy*

NSCLC:

Monotherapy,
Translational 1-O

* NCI will be treating patients at their own cost. Promontory contributes material.

Other Programs / Completed Studies

First-in-Human
Monotherapy

I
Phase 1b

Solid Tumors
Combination w/ PD-L1

Relapsed / Refractory
Multiple Myeloma

NSCLC Combination
with PD-L1

Phase 2a

[ completed Ongoing

Figure 36. On-going clinical trials with PT-112 in monotherapy or in combination with immunotherapy.
Besides of indicated, PT-112 is in Phase | trial pending to approval for the American Society of Hematology

(ASH) in multiple myeloma.

According to the most recent findings from Yim and colleagues, PT-112-treated human cells shown
evidence of nucleolar stress and ribosome biogenesis inhibition in vitro (Christina Y. Yim et al., 2023). This
was demonstrated by the analysis of nascent RNA sequencing in human cancer cells form non-small cell
lung, prostate, and renal carcinoma after short incubation times with this compound. During these

experiments they documented that PT-112 induces the relocation of NPM1 from nucleoli to nucleoplasm,
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which is typically a hallmark of nucleolar stress, as well as a substantial suppression genes associated with

ribosomes a feature that is also associated with ribosome inhibition.
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Background and objectives

2. Background and objectives

Despite immunotherapy has revolutionized cancer treatment (Sharma & Allison, 2015), major
efforts are still needed to make it accessible to the patients that are not responding to this therapy. Seeking
to solve this problem, scientists worldwide are searching new single or combinatorial therapies that could
kill cancer cells in a way that they become recognizable by the immune system. The main goal of this
strategy is to increase the immune infiltration on the tumor site, making immunotherapy effective in
patients who still do not obtain any clinical benefit. This strategy arises from of immunogenic cell death
(ICD) concept (Green et al., 2009) that was introduced for the first time by Dr. Guido Kroemer’s research
group in 2005, demonstrating that anthracycline-base therapies are able to boost antitumor-immune
responses (Casares et al., 2005). Many works published later also demonstrated that radiotherapy and
several traditional chemotherapies such as oxaliplatin, can activate the anti-tumor immune response
through its capacity to induce ICD (L. Galluzzi et al., 2020). As a result of the investigations dedicated to
ascertaining the molecular mechanisms that regulates this phenomenon, a direct connection between
mitochondria and ICD has been established over the past decade (A. Rongvaux et al., 2014; White et al,,
2014). According to this, other works have demonstrated that this organelle is also implicated in pathways
controlling inflammation and anti-tumor immune responses such as type | IFN secretion or antigen

presentation by MHC-I (Charni et al., 2010; Mangalhara et al., 2023; Marchi et al., 2023).

The new anti-tumor drug PT-112 appears to be one of those emergent treatment candidates with
a promising antitumor-activity profile and immunomodulatory capacity (T. Yamazaki, A. Buqué, et al.,
2020). PT-112 is the first conjugated platinum-pyrophosphate molecule currently in clinical development
for solid tumor treatment. This drug operates with mechanisms that differ from conventional DNA-
damaging chemotherapies: it has been demonstrated to have low affinity for DNA compared to traditional
platinum agents such as cisplatin or oxaliplatin (Corte-Rodriguez et al., 2015), and to overcome acquired in
vitro resistance to other platinum compounds (Moghaddas et al., 2012). This observation could most likely
be explained because of its chemical structure. As in the case of oxaliplatin, PT-112 has been demonstrated
to induce ribosomal stress (Christina Y. Yim et al., 2023). Indeed, PT-112 and oxaliplatin shares very similar
chemical structures if the pyrophosphate moiety present in PT-112 chemical structure is not considered.
However, oxaliplatin still have minimal but significant affinity for DNA while PT-112 does not seem to have
at all (Corte-Rodriguez et al., 2015). This feature could explain why PT-112 can overcome cases of platinum-

acquired resistances (Moghaddas et al., 2012) and show encouraging results in heavily pretreated patients
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that previously underwent treatment with platinum-based agents (Karp et al., 2022). Despite all the
scientific evidence obtained until date, the mechanism of action of PT-112 in not yet fully understood. Thus,

the specific objectives that has been established for the first chapter of this Doctoral Thesis are:

1. Generate transmitochondrial cybrids as a model to investigate the possible role of mitochondria in
PT-112’s mechanism of action.

2. Investigate if PT-112 exhibits selectivity in vitro for cells with defective mitochondria in the 1L929dt
cell model harboring mtDNA mutations.

3. Evaluate PT-112’s mitochondrial effects in the L929dt cell model.

4. Evaluate the ability of PT-112 to induce ICD in cells showing sensitivity to PT-112-induced cell death.

In line with the results obtained in clinical trials, PT-112 has shown to procure prolonged
responses in thymoma and lung cancer as well as a clinical improvement in prostate cancer patients
(Karp et al., 2018; Karp et al., 2022). In cases of mCRPC in which the standard of care therapies are
exhausted and novel treatment options are urgently needed, PT-112 seem to be a promising therapy.
Indeed, among all the clinical trials currently ongoing with PT-112, mCRPC is the one that is at more
advance stage. Supporting this idea, it has been found that PT-112 has affnity for the bone matrix (Ames
et al., 2017), meaning that its bone distribution could be an advantage to treat cancers that originate
in or metastasize to the bone, as it is the case of prostate cancer. Thus, due to the relevance of prostate
cancer for the clinical development of this drug, the objectives of the second chapter of this Doctoral

Thesis are:

1. Investigate in vitro the profile of sensitivity of PT-112 in a panel of human prostate cancer cell lines.
2. Evaluate PT-112’s mitochondrial effects in human prostate cancer cell lines.

3. Analyze the ability of PT-112 to induce ICD in human prostate cell lines.

Moreover, previous work from Yamazaki et al. in 2020 has demonstrated in mouse mammary
adenocarcinoma TS/A cell lines that PT-112 elicits in vitro danger signals that are linked to ICD and promote
in vivo protection in vaccination models. Accordingly, in vitro treated TS/A cells with PT-112 efficiently
protected immunocompetent, tumor naive-mice when they were challenged with living cancer cells of the
same type (T. Yamazaki, A. Buqué, et al., 2020). In concordance with this, positive data obtained from phase
| clinical trials in combination with the immune checkpoint blocker avelumab (Alan Haruo Bryce et al., 2021)
supports PT-112’s modulatory and immunostimulatory capacity. Because of the link between mitochondria

and ICD already mentioned, preliminary data have evidenced that PT-112 promotes mitochondrial
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dysfunction as demonstrated by an increase in mtROS generation and hyperpolarization, all together
coupled with cytosolic mtDNA accumulation (Yamazaki et al., 2022). Accordingly, BH-3 family proteins are
known to regulate the mitochondrial apoptotic process as well as to modulate cytosolic mtDNA
accumulation which generally leads to type | IFN secretion (Cosentino et al., 2022; McArthur et al., 2018;

Riley et al., 2018). Thus, the objectives of the third chapter of this Doctoral Thesis are:

1. Investigate the PT-112’s cytostatic and cytotoxic effects in parental TS/A cells and in genetically
modified BCL2/BCLXL KO and BAK1/BAX KO cells.

2. Investigate the in vitro mitochondrial effects of PT-112 in parental TS/A cells and in genetically
modified BCL2/BCLXL KO and BAK1/BAX KO cells.

3. Investigate the capacity of PT-112 to induce ICD in parental TS/A cells and in genetically modified
BCL2/BCLXL KO and BAK1/BAX KO cells.

4. Identify the link between mitochondrial effects and PT-112’s immunostimulatory capacity.
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Experimental procedures

3. Experimental procedures

3.1 Cell culture

Cells were maintained according to ATCC recommendations. Mouse fibroblast cell lines 1L929 and
L929-derived, “detached” cells (L929dt) were routinely cultured in high glucose DMEM medium with
GlutaMAX (Life Technologies) supplemented with 10 % of fetal bovine serum (FBS; Sigma), penicillin (1000
U/mL) and streptomycin (10 mg/mL) (PanBiotech). The cybrid cell lines L929% and dt**?° were cultured with
the identical medium as parental cells. For L929-p° cells, complete DMEM medium was also supplemented

with pyruvate (110 pg/mL) and uridine (50 pg/mL).

Human prostate cell lines PC-3, DU-145, and VCap were cultured in high glucose DMEM medium
with GlutaMAX (Life Technologies). LNCap and 22Rvl were cultured in RPMI 1640 medium (Life
Technologies). LNCap-C4 and LNCap-C4-2 were cultured in a mixture of DMEM: F12 (4:1) supplemented
with biotin (4.9 ng/mL), adenine (251.8 ng/mL), insulin (0.1 ng/mL), and transferrin (88.6 ng/mL). RWPE-1
(immortalized, non-tumorigenic human prostate cell line) was cultured in Keratinocyte-SFM supplemented
with EGF human recombinant (5 ng/mL) and bovine pituitary extract (50 pg/mL) (Gibco). All cell culture
media used for prostate cancer cell lines were supplemented with 10 % FBS, penicillin (1000 U/mL) and
streptomycin (10 mg/mL) (PanBiotech). PC3, LNCap, VCap, and RWPE-1 cell lines were kindly provided by
Dr. M. Jesus Vicent from CIPF, Valencia, while DU-145, LNCap C4, LNCap C4-2 and 22Rv1 cell lines were a

kind gift of Dr. Santiago Ramon y Cajal from Hospital Vall d’"Hebron (Barcelona).

TS/A cells (SCC177) were obtained from Millipore Sigma and maintained in culture as per
manufacturer’s recommendations. Wild-type (WT) TS/A and TS/A-derived clones were routinely cultured
in DMEM containing 1 mM sodium pyruvate, 1mM HEPES buffer, 4.5 g/L glucose (Corning®) and
supplemented with 10 % FBS (GeminiBio), 100 pug/mL streptomycin sulfate, 100 U/mL penicillin sodium and
290 pg/mL L-glutamine (Gibco™). All the cells were maintained at 37°C and 5 % CO; using standard

procedures.

3.2 CRISPR/Cas9 genetic edition

TS/A cells were transfected with a control commercial CRISPR-cas9 plasmid (CRISPRO6-1EA, Sigma)
or customized CRISPR-cas9 plasmids based on CRISPRO6-1EA targeting Bakl1, Bax, Bcl2, Bcl2l1 (Sigma),

harnessing the TransIT-CRISPR manufacturer protocol. After transfection, individual GFP-expressing cells
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were sorted into 96-well plates using a FACS Symphony S6 Sorter (BD Biosciences) for cell expansion.
Immunoblotting validation was performed according to conventional procedures (T. Yamazaki, A.
Kirchmair, et al., 2020) with primary antibodies specific for BAK1 (#12105, Cell Signaling Technology, 1:500),
BAX (#2772, Cell Signaling Technology, 1:1,000), BCL2 (#3498, Cell Signaling Technology, 1:500), BCL-X,
(#2764, Cell Signaling Technology, 1:500) and ACTB1 (#3700, Cell Signaling Technology, 1:2,000) as a
loading control. After washing and incubation with horseradish peroxidase-conjugated anti-rabbit
(#NA934, GE Healthcare Life Sciences, 1:5,000) or anti-mouse secondary antibodies (#NA931, GE
Healthcare Life Sciences, 1:5,000), the SuperSignal West Femto Maximum Sensitivity Substrate (#34094,
Thermo Fisher) was employed to visualize protein expression on an Azure 600 Imaging System operated by

Azure capture v.1.9.0.0406 (Azure Biosystems).
3.3 Cell viability assays

Relative cell growth was measured using a modified Mossman method (Mosmann, 1983) for
microplates. Briefly, 2 x 10* cells were seeded per well in a 96-well flat-bottom plate and incubated with
increasing concentrations of PT-112 or cisplatin (2, 6 and 10 uM) for 24—72 h at 37 °C. Then, 10 uL of a 5
mg/mL 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) solution was added to each
well and incubated for 3 h. During the incubation time, viable cells reduced the MTT solution to insoluble
purple formazan crystals, which were subsequently solubilized with a mixture off isopropanol and 0.05 M
HCl, and the absorbance was measured in a microplate reader (Dynatec). The MTT method in mitochondria-
defective cell lines has been used in other studies, as MTT reduction is performed not only by mitochondrial
enzymes but also by other cellular oxidoreductases (Loveland et al., 1992). Control cell lines were included

in each growth experiment.

3.4 Cytotoxicity assays and cell death quantification

Cytotoxicity induced by PT-112 was measured as follows: 2 x 10° cells were seeded in a 96-well
plate and incubated with increasing concentrations of PT-112 (2, 6, and 10 uM) or cisplatin (10 uM) for 24-
72 h at 37°C. Cell death in untreated and treated samples was analyzed by flow cytometry using a
FACSCalibur flow cytometer (BD Biosciences) after simultaneous incubation with annexin-V-FITC and 7-
Aminoactinomycin D (7-AAD;BD Biosciences) in annexin binding buffer (ABB; 140 mM NacCl, 2.5 mM CaCly,
10mM HEPES/NaOH, pH 7.4) for 10 minutes (min). For WT and derived TS/A cells, dead cells number was
evaluated by flow cytometry using the Attune NxT flow cytometer (Thermo Fisher Scientific) upon staining

with 0.5 pg/mL 4',6-diamidino-2-phenylindole (DAPI; Sigma).
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3.5 Clonogenic assays

Seven days after treatment initiation colonies were fixed with 70% ethanol and stained with 0.1%
crystal violet (Electron Microscopy Sciences), according to conventional procedures (Serrano-Mendioroz et

al., 2023). Colonies were manually counted with the eCountTM Colony counter (Heathrow Scientific).

3.6 ROS production, mitochondrial membrane potential and
mitochondrial mass measurement by flow cytometry

Total and mitochondrial ROS (mtROS) production, mitochondrial membrane potential and
mitochondrial mass were measured using a FACScalibur flow cytometer (BD Biosciences). For mitochondrial
membrane potential and total ROS production, pretreated cells with PT-112 were incubated with 20 nM
DiOC6 (Molecular Probes) and 2 uM DHE (Molecular Probes) for 30 min at 37 °C, respectively. For
mitochondria-specific superoxide production analysis, pretreated cells were incubated with 5 puM
MitoSOX™ (ThermoFisher) for 30 min at 37 °C. To analyze alterations in mitochondrial membrane potential
in DU-145 and LNCap-C4 cells, simultaneously incubated with 20 nM TMRE (Molecular Probes) and
annexin-V-DYE-634 (Sigma) for 30 min at 37°C.

For TS/A cell lines, mitochondrial membrane potential and mitochondrial mass were analyzed by
flow cytometry using the Attune NxT flow cytometer (Thermo Fisher Scientific) upon staining with 100 nM
MitoTracker™ Deep Red FM (Invitrogen™), 150 nM MitoTracker™ green FM (Invitrogen™), and 0.5 pg/mL

DAPI (Sigma-Aldrich) which was used as a vital dye. All dyes were incubated for 30 min at 37 °C.
3.7 Apoptosis and necroptosis inhibition assays

2 x 10*cells were seeded in a 96-well plate and incubated with 50 uM of pan-caspase inhibitor Z-
VAD-fmk (MedChem Express) and/or 30 uM RIPK-1 inhibitor necrostatin-1 (MedChem Express) for 1 h.
Next, cells were treated with 10 uM of PT-112 and incubated for 48 h at 37 °C. Both inhibitors were
refreshed in their corresponding well after 24 h. Finally, cell death was assessed using flow cytometry using
a FACSCalibur flow cytometer (BD Biosciences) after incubation with annexin-V-FITC and 7-AAD in ABB for

10 min.

3.8 Analysis of CASP3 activation

CASP3 activation was measured using a FITC-labelled antibody against cleaved CASP3 (BD
Pharmingen™). Cells pretreated with 10 uM of PT-112 were fixed with 4 % paraformaldehyde (PFA) solution

for 15 min at 4 °C. Then, cells were washed with PBS buffer, permeabilized using a 0.1 % saponin dilution
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supplemented with 5 % FBS and incubated for 15 min at room temperature (RT). After washing them,
samples were incubated with the antibody anti CASP3 for 30 min at RT and analyzed by flow cytometry

using a FACSCalibur flow cytometer (BD Biosciences).

3.9 Autophagosome formation measurement

The autophagosome formation after treatment with PT-112 was evaluated using a Cyto-ID® probe
(Enzo Life Sciences). Cells pretreated with 10 uM of PT-112 were incubated with 1 uL of Cyto-ID® dye
reagent for 30 min at 37 °C. Subsequently, cells were washed with PBS buffer and analyzed by flow
cytometry. For autophagy-positive controls, cells were treated with 1 uM of rapamycin at least 12 h before

the analysis.

3.10 MHC-I and CALR surface expression

CALR surface expression upon incubation with PT-112 (24—72 h) in L929dt cell model was analyzed
by flow cytometry. Cells treated with PT-112 were incubated with primary rabbit anti-calreticulin antibody
(Abcam, #AB2907 1:700 in PBS) at 4 °C for 1 h. Then, cells were washed with PBS and incubated
simultaneously with secondary goat anti-rabbit IgG antibody conjugated with Alexa Fluor488® (#A11034,
Invitrogen) and 7-AAD. To rule out non-specific interactions, untreated cells were incubated only with

secondary antibody. 7-AAD-positive cells were excluded from the analysis.

MHC-I and CALR surface expression in TS/A cell lines were evaluated as follows: pretreated cells
were washed with PBS and stained with Zombie Aqua™ Fixable Viability Kit (BioLegend) for 15 min.
Subsequently, cells were washed and incubated with the Calreticulin (D3E6) XP° rabbit monoclonal
antibody PE Conjugate (#19780S, Cell Signaling, 0.5 ulL/sample) and PE anti-mouse H-2 Antibody anti-H-2 -
M1/42 (#125505, BioLegend, 1 ulL/sample) in 0.5 % BSA in PBS (FACS buffer) for 25 min at 4°C in the dark.
Then, cells were washed and fixed with eBioscience™ Intracellular Fixation & Permeabilization Buffer Set
(Invitrogen) for 30 min at 4°C in the dark, incubated with the permeabilization buffer eBioscience™
Intracellular Fixation & Permeabilization Buffer Set (Invitrogen) for 5 min, washed and resuspended in FACS
buffer for analysis by flow cytometry (Attune NxT flow cytometer, Thermo Fisher Scientific). Zombie Aqua™

positive cells (i.e., dead cells) were excluded from the analysis.

3.11 Protein extraction and immunoblot analysis

A total of 5 x 10° cells were lysed with 100 pL of 1x lysis buffer (1 % Triton-X-100; 150 mM NacCl;
50 mM Tris/HCl pH 7,6; 10 % v/v glycerol; 1 mM EDTA; 1 mM sodium orthovanadate; 10 mM sodium

Doctoral Thesis| 86



Experimental procedures

pyrophosphate; 10 pg/mL leupeptin; 10 mM sodium fluoride; 1 mM methyl phenyl sulfide, Sigma) for 30
min on ice. The mixture was ultra-centrifugated at 13,500 xg for 20 min at 4 °C. The protein concentration
in the supernatant was analyzed using the BCA assay (Thermo Fisher) and was mixed with 3x lysis buffer
(SDS 3 % v/v; 150 mM Tris/HCl; 0.3 mM sodium molybdate; 30 % v/v glycerol; 30 mM sodium
pyrophosphate; 30 mM sodium fluoride; 0.06 % p/v bromophenol blue; 30 % v/v 2-mercaptoethanol, all
purchased from Sigma). Protein separation was performed using SDS-PAGE (6 % or 12 % polyacrylamide
gel), and proteins were transferred to nitrocellulose membranes using a semi-dry electro-transfer (GE
Healthcare). Membranes were blocked with TBS-T buffer (10 mM Tris/HCI, pH 8.0; 120 mM NaCl; 0.1 %
Tween-20, 0.1 g/L thimerosal, Sigma) containing 5 % skimmed milk. Protein detection was performed by
western blot using specific antibodies against p62 (#SC-28359, Santa Cruz), LC3BI/Il (#L7543, Sigma) and
HIF-1a (#HNB100—479, Novus) that were incubated overnight at 4 °C in agitation. Anti-rabbit or anti-mouse
secondary antibodies labeled with peroxidase (#A9044, Sigma) were incubated for 1 h at RT. Blots were
analyzed with Pierce ECL Western Blotting Substrate (Thermo Scientific) using an Amersham Imager 680
(GE Healthcare Life Sciences). Protein expression was quantified by densitometry using Imagel software. B-

actin or tubulin levels were used as a reference to normalize data (#3700, Cell Signaling).

3.12 Coenzyme Q quantification

Mitochondria were isolated from cultured cell lines as previously described (Schagger & Pfeiffer,
2000) with small modifications (Acin-Pérez et al., 2008). The mitochondrial pellet was immediately frozen
in liquid nitrogen under anaerobic conditions. Then, lipids extraction and CoQ determination were
performed as described previously (Brea-Calvo et al., 2006). Briefly, mitochondrial samples (0.6 mg of
mitochondrial protein for each measurement) were lysed with 1 % SDS and vortexed for 1 min. Then, a
mixture of ethanol:2-propanol (95:5) was added and the samples vortexed again for 1 min. To recover CoQ,
5 mL of hexane was added, and the samples were centrifuged at 1000 xg for 5 min at 4 °C. The upper
phases from two extractions were recovered and dried using a rotary evaporator. Lipid extracts were
suspended in 1 mL ethanol, dried in a speed-vac and stored at =20 °C. Samples were resuspended in a
suitable volume of ethanol prior to HPLC injection. Lipid components were separated with an Alliance HPLC
system (Waters) equipped with a 2707 autosampler and 2996 photodiode array detector, with HSST3
column (4.6 x 150 mm, 3.5 um, Waters), preceded by a pre-column (4.6 x 20 mm, 3.5 um, Waters), with a
flow rate of 1 mL/min and a mobile phase containing 40:60 methanol/2-propanol. Commercial CoQ10

(Sigma) was used as an internal standard to detect the CoQ10 peak in the samples.
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3.13 Cell morphology assessments

Cells were treated with or without 10 uM of PT-112 for 72 h. Images were taken using an inverted
microscope (Nikon Eclipse TE300). For cell morphology assessments using transmission electron

microscopy (TEM), refer to Transmission Electron Microscopy (TEM).

Confocal fluorescence microscopy was used to visualize mitochondrial membrane polarization. 2 x
10* cells (LNCap and DU-145) per well were plated in an optical plastic bottom 384-well plate (Aurora
Microplates) and, after overnight attachment, treated with control buffer or 25 uM PT-112 for 72 h. Cells
were then stained live with Hoechst 33342 (#62249, ThermoFisher, 1:5,000) and either TMRE (#T669,
ThermoFisher, 1:1,000) or JC-1 (#T3168, ThermoFisher, 1:1,000) for 30 min. Next, cells were imaged on a
Yokogawa CV8000 high-throughput spinning disk confocal using a 20x/1.0 water objective capturing a 10
um z-stack in 9 fields of view per condition. Images were then projected at maximum intensity for
guantification. Image analysis was performed using the CellPathfinder software (Yokogawa). Briefly, nuclei
were identified using the Hoechst channel, followed by a dilation step to include the mitochondrial signal
(“virtual cell”) from where intensity-based measurements were extracted. The experiment was repeated

three independent times with four technical replicates per biological replicate.

3.14 OXPHOS performance and metabolism measurements

Oxygen consumption rate (OCR) measurements of 3 x 10°LNCap-C4 cells treated with or without
10 UM PT-112 for 24 h were performed using the Seahorse XF Cell Mito Stress Test Kit and the XF96
Extracellular Flux Analyzer (Seahorse Biosciences). Cells were incubated in Seahorse media (1 mM pyruvate,
2 mM glutamine, 1 M glucose at pH 7.4) for 30 min at 37°C without CO,. According to the manufacturer’s
instructions, OCR was measured in basal conditions and after sequential addition of oligomycin (CV
inhibitor), FCCP (respiration and ATP synthesis uncoupler), and rotenone + antimycin A (AA + Rot, Cl and
Clll inhibitors, respectively). Final drug concentrations were 1 uM. OCR data were normalized to the

number of viable cells as determined by the CyQuant Cell Proliferation Assay (Thermo Fisher).

Energy maps were constructed using the XF96 Extracellular Flux Analyzer (Seahorse Biosciences)
following the manufacturer’s instructions. The energetic phenotype of LNCap-C4 cells was determined

based on measurements of OCR and extracellular acidification rate (ECAR) indicative of OXPHOS and

glycolysis, respectively, in untreated, control cells and following 10 UM PT-112 treatment for 24 h.
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3.15 Mitochondria purification (for Blue Native analysis)

Mitochondria were purified as previously described (Acin-Pérez et al., 2008; Schagger & Pfeiffer,
2000) with small modifications (Acin-Pérez et al., 2008). Briefly, 2x107 cells were centrifuged, washed twice
with cool PBS, and frozen at -80°C for, at least, 1 h. Pellets were resuspended in a volume of hypotonic
buffer (10 mM MOPS, 83 mM saccharose, pH 7.2) equal to 7x the cell pellet volume and incubated on ice
for 2 min. Samples were then homogenized with 8 to 10 strokes using a Potter-Dounce homogenizer with
a Teflon piston (Deltalab). After adding an equal volume of a hypertonic buffer (30 mM MOPS, 250 mM
saccharose, pH 7.2), the samples were centrifuged at 1000 xg for 5 min at 4°C, and only the supernatants
were centrifuged again at 11,000 xg for 2 min at 4°C. Finally, mitochondria-containing pellets were washed
with media A (10 mM Tris, 1 mM EDTA, 0.32 M saccharose, pH 7) and resuspended in a buffer containing
50 mM NaCl, 50 mM imidazole, 2 mM aminocaproic acid and 1 mM EDTA at pH 7.0, to obtain a final
concentration of 10 mg/mL of the mitochondrial extract. Then, 4 mg of 10 % digitonin (50 mM NaCl, 50
mM imidazole, 5 mM aminocaproic acid, 4 mM phenylmethylsulfonyl fluoride) per mg of mitochondrial
extract was added. Finally, loading buffer (5 % Coomassie Blue G in 0.75 M aminocaproic acid) was added

to the samples in a proportion 1 to 3 of the final volume.
3.16 Blue Native electrophoresis and immunoblot analysis

Separation of respiratory complex (Cl, ClI, CllI, CIV and CV) and supercomplexes (SCs) proteins in
mitochondrial extracts was performed using blue native electrophoresis in a gel gradient according to the
published methodology (Wittig et al., 2007). Briefly, samples were loaded in NativePAGE™ 3-12% Bis-Tris
Gel (Invitrogen) and run at 80 V for the first 30 min, then at 160-180 V limiting the current to 12 mA/gel
until the dye reaches the bottom of gel (around 125-165 min. in total). For protein separation of protein

extracts, SDS-PAGE (6 % and 12 % polyacrylamide gel) was used.

Proteins were transferred to PVDF membranes using semi-dry electrotransfer (GE Healthcare).
Membranes were blocked with TBS-T buffer (10mM Tris/HCI, pH 8; 0.12 M NaCl; 0.1 % Tween-20, 0.1 g/L
thimerosal; Sigma) containing 5 % skimmed milk. Protein detection was performed by immunoblot using
specific antibodies (Invitrogen) against the individual complexes of the mitochondrial electron transport
chain: Cl (anti-NDUFA9; #459100), Cll (anti-SDHA; #459200), Clll (anti-Uqgcrcl; #459140), CIV (anti-COl;
#459600), and CV (anti-a-F1-ATPase; #459240). Primary antibodies were incubated overnight at 4°C in
agitation. Afterwards, anti-mouse (#A9044, Sigma) or anti-rabbit (#A9169, Sigma) secondary antibodies

conjugated with peroxidase were incubated for 1 h at RT. Blots were analyzed with Pierce ELC Western
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Blotting Substrate (Thermo Scientific) using Amersham Imager 680 (GE Healthcare Life Sciences). Protein

expression was quantified by densitometry using ImageJ software.

3.17 Enzymatic activity analysis of respiratory complexes

Purified mitochondria from unfrizzed fresh pelleted cells treated with or without 10 uM PT-112 for
24 h were used to assess enzymatic activity of respiratory complexes via spectrophotometric quantification
as previously described (Birch-Machin & Turnbull, 2001). For this specific assay, mitochondrial pellets were
resuspended in MAITE buffer (25 mM saccharose, 75 mM sorbitol, 100 mM KCl, 0.05 mM EDTA-Na, 1 mM
MgCl2, 10 mM Tris-HCl pH 7.4 and 10 mM of K3PO4, pH 7.4) or B media (250 mM saccharose, 2 mM HEPES,
0.1 mM EGTA). Briefly, activity of individual complexes and supercomplexes was measured using a
spectrophotometer (Fisher Scientific) based on the following: CI (NADH-dehydrogenase) activity via
oxidation of NADH at 340 nm, CIl (succinate dehydrogenase) activity via reduction of
2,6’dichlorophenolindophenol at 600 nm, CIV (cytochrome c oxidase) activity via oxidation of cytochrome
¢ at 550 nm, Cl+lIl (NADH cytochrome c oxido-reductase) via reduction of cytochrome c at 550 nm when
NADH is added, and CllI+lIl (succinate cytochrome c oxido-reductase) activity via reduction of cytochrome

¢ at 550 nm when succinate is added.
3.18 Transmission electron microscopy

Samples for TEM were prepared as follows: 5x10* DU-145 cells were seeded overnight in an 8-well
Nunc™ Lab-Tek® Chamber Slide™ (Thermo, Rockford). Cells were treated with 10 uM PT-112 for 1, 6, 24
and 48 h, and after incubation, the medium was removed. Cells were carefully washed 3x for 2 min with
0.1 M PBS at RT and a solution containing 2.5 % glutaraldehyde in 0.1 M phosphate buffer (PB; Na;HPO4 +
NaH;PO4 4:1, pH 7.4) was added. The chamber slide was then incubated at 37 °C for 5 min. The
glutaraldehyde solution was refreshed, and the chamber slide was again incubated for additional 2 h at 4
°C. It was subsequently washed 4x (5 min each) with 0.1 M PB before adding a solution of 0.05% NaNs in
0.1 M PB and storing the chamber slide at 4 °C. For the fixation process, samples were washed 5x (5 min
each) with PBS and incubated with 2 % OsO, in PB for 1 h. Next, 3 washes (5 min each) with cold distilled
water were performed and samples were dehydrated with increasing concentrations of ethanol (30 %, 50
% and 70 %) before staining with 2 % uranyl acetate in 70 % ethanol for 2 h 30 min. Samples were
dehydrated a second time with increasing concentrations of ethanol (70 %, 96 %, 100 %), gradually included
in resin, transferred to a 100 % epoxy resin, and incubated overnight. The next day, 3 changes of epoxy

resin were performed (30 min each), and samples were embedded in the molds with epoxy resin and dried
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in the oven for 48-72 h at 70°C. Finally, ultrafine 50 nm cuts were performed and stained with Reynol’s

solution. Images were taken using a transmission electron microscope (JEOL 1010) at 80 kV.

3.19 DAMP emission

HMGB1, type | IFN and ATP release were quantified with the HMGB1 express ELISA Kit (Tecan), the
IFN-B ELISA kit, High Sensitivity (PBL Assay Science) and the Enliten ATP Assay (Promega), respectively, as
per manufacturer’s recommendations. Sample absorbance at 450 nm or light emission were measured on
a FlexStation 3 Multi-Mode Microplate Reader operated by SoftMaxPro v.5.4.6 (Molecular Devices LLC).

Absolute quantification was calculated based on standard curves with R?>0.99.
3.20 Immunofluorescence microscopy

For cytosolic dsDNA analysis, between 5 x 10 3 to 10 x 103 cells growing on glass coverslips were
fixed with 4 % paraformaldehyde (#sc-281692, Santa Cruz Biotechnology), plasma membrane was
permeabilized with 0.1 % Tween20 and 0.01 % Triton X-100 in PBS followed by incubation with specific
dsDNA primary antibody (#ab27156, Abcam, 1:1,000). Cells were next washed with PBS-Tween and
incubated with Goat Anti-Mouse I1gG H&L (Alexa Fluor® 488) preadsorbed (#ab150117, Abcam). Finally,
samples were washed and mounted on slides with Hoechst 33342-containing ProLong Glass Antifade
Mountant (Thermo Fisher Scientific).

Images were acquired with an EVOS FL Imaging System operated by embedded software v.1.4 (Rev
26059) (Thermo Fisher Scientific). Quantitative dsDNA analyses were performed on 210 randomly selected
images per condition. Briefly, blue (nuclear) and green (dsDNA) levels were normalized with a LUT file
optimized for each sample set on Photoshop v.25.7.0 (Adobe), followed by the identification of nuclear and
cytoplasmic regions of interest, which were quantified for the presence and relative localization of dsDNA
spots above a predefined threshold size (to account for background noise) with Cell Profiler v.4.2.1 (Broad

Institute). All steps were performed with commands that are publicly available at https://cellprofiler.org/

(Sato et al., 2022{Sato, 2021 #786)}.

3.21 Statistical analysis and data processing

Prism v. 10 (GraphPad) and Excel 2021 (Microsoft) were used for data processing, plotting and
statistical analysis. lllustrator 2020 (Adobe) was used for figure preparation. Otherwise noted, for statistical
analysis, significance was evaluated using Student’s t-test for simple comparisons and two-way ANOVA
uncorrected Fisher’s LSD were applied in comparisons involving two or more groups. For samples not

following a Gaussian distribution, statistical significance was assessed by Wilcoxon test. Data obtained by
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flow cytometry were analyzed using FlowJo v. 10.9.0 (Tree star Inc.). Unless otherwise noted, all

experiments were performed at least in two independent replicates.
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Introduction

Abstract

In recent years, the number of studies dedicated to ascertaining the connection
between mitochondria and cancer has significantly risen. However, more efforts are
still needed to fully understand the link involving alterations in mitochondria and
tumorigenesis, as well as to identify tumor-associated mitochondrial phenotypes. For
instance, to evaluate the contribution of mitochondria in tumorigenesis and metastasis
processes, it is essential to understand the influence of mitochondria from tumor cells
in different nuclear environments. For this purpose, one possible approach consists
of transferring mitochondria into a different nuclear background to obtain the so-called
cybrid cells. In the traditional cybridization technigues, a cell line lacking mtDNA (po,
nuclear donor cell) is repopulated with mitochondria derived from either enucleated
cells or platelets. However, the enucleation process requires good cell adhesion to the
culture plate, a feature that is partially or completely lost in many cases in invasive
cells. In addition, ancther difficulty found in the traditional methods is achieving
complete removal of the endogenous mtDNA from the mitochondrial-recipient cell line
to obtain pure nuclear and mitochondrial DNA backgrounds, avoiding the presence
of two different mtDNA species in the generated cybrid. In this work, we present a
mitochondrial exchange protocol applied to suspension-growing cancer cells based
on the repopulation of rhodamine 6G-pretreated cells with isolated mitochondria. This
methodology allows us to overcome the limitations of the traditional approaches, and
thus can be used as a tool to expand the comprehension of the mitochondrial role in

cancer progression and metastasis.

Reprogramming energy metabolism is a hallmark of cancer

that was observed for the first time by Otto Warburg

1

in the 1930s2. Under aerobic conditions, normal cells

convert glucose into pyruvate, that then generates acetyl-
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coA, fuelling the mitochondrial machinery and promoting
cellular respiration. Nevertheless, Warburg demonstrated
that, even under normoxic conditions, most cancer cells
convert pyruvate obtained from the glycolysis process into
lactate, shifting their way to obtain energy. This metabolic
adjustment is known as the "Warburg effect' and enables
some cancer cells to supply their energetic demands
for rapid growth and division, despite generating ATP
less efficiently than the aerobic prooess3’4'5. In recent
decades, numerous works have supported the implication of
metabolism reprogramming in cancer progression. Hence,
tumor energetics is considered an interesting target against
cancer!. As a central hub in energetic metabolism and in
the supply of essential precursors, mitochondria play a key
role in these cell adaptations that, to date, we only partially

understand.

In line with the above, mitochondrial DNA (mtDNA) mutations
have been proposed as one of the possible causes of this
metabolic reprogramming, which could lead to an impaired

& and would

electron transport chain (ETC) performance
explain why some cancer cells enhance their glycolytic
metabolism to survive. Indeed, it has been reported that
mtDNA accumulates mutations within cancer cells, being

7

present in at least 50% of tumors’. For example, a

recent study carried out by Yuan et al. reported the
presence of hypermutated and truncated mtDNA molecules
in kidney, colorectal, and thyroid cancers®. Moreover, many
works have demonstrated that certain mtDNA mutations
are associated with a more aggressive tumor phenctype
and with an increase in the metastatic potential of cancer

cellg?:10.11,12,13,14,15,16

Despite the apparent relevance of the mitochondrial genome

in cancer progression, the study of these mutations and

their contribution to the disease have been challenging due
to limitations in the experimental models and technologies
currently available'?. Thus, new techniques to understand
the real impact of mitochondria DNA in cancer disease
development and progression are needed. In this work,
we introduce a protocol for transmitochondrial cybrid
generation from suspension-growing cancer cells, based
on the repopulation of rhodamine 6G-pretreated cells with
isolated mitochondria, that overcomes the main challenges
of traditional cybridization methods'®: 19 This methodology
allows the use of any nuclei donor regardless of the
availability of their corresponding p0 cell line and the transfer
of mitochondria from cells that, following the traditional
techniques, would be difficult to enucleate (i.e., non-adherent

cell lines).

Protocol

NOTE: All culture media and buffer compositions are
specified in Table 1. Prior to cybrid generation, bocth
mitochondrial and nuclear DNA profiles from the donor and
recipient cells must be typed to confirm the presence of
genetic differences in both genomes between cell lines. In this
study, a commercially available L929 cell line and its derived
cell line, L929dt, which was spontanecusly generated in our
laboratory (s;ee13 for more information) were used. These
cell lines present two differences in the sequence of their mf-
Nd2 gene which can be used to confirm the purity of mtDNA
once the cybridization process has been finished!2. In this
case, the purity of the nuclear background was confirmed
by antibiotic sensitivity, since, contrary to L929dt cells, L929

were resistant to geneticin.

Copyright ©2023 JoVE Journal of Visualized Experiments jove.com
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1. Mitochondrial depletion by rhodamine 6G
treatment (recipient cells)

of rhodamine 6G-treated cells without mitochondria is

recommended.

NOTE: The first step for successful cybrid generation is to 2. Expansion and mitochondrial isolation (donor
cells)

completely and irreversibly abolish mitochondrial functions

in the recipient cells. For this purpose, it is necessary to 1

previously determine, for each cell line, the appropriate
concentration and treatment duration with rhodamine 6G.
This adequate concentration should be just below drug-
induced cell death (the highest that does not Kill the cells
during the treatment). Perform the following once the optimal

conditions are defined.

1. seed 108 cells in a 6-well plate using complete culture
medium (see Table 1 for details) and treat them daily with
the optimal concentration of rhodamine 6G for 3-10 days,
depending on the cell line. Traditional concentrations
range from 2 to & pg/mL for 3-10 t:laysm‘71 . Inthis study,
for L929-derived cells, 2.5 pyg/mL rhodamine 6G for 7

days was the selected treatment’322,

2. To keep the cells alive, supplement the cell culture
medium with 50 pg/mL of uridine and 100 pg/mL of

pyruvate and renew it every 24 h.

3. After treatment and prior to fusion, change the medium
of rhodamine 6G-treated cells to complete cell culture
medium without rhodamine 6G, and leave them in this
medium for 3-4 h in an incubator at 37 °C with 5% CO,.
NOTE: The rhodamine 6G toxic effect is irreversible,

and cells with non-functional mitochondria should not

recover<?, Thus, after treatment, cells that do not receive
functional mitochondria should die even in uridine-
supplemented culture medium. Therefore, no nuclear

selection should be necessary. However, a control fusion

Expand the mitochondria donor cells during the time

lapse of rhodamine 6G treatment to obtain around 25 x

108 cells.

On day 7, harvest exponentially growing cells in a 50
mL tube and collect them by centrifugation at 520 x g
for 5 min at room temperature (RT). Wash the cells 3x
with cold phosphate-buffered saline (PBS) and sediment
them by centrifugation at 520 x g for 5 min at RT. From
now on, perform all the steps of mitochondrial extraction
at 4 °C, using cold reagents and keeping the tubes with

cells or mitochondria on ice.

After the third centrifugation, discard the supernatant by
aspiration using a glass pipette coupled to a vacuum
pump and resuspend the packed cells in a volume of
hypotenic buffer equal to 7x the cell pellet volume. Then,
transfer the cell suspension into a homogenizer tube and

let the cells swell by incubating them on ice for 2 min.

Break the cell membranes by performing 8 to 10 strokes
in the homogenizer coupled to a motor-driven pestle
rotating at 600 rpm.

NOTE: The step of cell membrane disruption can vary
between cell types; thus, it has to be optimized for each

cell type.

Add the same volume of hypertonic buffer to the cell
suspension (7x the cell pellet volume) to generate an

isotonic environment.

Transfer the homogenate intc a 15 mL tube and

centrifuge it in a fixed rotor at 1,000 x g for S minat 4 °C.
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1.

Then, collect only 3/4 of the supernatant leaving a large
margin from the pellet, to avoid contamination with nuclei
or intact cells, and transfer it to another tube. Repeat the
same process twice. Note that the supernatant must be

kept and the pellet discarded.

Save the mitochondrial fraction (supernatant). Transfer
it into 1.5 mL tubes and centrifuge at maximum speed

(18,000 x g) for 2 min at 4 °C.

Discard the supernatant and wash the mitochondria-
enriched pellet with buffer A, combining the content of
the two tubes into one and centrifuging at the same
conditions as described in step 2.7. Repeat the same

process until all the material is in only one tube.

Make an additional wash with 300 pL of buffer A

and gquantify the mitochondrial protein concentration

using the Bradford assay23. For each cybridization
assay, the optimal amount of mitochondria for the
transfer procedure has to be determined (in our case, a

concentration between 10-40 pg of mitochondrial protein

per 108 cells).

Simultaneously, prepare the rhodamine 8G-pretreated
cells for the fusion by collecting them in a 15 mL tube
and centrifuging at 520 x g for 5 min at RT. Note that the
pellet acquires a neon pink color due to rhodamine 6G

treatment.

To ensure that both mitochondrial function abolishment
in receptor cells as well as organelle purification from
donors have been properly performed, seed a small
number of rhodamine 6G-treated cells and isolated
mitochondria using the complete culture medium in a 6-
well plate and culture them for a month to check that no

surviving cells remain in any of the wells (Figure 2).

12. In parallel, evaluate the absence of nuclei contaminants
in the mitochondrial fraction by immunodetection of
nuclear proteins (i.e., lamin beta, histone H3, etc)
or by quantitative polymerase chain reaction (gPCR)
amplification of a nuclear gene (i.e., SDH, 185 rRNA,
etc.).

NOTE: To aveid contaminations, it is recommended to
perform all the steps in aseptic conditions working under

a laminar flow hood.

3. Fusion and cybrid generation

1 To proceed with the fusion, carefully add 108 of the
rhodamine 6G-treated cells to the isolated mitochondria
pellet (10-40 ug of mitochondrial protein) and centrifuge
at 520 x g for 5 min to allow the cells to mix with the

mitochondria.

2. Add 100 pL of polyethylene glycol (PEG, 50%) and
gently resuspend the pellet for 30 s. Then, allow to rest

untouched for another 30 s.

3. Finally, transfer the mix into a 6-well plate with fresh
complete cell culture medium and place in the incubator
at 37 °C with 5% CO». After a few days (usually 1 week),
transmitochondrial cybrids should start growing (Figure
2), giving rise to clones that can be individually selected

or mixed in a pool pricr to their analysis.

4. Verification of both mitochondrial and nuclear
background

NOTE: Once the new cell line has been established and cells
begin to grow exponentially, the purity of their mitochondrial
and nuclear DNAs must be verified. Thus, the original cell
lines should harbor different mutations or polymorphisms

within their genomes to make them recognizable.
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Total DNA isolation

1. Isolate the genomic DNA of all cell lines used
for cybrid generation by employing a commercial
genomic DNA extraction kit (see Table of Materials)
or by performing a standard protocol using phenol-

chloroform-isoamy| alcohol extraction and alcohol
precipitation24.

mtDNA evaluation (Figure 3)

NOTE: Several techniques, such as sequencing,
restriction fragment length polymorphism (RFLP)
analysis, or allele-specific qPCR, can be performed to
analyze the purity of mtDNA. To confirm the presence
of mMDNA sequence variations by RFLP, follow the next

protocol steps.

1. Amplify an mtDNA fragment containing the
nucleotide change by PCR.

1. Here, L929dt cells present an mtDNA mutation
at position 4208, within an mf-Nd2 gene
(m.4208C>T) that is absent in L929 cells. To
confirm the presence of this substitution in the
transmitochondrial cybrids, amplify a 397 bp
fragment by PCR using a standard protocol and
the following primers: 1) 5'-AAGCTATCGGG
CCCATACCCCG-3' (positions 3862-3884)
and 2) O-TAATCAGAAGTGGAATGGGGCG
-3' (positions 4236-4258).

2. Analyze the presence of the desired nucleotide
substitution by RFLP, using a specific endonuclease
that recognizes the sequence change and generates
a different cut pattern for both cell lines.

NOTE: When the L929dt mtDNA variant is present
(4206T), the amplicon obtained in step 4.2.1

contains two restriction sites for Sspl (see Table of

Materials) that produces three DNA fragments of
306 bp, 52 bp, and 39 bp. The restriction site that
generates the 52 and 39 bands is disrupted when
the wild-type (WT) version C4206 is present, and a
new band of 91 bp appears. Therefore, an internal
control for full digestion for Sspl is included in the
analysis. The digestion reaction is performed at 37

°C, following the manufacturer's instructions.

3. Separate the restriction fragments by

electrophoresis and compare the band pattern.

1. Once the digestion is performed, analyze

the obtained restricion fragments by
electrophoresis in 10% polyacrylamide-Tris-
borate-EDTA (TBE) gels (see Table 1 for 1x
TBE composition). Run the electrophoresis at
80 Vfor 1 hat RT. Visualize the DNA fragments
after gel staining in a solution of ethidium
bromide in 1x TBE for 15 min at RT (see Table

1 for gel staining solution composition).

Nuclear DNA genotyping
NOTE: Nuclear DNA genotyping must be performed
using the previous DNA extraction sample employed for

RFLP analysis.

1. Amplify 16 loci (D21811, CSF1PO, vWA, D8S1179,
THO1, D18S51, D5S818, D16S539, D3S1358,
D2S1338, TPOX, FGA, D7S820, D13S317,

D196433, and AMEL) by using a pool of

commercial-specific oligonucleotides (see Table of

Materials).

2. Perform electrophoresis by using a genetic analyzer

in order to separate the fragments previously

obtained.
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NOTE: Once amplified, the different loci are
analyzed by electrophoresis using a capilar system
(see Table of Materials) The fragments are
separated in a 50 cm long capilar filed with a
commercial polymer. Cathode and anode buffers
are also commercially available, as shown in the
Table of Materials. Electrophoresis is performed at

19.5 kV for 20 min at 60 °C.

3. Use bicinformatical tools to determine the alleles
corresponding to each amplified locus (see Table of

Materials).

4. Compare the data obtained in step 4.3.3 with
the nuclear DNA profile database (Table 1), to
check if the nuclear DNA profile matches with the

mitochondria receptor cell line profile (Figure 4).

Representative Results

After following the above-presented protocol, a homoplasmic
cybrid cell line with a conserved nuclear background but
with a new mitochondria genotype should be obtained, as
represented in the schematics in Figure 1 and Figure 2. The
purity of the mitochondrial and nuclear DNA present in the
cybrids can be confirmed by RFLP, as shown in Figure 3, and

by nuclear DNA genotyping analysis, as shown in Figure 4.

If the mitochondrial transfer was done successfully, the
results obtained with the RFLP analysis for the cybrid cell

line must show different digestion band patterns compared

to the recipient cell line and identical to the mitochondria
donor cell line. For this purpose, the restriction enzyme must
be chosen carefully, making sure that the band patterns
obtained from the digestion are different in both cell lines.
One example is given in Figure 3, in which the restriction
fragments obtained after Sspl digestion in WT mitochondria
and mutant mitochondria (MUT) are shown. In the case of the
new transmitochondrial cell lines, restriction fragments were
identical to those obtained in their respective mitochondrial
donors and different to those generated with the nuclei
donor cell amplicons. Thus, this assay confirms that the
mitochondrial exchange was performed as expected. Of note,
a sample from recipient cells that was not subjected to
the digestion procedure was included in this analysis as a

negative control.

Regarding DNA nuclear genotyping, a typical profile obtained
from the analysis of 16 nuclear loci for one of the cell lines
used in this protocol is shown in Figure 4. Similar to RFLP,
by comparing the peaks obtained for each locus, the results
obtained from the mitochondria receptor cell line (nuclear

donor) should match with the generated cybrid.

It is important to note that the results obtained may vary
according to different factors. As we indicate in the protocol,
not all cell lines are susceptible to the same amount
of rhodamine 6G for removing the totality of functional

mitochondria.

Copyright ©2023 JoVE Journal of Visualized Experiments

Doctoral Thesis|98

jove.com

March 2023193« 65186« Page 6 of 14



Chapter I: Mitochondrial effects on the murine model

jove

Rhodamine 6G
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CYBRID CELLS

Figure 1: Schematical representation of cybrid generation, summarizing steps 1to 3 of the protocol. Please click

here to view a larger version of this figure.

1 2 3

A CYBRID lsolated R-6G treated
mitochondria | recipient
! cells

QEl_Lé

Figure 2: Schematical representation showing the design of the cell culture plate after the cybridization protocol. A
new cybrid cell line and controls (isolated mitochondria and rhodamine 6G-treated recipient cells) are seeded separately in

a 6-well plate. After a few days of culture, cybrid cells begin to grow, whereas no surviving cells remain in the control wells.

Please click here to view a larger version of this figure.
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Figure 3: Molecular characterization of cybrids. (A) RFLP analysis of the m.4206C>T mutation in mitochondrial donor cell

lines (WT and MUT, lanes 3 and 4, respectively) and their respective transmitochondrial cell lines (I‘\/IUT\"W — lane 5, and

WTMYIT  jane 6). MVV. molecular weight marker (lane 1); uncut: non-digested PCR product {lane 2). (B) Sspl restriction

maps ofthe PCR product for WT and MUT mitochondria. Flease click here to view a larger version of this figure.
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Figure 4: Representative results of nuclear DNA background analysis. Example of the nuclear DNA fingerprint obtained
after PCR amplification of 16 loci and separation by capilar electrophoresis. The figure shows the characteristic peak pattern

for each amplified loci of a cell line. This pattern must be different for the two cell lines used in the cybridization protocol to

confirm nuclear DNA purity. Please click here to view a larger version of this figure.

Medium Composition

Complete culture medium DMEM high glucose with L-Gln and pyruvate + FBS (10%) + Penicillin-Streptomycin (1x)

10 mM MOPS, 83 mM sucrose, pH 7.2

Hypaotonic buffer

Hypertonic buffer 30 mM MOPS, 250 mM sucrose, pH 7.2
Buffer A 10 mM Tris, 1 mM EDTA, 0.32 M sucrose, pH 7.4
TBE (1x) 50 mM Tris, 50 mM Boric acid; 1 mM EDTA

Gel staining solution 0.75 pyg/mL Ethidium bromide in 1x TBE

Table 1: Buffers and media composition.
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Discussion

Since Otto Warburg reported that cancer cells shift their

3.4

metabolism and potentiate "aerobic glycolysis while

reducing mitochondrial respiration, the interest in the role
of mitochondria in cancer transformation and progression
has grown exponentially. In recent years, mutations in
the mtDNA and mitochondrial dysfunction have been
postulated as hallmarks of many cancer typesz5. To date,
numerous studies have analyzed the mtDNA variation of

6,26,27,28,29,30,31,32

specific tumours , and the total burden

of acquired mtDNA mutations has been considered a

biomarker of tumorigenicity30 in cancers such as prostate

33

cancer In line with this, whereas mtDNA mutations

are considered tumor initiators such

t34,35

in some cases,

or pa|'1oreatic36 cancers, gynecological
15,39

as in breas
malignancies37'38, lung adenocarcinoma metastases
oracute myeloid leukemia0-41 , they seemto be less relevant

in glioblastomas42.

Although many cancers harbor severe mtDNA mutations
that are not found in healthy tissues® and could contribute
to cancer initiationso, others present polymorphic mtDNA
variants that are common in various human populations.
These variants promote milder changes that can be important
for cancer cell adaptation once the transformation process
has been initiated®C. In any case, mtDNA mutations and
mitochondrial metabolism alterations are involved in tumor
progression, modifying different aspects of cell homeostasis
such as reactive oxygen species production or redox
status4.45.46, However, the mechanisms by which mtDNA
mutations and variants can favor tumorigenesis are not
completely understood yet Besides, mtDNA mutations
in cancer cells may coexist with alterations in nuclear

3,33

genes , making it hard to determine which is the driver

mutation. In other cases, the bioenergetic requirements of

tumor cells are achieved by modulating the mtDNA copy
number4’. On the other hand, in some cases, MDNA
mutations could make tumor cells more susceptible to specific

anti-tumor drugs48.

To fully understand the role of mtDNA mutations in the
pathophysiology of cancer, it is necessary to develop
methodologies in which mutated mitochondria can be
analyzed in a controlled nuclear environment. This
can help avoid compensating effects of nuclear genes
that could trigger cellular adaptation. For this purpose,
transmitochondrial cybrids represent an appropriate model.
Traditional methods of cybridization involve a mtDNA
depleted cell line (p0 cells) that act as a nuclei donor
(and, therefore, mitochcndria receptor) and a donor of
mitochondria, usually an enucleated cell line or platelets19,
carrying the mtDNA variants or mutations of interest. The first
challenge to be solved when trying to generate cybrids is
the availability of po cells harboring the nuclear background
of choice. The obtention of these cells involves long-term
treatment with ethidium bromide, a chemical compound that
inhibits mMtDNA replication. However, it can also induce
the generation of mutations within the nuclear genome
that could mask the effects of the mitochondrial alterations
to be studied. Therefore, in this work, we propose the
elimination of whole mitochondria in nuclei donor cell lines
by treatment with rhodamine 6G, a drug that irreversibly
damages mitochondria and would kill the cells unless fresh

mitochondria are introduced in their cytoplasm21 122,49

Another challenge in traditional cybrid generation methods
is related to the enucleation process of the mitochondrial
donor cells. For this purpose, adherent cells are centrifuged
in the presence of cytochalasin B, which allows the isolation

of enucleated oytoplasts18 by promoting the discrganization

Copyright ©2023 JoVE Journal of Visualized Experiments

Doctoral Thesis|102

jove.com

March 2023:193 « €65186: Page 10 of 14



Chapter I: Mitochondrial effects on the murine model

jove

of the cytoskeleton. If cells grow in suspension (such as
hematological lines) or have lost cell-cell and cell-extracellular
matrix adhesion (which may happen to those with a higher
metastatic potential50'51 '52), this enucleation protocol would
be compromised, since cytoplasts would detach from the
plate during the centrifugation to remove the nuclei, largely
reducing their pool for the subsequent fusion procedure. To
circumvent both challenges, we propose here a protocol in
which isolated mitochondria are fused with rhodamine 6G
pretreated cells in the presence of PEG, that has proven to

be time-saving and efficient21:22.49,

Once the transmitochondrial cell lines are generated, it is
crucial to assess the purity of both mitochondrial and nuclear
genomes. Therefore, it is critical to select donor cell lines
with sequence differences within their mitochondrial DNA
and with distinguishable characteristics, such as antibiotic
resistance or differential microsatellites. As described above,
some cancers have been reported to modulate their mtDNA
copy number47, evidencing the importance of analyzing the
mtDNA load in both original and transmitochondrial cell
lines and studying their OXPHQOS performance under similar

conditions.

The main pitfalls hidden in this procedure are linked to the
process of mitochondria elimination with rhodamine 6G. Each
cybridization experiment should be preceded by assays to
establish the optimal conditions of drug concentration and
treatment time for the selected nucleus donor cell line. If
the rhodamine 6G concentration or the exposition time is
not sufficient, the new cell line will have the contribution
of two different mtDNAs, which will add more complexity
to the phenotypic analysis. Moreover, if the time or dose
exceeds the optimal ones, the cells will not survive even

after mitochondria repopulation. Finally, it is essential to be

careful during the mitochondria isolation process in order to
avoid contamination with unbroken cells, which could alter the

phenotypic characterization.

Despite the technical difficulties, the generation of
transmitochondrial cybrids is a potent tool to unravel
the mitochondrial contribution to cancer and metastasis
processes and generate cell models where potential
anticancer treatments using mitochondria as a therapeutical

target can be tested.
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Simple Summary: PT-112 is a novel pyrophosphate-platinum conjugate under Phase 1/2 clinical
development for the treatment of several tumor types. In this study, using mouse tumor cells with
well-characterized mitochondrial and metabolic status, we investigated the mechanisms underlying
PT-112's cancer cell death effects. Our results showed that cells with defective mitochondria were
more sensitive to PT-112 when compared to cells with normal mitochondrial function. Moreover,
PT-112 induced tumor cell death in those sensitive cells through non-conventional mechanisms,
including increased mitochondrial stress, free radical generation and immunogenic cell death, a
form of cell death that elicits an immune response. Taken together, the present findings suggest the
potential for predictors of PT-112 sensitivity in the clinical setting on the basis of metabolic function.

Abstract: PT-112 is a novel pyrophosphate—platinum conjugate, with clinical activity reported in
advanced pretreated solid tumors. While PT-112 has been shown to induce robust immunogenic
cell death (ICD) in vivo but only minimally bind DNA, the molecular mechanism underlying I'T-112
target disruption in cancer cells is still under elucidation. The murine L929 in vitro system was used
to test whether differential metabolic status alters "I-112’s effects, including cell cytotoxicity. The
results showed that tumor cells presenting mutations in mitochondrial DNA (mtDNA) (1.929dt and
1929 cybrid cells) and reliant on glycolysis for survival were more sensitive to cell death induced by
PT-112 compared to the parental and cybrid cells with an intact oxidative phosphorylation (OXPHOS)
pathway (L929 and dte cybrid cells}. The type of cell death induced by P'I-112 did not follow the
classical apoptotic pathway: the general caspase inhibitor 7Z-VAD-fmk did not inhibit PT-112-induced
cell death, alone or in combination with the necroptosis inhibitor necrostatin-1. Interestingly, 'I-112
initiated autophagy in all cell lines, though this process was not complete. Autophagy is known to
be associated with an integrated stress response in cancer cells and with subsequent ICD. PT-112
also induced a massive accumulation of mitochondrial reactive oxygen species, as well as changes in
mitochondrial polarization—only in the sensitive cells harboring mitochondrial dysfunction—along
with calreticulin cell-surface exposure consistent with ICD. PT-112 substantially reduced the amount
of mitochondrial CoQ10 in L929 cells, while the basal CoQ10 levels were below our detection limits
in L929dt cells, suggesting a potential relationship between a low basal level of CoQ10 and 'T-112
sensitivity. Finally, the expression of ITIF-1ec was much higher in cells sensitive to PT-112 compared
to cells with an intact OXPHOS pathway, suggesting potential clinical applications.

Keywords: PT-112; cancer cell death; mitochondrial ROS; CoQ10; immunogenic cell death; ICD; TTII-1x

1. Introduction

PT-112 (R,R-1,2 cyclohexanediamine-pyrosphosphato-platinium (11)) is a novel com-
pound consisting of a stable pyrophosphate conjugated to a diaminocyclohexane-platinum
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(Pt) ring [1]. In comparison to traditional platinum-containing agents, it shows substantially
reduced DNA binding with minimal acute renal toxicities and neurotoxicity, as shown in
early in vitro studies in yeast models, human ovarian cancer cell lines, and in vivo mod-
els [2-4]. PT-112 has demonstrated anti-tumor activity in mice bearing various murine and
human tumors at sub-toxic doses [2,3,5-7], robust induction of immunogenic cell death
(ICD) [7], and systemic biodistribution to multiple tissues and organs, including kidney,
lung and liver, with the highest concentrations reached in bone [5]. These observations may
be explained at least in part by PT-112's organic pyrophosphate moiety, which is chemically
similar to a bisphosphonate. Bisphosphonates can bind to mineral bone surfaces [8] and
are generally used in oncology for the management of skeletal complications and/or bone
metastases. In addition, some bisphosphonates have been shown to exhibit anti-cancer
properties by targeting specific enzymes of the mevalonate pathway [9,10]. Specifically, the
nitrogen-containing bisphosphonates inhibit farnesyl pyrophosphate synthase (FPPS), a
key enzyme of the mevalonate pathway [11,12],

Preclinical findings with PT-112 provided a rationale for clinical development, and
Phase [ data reported from the first-in-human study of PT-112 monotherapy in a heavily
pretreated population with solid tumors showed favorable tolerability and safety profiles, as
well as evidence of efficacy, including prolonged responses and tumor control in different
tumor types, such as non-small cell lung cancer, small cell lung cancer and thymoma
(ClinicalTrials.gov ID: NCT02266745), [13]. Notably, clinical and serologic responses to the
monotherapy in a small sub-population of late-stage, metastatic castration-resistant prostate
cancer (mCRPC) patients were observed, and a median overall survival of 15.1 months
was reached [13,14]. In addition, in a combination study with PD-L1 immune checkpoint
inhibitor avelumab (ClinicalTrials.gov ID: NCT03409458), PT-112 was shown to be feasible
with a lack of overlapping toxicities, and preliminary evidence of efficacy included long-
lasting objective remissions and tumor control in mCRPC and other solid tumors [13-15].
PT-112 was also shown to have biological activity in mouse models of multiple myeloma [5]
and was the subject of a Phase I clinical trial in heavily pretreated multiple myeloma patients
(ClinicalTrials.gov ID: NCT03288480), where monotherapy activity has been reported [16].
Phase II studies of PT-112 are currently ongoing.

Along with the progress made in the clinical setting, a major effort has been made
in translational studies to discern the mechanisms underlying PT-112 target disruption.
In previous work from our laboratory, we characterized the 1.929dt cell subline derived
from the transformed fibroblast cell line 1.929 [17]. 1.929dt cells lost matrix attachment and
MHC-I expression and showed a lower capacity to generate energy through OXPHOS,
as well as decreased respiratory capacity compared to parental L929 cells. These defects
correlated with mtDNA mutations in L929dt cells at the ND2 subunit of complex I and
were accompanied by a substantial glycolytic shift and higher in vivo tumorigenic and
metastatic potential than the parental cell line. We also demonstrated that mitochondrial
mutations are responsible for the aggressive tumor phenotype by generating cybrid cells
with L929dt mitochondria in L929 nuclear background (19294t cells), which reproduced all
L929dt properties. Remarkably, cybrid cells with parental 1929 mitochondria in the 1L.929dt
nuclear background (dt'*? cells) recovered the complete parental 1929 phenotype [18].

This cellular system, with distinct glycolytic and metabolic phenotypic properties
due to defined mitochondrial DNA mutations, was used to explore whether differential
metabolic and mitochondrial status alters PT-112-driven effects and cytotoxicity in cells. In
addition, we investigated the mechanism underlying cell death induced by PT-112 in this
cellular system, connecting to known PT-112 immunogenic cell death potential, and tried
to relate it to the expression of specific biomarkers such as HIF-1«.

In the present work, we demonstrate that PT-112 does not kill cells in this 1929 panel
exclusively by apoptosis or necroptosis but rather by initiating an unresolved autophagy
process and causing mitochondrial stress and membrane disruption. Cells that have
an intact OXPHOS pathway can cope with this PT-112-induced stress, but in cells that
have an extreme glycolytic and hypoxic phenotype as indicated by HIF-1a expression,
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exposure to PT-112 is associated with massive mitochondrial ROS generation and cell death.
These observations suggest that PT-112"s mechanism of action may be selective to cancer
metabolic processes, with the potential for clinical applications of PT-112 in metabolically
aggressive cancers.

2. Materials and Methods
2.1. Cell Culture

Mouse fibroblast cell lines [.929 and L929-derived, “detached” cells (1.929dt) were
routinely cultured in high glucose DMEM medium with GlutaMAX (Life Technologies,
Paisley, UK) supplemented with 10% of fetal calf serum (FCS; Sigma, St. Louis, MO, USA),
penicillin (1000 U/mL) and streptomycin (10 mg/mL) (PanBiotech, Aidenbach, Germany)
at 37 °C and 5% CO» using standard procedures. The cybrid cell lines 19294t and dtl92?
were obtained as previously described [18] and cultured with the identical medium as
parental cells. For 1.929-p? cells, complete DMEM medium was also supplemented with
pyruvate (100 ug/mL) and uridine (50 pug/mL).

2.2. Cell Vighility Assays

Relative cell growth was measured using a modified Mossman method for microplates.
Briefly, 3 x 10* cells were seeded per well in a 96-well flat-bottom plate and incubated with
increasing concentrations of PT-112 or cisplatin (2, 6 and 10 uM) for 24-72 h at 37 °C. Then,
10 uL. of a 5 mg/mL MTT solution was added to each well and incubated for 3 h. During
the incubation time, viable cells reduced the MTT solution to insoluble purple formazan
crystals, which were subsequently solubilized with isopropanol and 0.05 M HCI mixture,
and the absorbance was measured in a microplate reader (Dynatec, Pina de Ebro, Spain).
The MTT method in mitochondria-defective cell lines has been used in other studies, as
MTT reduction is performed not only by mitochondrial enzymes but also by other cellular
oxidoreductases [19,20]. Control cell lines were included in each growth experiment.

2.3. Cytotoxicity Assays and Cell Death Quantification

Cytotoxicity assays were performed as follows: 100 uL aliquots of 3 % 10* cells
were seeded per well in a 96-well plate, and 10 uM of PT-112 or cisplatin were added
and incubated for 24-72 h at 37 °C. Cell death was analyzed using a FACSCalibur flow
cytometer (BD, Biosciences) after incubation with annexin-V-FITC and 7-AAD (BD Bio-
sciences, Madrid, Spain) in annexin binding buffer (140 mM NaCl, 2.5 mM CaCly, 10 mM
HEPES/NaOH, pH 7.4) for 10 min.

2.4. ROS Production and Mitochondrial Membrane Potential Measurement

Total ROS production and mitochondrial membrane potential were simultaneously
measured using a FACScalibur flow cytometer (BD Biosciences). Pretreated cells with
PT-112 were incubated with DiOCg at 20 nM (Molecular Probes, Madrid, Spain) and DHE
at 2 uM (Molecular Probes, Madrid, Spain) for 30 min at 37 °C. For mitochondria-specific
ROS production, cells were incubated with MitoSOX™ (5 uM, ThermokFisher, Rockford, IL,
USA) for 30 min at 37 °C.

2.5. Apoptosis and Necroptosis Intibition Assays

In total, 3 x 10% cells were seeded in a 96-well plate and incubated with a pan-caspase
inhibitor Z-VAD-fmk (50 uM, MedChem Express, Menmouth Junction, NJ, USA) and/or
RIPK-1 inhibitor necrostatin-1 (30 uM, MedChem Express, Monmouth Junction, NJ, USA)
for 1 h. Next, cells were treated with 10 uM of PT-112 and incubated for 48 h at 37 °C.
Both inhibitors were refreshed in their corresponding well after 24 h. Finally, cell death
was assessed using flow cytometry after incubation with annexin-V-FITC and 7-AAD for
10 min.
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2.6. Analysis of Caspase-3 Activation

Caspase-3 activation was measured using a FITC-labelled antibody against cleaved
caspase-3 (BD Pharmingen™, Madrid, Spain). Cells pretreated with 10 uM of PT-112 were
fixed with 4% paraformaldehyde solution for 15 min at 4 °C. Then, cells were washed
with PBS buffer, permeabilized using a 0.1% saponin dilution supplemented with 5% fetal
bovine serum and incubated for 15 min at room temperature (RT). After washing them,
samples were incubated with the antibody for 30 min at RT and analyzed by flow cytometry.

2.7, Cyto-ID® Analysis and Autophagosome Formation Measurement

For autophagy analysis, the autophagosome formation after treatment with PT-112
was evaluated using a Cyto-ID® probe (Enzo Life Sciences, Farmingdale, NY, USA). Cells
pretreated with 10 uM of PT-112 were incubated with 1 L of Cyto-TD® dye reagent for
30 min at 37 °C. Subsequently, cells were washed with PBS buffer and analyzed by flow
cytometry. For autophagy-positive controls, cells were treated with 1 uM of rapamycin at
least 12 h before the analysis.

2.8. Calreticulin (CRT) Surface Expression Measurement

CRT surface expression upon incubation with PT-112 (24-72 h) was analyzed by flow
cytometry. Cells treated with PT-112 were incubated with primary rabbit antibody (Abcam,
#AB2907) at 1:700 dilution and at 4 °C for 1 h. Then, cells were washed with PBS and
incubated simultaneously with secondary goat anti-rabbit IgG antibody conjugated with
Alexa Fluor488® (Invitrogen, #A11034) and 7-AAD. To rule out non-specific interactions,
untreated cells were incubated only with secondary antibody. 7-AAD-positive cells were
excluded from the analysis.

2.9. Immuneblot Analysis

A total of 5 x 10° cells were lysed with 100 uL of 1x lysis buffer (1% Triton-X-100;
150 mM NaCl; 50 mM Tris/HCI pH 7,6; 10% v/o glycerol; 1 mM EDTA; 1 mM sodium
orthovanadate; 10 mM sodium pyrophosphate; 10 png/mL leupeptin; 10 mM sodium
fluoride; 1 mM methyl phenyl sulfide, Sigma, St. Louis, MO, USA) for 30 min on ice. The
mixture was ultra-centrifugated at 12,000 rpm for 20 min at 4 °C. The protein concentration
in the supernatant was analyzed using the BCA assay (Thermo Fisher, Rockford, IL, USA)
and was mixed with 3x lysis buffer (SDS 3% v/v; 150 mM Tris/HCl; 0.3 mM sodium
molybdate; 30% v/z glycerol; 30 mM sodium pyrophosphate; 30 mM sodium fluoride;
0.06% p/v bromophenol blue; 30% ©/v 2-mercaptoethanol, all purchased from Sigma,
5t. Louis, MO, USA). Protein separation was performed using SDS-PAGE (6% or 12%
polyacrylamide gel), and proteins were transferred to nitrocellulose membranes using a
semi-dry electro-transfer (GE Healthcare, Chicago, IL, USA). Membranes were blocked
with TBS-T buffer (10 mM Tris/HCI, pH 8.0; 120 mM NaCl; 0.1% Tween-20, 0.1 g/L
thimerosal, Sigma, St. Louis, MO, USA) containing 5% skimmed milk. Protein detection
was performed by western blot using specific antibodies against p62 (Santa Cruz, SC-28359),
LC3BI/1I (Sigma, L7543) and HIF-1« (Novus, NB100-479) that were incubated overnight at
4 °C in agitation. Anti-rabbit or anti-mouse secondary antibodies labeled with peroxidase
(Sigma, A9044) were incubated for 1 h at RT. Blots were analyzed with Pierce ELC Western
Blotting Substrate {Thermo Scientific, Rockford, IL, USA) using an Amersham Imager 680
(GE Healthcare Life Sciences). Protein expression was quantified by densitometry using
Image] software. B-actin or tubulin levels were used as a reference to normalize data (Cell
Signaling, 3700).

2.10. Coenzymie Q Quantification

Mitochondria were isolated from cultured cell lines as previously described [21] with
small modifications [22]. A mitochondrial pellet was immediately frozen in liquid nitrogen
under anaerobic conditions. Then, lipids extraction and CoQ determination were performed
as described previously [23]. Briefly, mitochondrial samples (0.6 mg of mitochondrial
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protein for each measurement) were lysed with 1% SD6 and vortexed for 1 min. Then, a
mixture of ethanol:2-propanol (95:5) was added and the samples vortexed again for 1 min.
To recover CoQ, 5 mL of hexane was added, and the samples were centrifuged at 1000 % g
for 5 min at 4 °C. The upper phases from two extractions were recovered and dried using a
rotary evaporator. Lipid extracts were suspended in 1 mL ethanol, dried in a speed-vac
and stored at —20 °C. Samples were resuspended in a suitable volume of ethanol prior to
HPLC injection. Lipid components were separated with an Alliance HPLC system (Waters)
equipped with a 2707 autosampler and 2996 photodiode array detector, with HSST3 column
(4.6 x 150 mm, 3.5 um, Waters), preceded by a pre-column (4.6 x 20 mm, 3.5 um, Waters),
with a flow rate of 1 mL/min and a mobile phase containing 40:60 methanol/2-propanol.
Commercial CoQ10 (Sigma) was used as an internal standard to detect the CoQ10 peak in
the samples.

2.11. Statistical Analysis and Data Processing

Statistical analysis was performed using GraphPad Prism8 (GraphPad Software Inc.,
San Diego, CA, USA). For quantitative variables, results are shown as mean =+ standard
deviation (SD). Statistical significance was evaluated using Student’s t-test, and differences
were considered significant when p < 0.05. Data obtained by flow cytometry were analyzed
using FlowJo 10.0.7 (Tree star Inc., San Francisco, CA, USA).

3. Results
3.1. Cell Growth Inhibition by PT-112 and Cisplatin in 1.929, 1.929dt and Cybrid Cells

First, we compared the sensitivity of 1929, 1929dt and cybrid cells to PT-112 and
to cisplatin, a Pt-based chemotherapeutic agent whose mechanism of action is known
to involve DNA damage and apoptosis induction [24]. All cell lines were treated with
increasing concentrations of PT-112 or cisplatin (2, 6 and 10 pM) and incubated for 24-72 h
at 37 °C. The concentrations used are compatible with active levels achieved during well-
tolerated in vivo experiments [13,14]. Cell growth was assessed by the MTT reduction
method. As shown in the upper panel of Figure 1, PT-112 inhibited cell growth in a
time-dependent manner, as a clear decrease in cell growth was not observed until 48 h of
exposure. We also observed that the cell lines with mtDNA mutations, L.929dt and the
1.929% cybrid, were noticeably more sensitive to PT-112 than 1929 cells and the dt**?* cybrid.
This difference was statistically significant at 48 h and was more pronounced at 72 h, where
the growth of glycolytic cells was inhibited by around 80% at the highest concentration.
On the contrary, limited growth inhibition was observed in the OXPHOS-competent 1.929
and dt!?? cybrid cells at 48 h (i.e., <40% inhibition at the higher concentration used), and
the degree of inhibition did not further increase with increased exposure time.

For cisplatin treatments (Figure 1, bottom panel), we observed a significant effect
on cell growth starting at 24 h. At 48 h, cisplatin inhibited the growth of all cell lines,
with no statistically significant differences among them, contrary to those observed for PT-
112. At 72 h, cisplatin-induced effects on growth were more pronounced in the glycolytic
cells, although dose-dependent effects were also seen in the non-glycolytic cell lines (i.e,
95% inhibition in L929dt and L929% cells and 70% inhibition in 1929 and dt"* cells at
10 uM cisplatin).

These data demonstrate that PT-112 has a marked selectivity for tumor cells with defec-
tive mitochondria (i.e., those exhibiting a glycolytic phenotype), suggesting a relationship
between PT-112 sensitivity and the metabolic status of tumor cells.
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Figure 1. Cell growth analysis after treatment with PT-112 or cisplatin, as indicated. Cells were treated
with increasing concentrations of PT-112 or cisplatin, incubated for 24-72 h, and cell growth was
measured by the MTT assay. Results were expressed as the percentage of relative growth compared
to control, untreated cells (CTRL) + SD of at least 2 independent experiments performed in duplicate.
Statistical significance represents those values in which cell growth inhibition by the drugs was higher
in a given cell type as compared with parental 1929 cells. %, p < 0.05; **, p < 0.01.

3.2. Cytotoxic Effect of PT-112 and Cisplatin in 1929, L929dt and Cybrid Cells and Caspase-3
Activation by PT-112 in Sensitive Cells

To characterize cell death induction by PT-112 and cisplatin, cells were incubated with
10 uM of PT-112 or cisplatin for 24, 48 or 72 h, and at the end of the incubation, cells were
stained with annexin-V-FITC and 7-AAD and analyzed by flow cytometry. The results
showed that cisplatin induced cell death in all cell lines, especially after long-time drug
exposure (Figure 2). In contrast, PT-112 was cytotoxic only in glycolytic cells, consistent
with the differential sensitivity observed in Figure 1 (Figure 2). In cisplatin-induced cell
death, the apoptotic cell population (annexin-V*, 7-AAD) was observed in all cell lines,
albeit cell death was induced more rapidly in the more glycolytic cells (Figure 2B, bar
sections colored in black). On the contrary, this population was not appreciably observed
at any time point in sensitive L929dt and L929%" cells treated with PT-112, Dead cells
(annexin-V*, 7-AAD") were detected at an early time point, and the population increased
with time (Figure 2B, bar sections colored in white). Finally, at longer exposure times,
both glycolytic cell lines showed a population that is positive for 7-AAD and negative for
annexin-V staining, typical of necrotic cell death (Figure 2B, bar sections colored in grey).
Taken together, these results clearly demonstrate that PT-112 has a distinct mechanism
of action from cisplatin and differential sensitivity to the glycolytic phenotype driven by
mtDNA mutations.

To further investigate if and how PT-112 cell death related to the induction of apop-
tosis in sensitive cells, we analyzed the effect of PT-112 on caspase-3 activation, the main
apoptotic executioner. We used a FITC-labelled anti-caspase-3 antibody specific for cleaved,
active caspase-3 that can be measured by flow cytometry. As shown in Figure 3A, the
levels of active caspase-3 clearly increased in a time-dependent manner in L929dt and
L9294" cells sensitive to PT-112-induced cell death, To further investigate the implications
of caspase-3 activation in this process, we tested the ability of the general pan-caspase
inhibitor Z-VAD-fmk and /or the necroptosis inhibitor necrostatin-1 to prevent cell death
induced by PT-112 (Figure 3B). Cells were stained simultaneously with annexin-V-FITC and
7-AAD, and the percentage of the different populations was analyzed by flow cytometry.
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We observed, in agreement with the results presented in Figure 2A, that PT-112 induced
a direct accumulation of double positive (i.e., dead) cells. Z-VAD-fmk, necrostatin-1 or
their combination did not inhibit cell death, and the double positive population remained
the dominant group in all cases. In fact, cells were more sensitive to PT-112 treatment
in the presence of Z-VAD-fmk. Co-incubation with necrostatin-1 prevented this Z-VAD-
fmk-induced increase in sensitivity, though this effect was only significant in L929dt cells.
These data indicate that neither apoptosis nor necroptosis were the main mechanisms of
cell death induced by PT-112 in these cell lines, while a small necroptotic component is
observed only if caspases are inhibited. This is reminiscent of other cell death inducers
such as TNF-a, specifically in 1929 cells [25].
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Figure 2. Cytotoxicity of PT-112 or cisplatin. Parental L929, L929dt and cybrids cells were incubated
with 10 uM of PT-112 or cisplatin for 24, 48 and 72 h. Then, cells were simultaneously stained with
annexin-V-FITC and 7-AAD and analyzed by flow cytometry. (A) Dot plots represent the staining
evolution of the treated cell population compared to the control. (B) Graph bars correspond to a
graphical representation of obtained data reporting cell percentage in each quadrant of dot plots.
Results are shown as mean £ SD of at least 2 independent experiments performed in duplicate.
* p <005, p < 0.01;*, p < 0.001.
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Figure 3. Caspase-3 activation by PT-112 and elfect of apoptosis and necroptosis inhibitors. (A) Levels
of caspase-3 activation upon treatment with PT-112. 3 x 10* cells were treated with 10 uM of PT-112
for 24-72 h. Then, cells were incubated with anti-cleaved caspase-3 labelled with FITC dye and
analyzed by flow cytometry. The numbers in each box represent the percentage of cleaved caspase-3
compared to untreated cells. (B) Cytotoxicity analysis of PT-112 combined with Z-VAD-fmk and for
necrostatin-1 inhibitors. Cells were pretreated for 1 h with or without pan-caspase or/and necroptosis
inhibitors and then, incubated with 10 uM of PT-112 for 48 h. Flow cytometry analysis was performed
using annexin-V-FITC and 7-AAD staining. Results are shown as mean + SD of 3 independent
experiments performed in duplicate. Statistical significance s depicted in the graphics. ¥, p < 0.05;

* p < 0.01.
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3.3. PT-112 Induces Autophagosome Formation

After observing that PT-112 was not reliant on apoptosis or necroptosis (Figures 2 and 3),
we tested the possibility that it could induce autophagy. The initiation of autophagy was
analyzed using the Cyto-TD® method that allows detection of intracellular autophagosome
formation by flow cytometry. As shown in Figure 4, PT-112 clearly induced autophagosome
formation in all cell lines at 48 h of PT-112 treatment. At 72 h, autophagosome formation
decreased in 1.929dt and 1.9299t cells, possibly due to the induction of cell death. On
the contrary, in 1.929 and dt™?” cells, autophagosome formation was maintained at 72 h
(Figure 4A,B). Of note, we observed that 1.929dt and 19299t cells were more sensitive
to autophagy induction by rapamycin than L.929 and dtt92? cells (Figure 4A). To further
investigate the activation of autophagy upon PT-112 treatment, we analyzed expression
levels of p62 and the conversion of LC3BI to LC3BII, known indicators of autophagy
induction. The results showed a tendency towards the conversion of LC3BI to LC3BII
in1.929, and especially in dt™ cells, and a gradual accumulation of p62 (Figure 4C). In
1.929dt and 1.929% cells, we did not chserve significant changes in pé2 levels, while a rapid
reduction in LC3BI levels was observed after drug treatment and accompanied by the
appearance of faint LC3BII bands. The Cyto-ID® results, the most sensitive method to
detect autophagosome formation [26], and the LC3B data demonstrate that PT-112 initiates
the autophagy process. However, the absence of p62 reduction or degradation indicates
this process did not reach completion.

The observation of cells on the microscope after treatment with PT-112 showed abun-
dant brilliant spots inside the cytoplasm of all four cell lines, which may correspond to
autophagosomes. In addition, in 1.929dt and 1.9299t cells sensitive to cell death, induction
by small, uniform PT-112 cell debris was also detected (Figure S1).
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Figure 4. PT-112 induces the initiation of autophagy. (A) Analysis of autophagosome formation.
Cells were incubated with 10 uM of PT-112 for 48-72 h. The autophagosome formation was analyzed
by flow cytometry using the Cyto-ID® method. (B) Graphical representation of data obtained with
Cyio-ID® analysis. Mean fluorescence intensity (MFI) of treated cells compared to untreated cells is
shown. (C) Expression levels of p62 and LC3BI/II upon PT-112 treatment. Tubulin was used as a
control of protein load. The uncropped blots are shown in Figure 53.

3.4. PT-112 Affects Mitochondrial Membrane Potential and Induces Massive Mitochondrial
Reactive Oxygen Species (ROS) Generation in Sensitive Cells

One typical event related to the activation of the mitochondrial apoptotic pathway is
the loss of mitochondrial membrane potential (A%m) [27]. Hence, we analyzed the effect
of PT-112 on A¥m using DiOC (3) staining and flow cytometry. As shown in Figure 5,
while AYm did not experience any change during the 72 h incubation with PT-112 in 1.929
and dt'92° cells, a significant change was observed in the PT-112 sensitive, glycolytic cells.
Remarkably, A¥m increased in these cells upon PT-112 treatment, showing the appearance
of a cell population with hyperpolarized mitochondria at 48 h, simultaneously accompanied
by a population that partially lost A¥m. Both populations were detected at 72 h, but with a
larger fraction of cells showing a loss of A¥m.

Next, we studied the effects of PT-112 exposure on ROS production. First, we per-
formed a time-course determination of total ROS generation by detection of ZHE oxidation
by flow cytometry. As shown in Figure 6A, we observed a moderate increase in total ROS
production in a time-dependent manner in all cell lines tested, reaching maximum levels
between 48 and 72 h. 1929 and dt' ¥?? cells showed similar levels of total ROS production
to L929dt and L9294 cells after 72 h of exposure, but the rate of increase in ROS levels was
faster in the latter, sensitive cell types. To further delineate these effects, we determined spe-
cific mitochondrial ROS (mtROS) production upon PT-112 treatment using the MitoSOX™
reagent. As shown in Figure 6B,C, mtROS production was massively increased in sensitive
cells after treatment with PT-112, while little to no change was observed in insensitive 1.929
or dt'?? cells, suggesting that this event may be related to cell death induced by PT-112.

Doctoral Thesis|117



Chapter I: Mitochondrial effects on the murine model

Cancers 2022, 14, 3851

12 0f 21

Doctoral Thesis|118

L929 dtte29 L929dt L929dt
) A
24 h ik
| \ -“; \
[— -

)
48 h A /|
b
A i
72h | M i
. ‘.. : e r--—-r’r/ \‘-»-— s
DIOC,

Figure 5. Analysis of mitochondrial membrane potential (A¥m) upon treatment with PT-112 at
different incubation times, A total of 3 x 10* cells were incubated with 10 uM of PT-112 for 24, 36,
48 and 72 h at 37 “C. Changes in AYm were determined by staining with DiOCs and analyzed by
flow cytometry. As shown in the legend, dotted histograms correspond to fluorescence values of
untreated cells, and grey-colored histograms correspond to those of treated cells.

Next, we attempted to further investigate the causality of ROS generation in the cell
death process induced by PT-112. Since PT-112-induced ROS generation seems to be con-
centrated in mitochondria, we used the mitochondria-specific ROS scavenger, MitoTEMPO.
As shown in Figure 7A, MitoTEMPO was able to almost completely abolish mitochon-
drial superoxide generation induced by the potent mitochondrial complex 111 inhibitor,
antimycin A. PT-112 induced a higher amount of mitochondrial superoxide anion com-
pared to antimycin A, and co-incubation with MitoeTEMPO resulted in a limited reduction
in mitochondrial ROS (Figure 7B). A reduction in PT-112-induced 1.929dt cell death was
also observed when co-incubated with mitoTEMPO and was statistically significant after
72 h (Figure 7C). These data suggest that mitochondrial ROS generation is implicated in
PT-112-induced cell death, although it is experimentally difficult to prevent ROS formation
in order to finitely determine causality by chemical means.
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Figure 6. Analysis of total and specific mitochendrial ROS production upon treatment with PT-112
at different incubation times. (A) A total of 3 % 10* cells were incubated with 10 uM of PT-112 for
24, 36, 48 and 72 h at 37 C. Total ROS production was determined by staining with 2HE and flow
cytometry. {B) Specific mitochondrial ROS preduction after incubation with 10 uM of PT-112. Cells
were stained with a mitochondrial superoxide indicator MitoSOX™ for 15 min at 37 °C, in darkness.
The fluorescence intensity values of treated cells compared to contrel cells (CTRL) were determined
by flow cytometry. As shown in the legend, dotted histograms correspond to the fluorescence of
untreated cells, and grey-colored histograms correspond to the fluorescence values of treated cells.
{C) Graphical representation of data obtained in Figure 6B. Data are shown as MFI of treated cells
compared to untreated cells.

As an alternative approach, we decided to use L929-p" cells. p” cells are devoid
of mtDNA by prolonged exposure to ethidium bromide and are unable to perform OX-
PHOS or generate mitochondrial ROS; although, upon specific treatments (such as with
perforin/granzyme B), they can generate ROS from extra-mitochondrial sources [17,28].
We tested the growth inhibition effect of PT-112 and cisplatin on these 1.929-p" cells in
order fo assess whether the complete absence of mitochondrial function would affect
PT-112 sensitivity.

As shown in Figure 8, while cisplatin inhibited the growth of these cells, PT-112
scarcely affected their growth rate at any concentration or time of incubation. In addition,
while PT-112 did not robustly induce cell death in parental 1.929 cells (Figure 2), it did
inhibit the growth of these cells to some extent (Figure 1), contrasting with the lack of
effects on the growth of L929-p? cells. These differences in PT-112 effects between L929 and
the L929-pY cells are not due to differences in the basal growth rate of these two types of
cells. These data suggest that the effects on mitochondria play a large role in the PT-112
mechanism of action, potentially mediated via mtROS generation.
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Figure 7. Partial inhibition of PT-112-induced mtROS generation and cell death in 1929dt cells by
the mtROS scavenger MitoTempo. A total of 3 x 10* cells were seeded in a 96-well plate in phenol
red-free medium and some wells were incubated with 100 pM of MitoTEMPO for 2 h. Then, 10 pM
of antimycin A or PT-112 were added and incubated for 48 or 72 h, respectively. (A,B) mtROS levels
were measured using MitoSOX™ staining after ireatment with either (A) antimycin A or (B) PT-112.
{C) Cell death induced by PT-112 in the presence or absence of MitocTEMPO after 48 or 72 h was
evaluated by flow cytometry using annexin-V-FITC and 7-AAD staining. Results are shown as mean
= 5D of at least 2 independent experiments performed in duplicate. * p < 0.05.
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Figure 8. Cell growth analysis after treatment of L929-p" cells with PT-112 or cisplatin. Cells were
treated with increasing concentrations of PT-112 or cisplatin, incubated for 24-72 h, and relative
growth was measured by MTT assay. Results correspond to the percentage of relative growth
compared to untreated, control cells (CTRL). Results are shown as mean + SD of at least 2 independent
experiments performed in duplicate. * p < 0.05,** p < 0.01.

3.5. Effect of PT-112 on Mitochondrial CoQ10 Levels

The mevalonate pathway not only provides farnesyl or geranylgeranyl units for
protein post-translational modifications but also provides longer prenyl groups for the
final steps of Coenzyme Q synthesis, generating coenzyme 9, Q10 or longer ubiquinone
derivatives [29,30]. In all these steps of the mevalonate pathway, pyrophosphate derivatives
are central to enzyme activity, and we speculated that it is possible PT-112 could act on these
enzymes through its pyrophosphate moiety. Hence, we decided to study the possible effect
of PT-112 on CoQ10 levels, analyzed by HPLC determination in mitochondrial lipid extracts.
We first optimized the method of detection using commercial CoQ10. We confirmed the
purity of commercial CoQ10 and determined its absorbance peak at 274.9 nm (Figure 52,
right panel). We then determined the retention time of pure CoQ10 in the HLPC column to
be used in the analysis of cell samples, obtaining a retention time of 7.749 min (Figure 52,
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left panel). When we analyzed mitochondrial lipid extracts using this HPLC column, we
observed that PT-112 substantially reduced the amount of CoQ10 in L.929 mitochondria
(Figure 9). However, these cells, which are OXPHOS-competent, were not sensitive to PT-
112-induced cell death, although their growth was inhibited by 40% after 72 h of exposure
(see Figure 1). In L929dt cells that are sensitive to PT-112-induced cell death, the basal
amount of CoQQ10 was below detection.

CTRL PT-11224 h PT-11248 h
Freios 00024 0.0024
CoQ10 CoQ10 CoQ10
0.0018 00018 g8
0.0012: 00012 00012
1929 o 00005 0.0008 00005
Ed
0.0000° 0.0000 0,000
-0.0006
-0.0006 <.0006
0,001 0
e 0002
<0018
rafme “ous
-0.0028; 0022 00022
K IC R I I CC SN R S _f AR A N I I
Minutes Minutes Minutes
0.0024;
00024 00024
0.0018,
ooos, €0Q10 C0Q10 oo01e CoQ10
00012
00012 00012
0.0006'
00008 00008
1929dt 2
o.0000 00000 2030
0.0006 s 00006,
20012 Fa 00012
+0.0018 -0.0018, -0.0018
-0.0022 ~0.0022; -0.0022
K v R RO I I S &S S
Minutes Minutes Minutes

Figure 9. HLPC determination of mitochondrial CoQQ10 amounts on 1929 or L929dt cells after
treatment with PT-112. The mitochondrial lipid fraction of 20 x 108 cells (1929 or 1.929d1), treated
with 10 uM PT-112 for 24 or 48 h was extracted. Untreated cells (CTRL) were also included. CoQQ10
levels were determined by HPLC methodology (see Materials and Methods). Commercial CoQ10
was used as a positive control (see Figure 52). Representative plots are shown.

3.6. PT-112 Induces CRT Exposure on the Surface of Sensitive Cells

PPT-112 has been shown to induce ICD, characterized by CRT exposure on the cell
membrane, together with emission of other danger signals in several types of tumor cells [7].
Hence, we tested whether PT-112 would induce ICD in sensitive 1L.929dt and 19299t cells.
As shown in Figure 10, PT-112 induced CRT exposure on the surface of both cell lines.
In addition, the level of CRT exposure increased with time of treatment. This finding,
together with the spreading of cell debris observed upon PT-112 treatment as shown in
Figure S1, demonstrates the high immunogenic potential of PT-112-induced cell death in
this cellular system.
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Figure 10. CRT exposure upon PT-112 treatment. Representative plots are shown. CRT exposure
was analyzed in L929dt or L9294 cells upon treatment with 10 M PT-112 for the time indicated.
Grey histograms correspond to the labeling with the secondary antibody alone and are considered as
negative controls (CTRL NEG.), while control labelings correspond to the basal labeling of untreated
cells (CTRL). Representative plots are shown.

3.7. Cells Sensitive to PT-112 Express High Levels of HIF-1a

1.929dt and L9299 cells favor glycolysis for ATP production due to their defective
mitochondria associated with mtDINA mutations, as described [18]. Since HIF-1w is a
transcription factor that regulates the expression of key genes implicated in glycolysis [31],
we decided to further investigate the relationship between the metabolic profile of L929dt
and L929"" cells and basal HIF-1a expression in our cellular models and any changes
observed after treatment with PT-112. As shown in Figure 11, we demonstrated that even
in the presence of oxygen, L929dt and L1929 cells expressed elevated levels of HIF-1x
compared to L929 and dt'?’ cells (around a 12-fold increase compared with parental L929
cells). PT-112 did not substantially affect expression levels of HIF-1ox across all cell lines,
yet higher baseline expression was found in those cells more sensitive to PT-112. These
data suggest that sensitivity to PT-112 could be closely related to HIF-1a« expression and
could have prognostic and clinical applications.
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Figure 11. Analysis of HIF-1x expression levels in the presence or absence of PT-112. Cells were incu-
bated with 10 uM of PT-112 for 72 h. Cell lysates were tesolved in an SDS-PAGE 6% polyacrylamide
gel, and proteins were transferred to nitrocellulose membrane and incubated with a specific antibody
against HIF-1ee. B-actin was used as a control of the protein loaded. The table shows the percentage
of protein expression in basal conditions compared io parental L929 cells. The uncropped blots are
shown in Figure S3.
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4. Discussion

PT-112 presents the intriguing possibility that an anti-cancer agent with a platinum chi-
ral center may operate through a mechanism of action that is selective to cancer metabolic
processes, specifically mitochondrial dysfunction. In contrast to the canonical understand-
ing of the cell death mechanism of approved platinum salts, it has been shown previously
that PT-112 minimally binds nuclear DNA [1,4]. Structurally, PT-112 is unique because it
contains a pyrophosphate moiety, which among other attributes contributes to a marked
osteotropism, something that the closest structural analog, oxaliplatin, does not share [1].

Beyond osteotropism, however, based upon the data presented herein, it is possible
that PT-112’s pyrophosphate component may, in fact, be associated with its cell death
mechanisms, including effects on cancer metabolic pathways. Examples of active anabolic
pathways in tumor cells are the pentose phosphate pathway, needed for the synthesis of
DNA and RNA nucleotides [32], and the mevalonate pathway, needed for the de novo
synthesis of sterols and geranyls [33]. Farnesyl and geranylgeranyl backbones are required
for the post-translational modification of relevant proteins in signaling, such as Ras [30],
and also for the synthesis of mitochondrial coenzyme Q derivatives [29]. Notably, both
pathways involve pyrophosphates for specific enzyme activities. This subject matter has not
been deeply studied in the field of cancer treatment, perhaps because there are no approved
drugs that contain pyrophosphate groups. Potential pyrophosphate-driven effects could
include an increase in PT-112 uptake by tumor cells that are especially metabolically active
and dependent on the mevalonate or the pentose phosphate pathway and /or PT-112 more
directly affecting those pathways. Further studies will be needed to test these hypotheses.

1.929dt and 1.929% cybrid cells present mutations in mtDNA, causing a shift towards a
glycolytic phenotype. These cells were especially sensitive to cell death induced by PT-112
while tumor cells with an intact OXPHOS pathway (1.929 and dt'¥% cybrid cells) were
shown to be less sensitive to PT-112 and, strikingly, to lack a dose-response. In contrast,
the classical Pt-containing drug cisplatin induced cell death and a dose-response across
all the cell lines, irrespective of their metabolic and mitochondrial status. In addition,
while cisplatin follows the canonical apoptotic pathway used by many chemotherapeutic
drugs such as doxorubicin [27,34], PT-112 does not appear to comply with this canonical
pathway, rather showing hints of necrotic cell death. Moreover, while PT-112 activates
caspase-3 at the same time as cell death, the general caspase inhibitor Z-VAD-fmk does not
inhibit PT-112-induced cell death, alone or in combination with the necroptosis inhibitor
necrostatin-1. On the other hand, PT-112 induced the initiation of autophagy in all cell
lines, detected by the Cyto-ID® method and by an increase in the LC3BII/LC3BI ratio,
although it appears that the autophagy process was not completed, as evidenced by the
lack of p62 degradation.

The observed difference in PT-112 sensitivity based on the baseline metabolic and
mitochondrial mutational status of the 1929 model cells led us to investigate the possibility
that PT-112 cell death effects could themselves involve mitochondrial pathways. Indeed,
PT-112 induced ROS in all cells tested, regardless of their sensitivity to cell death induction,
although ROS appeared more rapidly in more sensitive cells. Importantly, when this
analysis was restricted to the detection of mtROS, only the PT-112-sensitive, OXPHOS
deficient cells showed a massive mtROS accumulation. We demonstrated partial protection
from PT-112-induced cell death in sensitive cells by the use of the mitochondria-restricted
ROS scavenger MitoTEMPO. Moreover, we have shown that L929—p0 cells, devoid of
mtDNA and unable to perform OXPHOS or to generate mtROS [17], were less sensitive
to PT-112-induced growth inhibition versus the parental L929 cell line. These data point
to the observed massive mitochondrial ROS generation as an important event in PT-112-
induced cell death. It should be noted that, although L.929-p? cells are an extreme and
unnatural case of the glycolytic phenotype, their inability to generate mitochondrial ROS
makes them highly resistant to PT-112, reinforcing the importance of this biochemical
event in PT-112-induced cell death. On the other hand, this observation indicates that in
our experimental system, the sensitivity to PT-112 is associated more specifically with the
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presence of defective mitochondria that generate ROS upon stress and not generally with
every glycolytic phenotype.

PT-112 also affected mitochondrial membrane potential (A'¥'m) in sensitive cells, albeit
in an unexpected way. After short incubation times with PT-112 (24-36 h), an initial mito-
chondrial hyperpolarization was observed. At later time points (48 h), two cell populations
were detected: one with hyperpolarized mitochondria and another one that showed loss
of A¥m. At 72 h, when cell death notably increased in response to PT-112, the population
with a loss of membrane polarization predominated.

Based on the literature surrounding bisphosphonates [35,36] and the structural sim-
ilarity between bisphosphonates and pyrophosphates, it is possible that PT-112 could
act directly on enzymes of the mevalonate pathway, such as farnesyltransferase or ger-
anylgeranyl transferase. Increases in farnesyltransferase expression activity have been
reported in prostate cancer patients, correlating with poor prognosis [37], and PT-112 has
shown some efficacy signals in late-stage mCRPC, either alone [13] or in combination with
PD-L1 immune checkpoint inhibition [14]. In support of such a hypothesis, we note that
Qiu et al. [36] have developed [Ptlen)],ZL, a complex which conjugates the bisphosphonate
zoledronic acid with P?* ions and demonstrated that it prevented the prenylation of small
G proteins through inhibition of the mevalonate pathway.

The mevalonate pathway not only provides farnesyl or geranylgeranyl units for pro-
tein post-translational modifications but also provides longer prenyl groups for the final
steps of Coenzyme Q synthesis, generating coenzyme Q9, Q10 or longer ubiquinone deriva-
tives [29,30]. In all these steps of the mevalonate pathway, pyrophosphate derivatives are
important for enzymatic activities, and PT-112 could act on these enzymes through its py-
rophosphate moiety. We have demonstrated that PT-112 substantially reduced the amount
of CoQ10 in L.929 mitochondria. Although L929 cells, which are OXPHOS-competent, are
not sensitive to PT-112-induced cell death, their growth is substantially reduced by the
drug, and this could be related to this CoQ10 depletion. In L929dt cells that are sensitive to
PT-112-induced cell death, the basal amount of CoQ10 is much lower than in 1929 cells
(i.e., below the detection level). The low amount of CoQ10 in these cells, as well as the
mtDNA mutations in complex I components, could explain the massive accumulation of
mitochondrial ROS observed upon PT-112 treatment, the resulting non-apoptotic form of
cell death, and evidence of ICD. Additional studies will be needed to better understand the
relevance of CoQ10 in PT-112’s anti-cancer activity and explore if these effects originate
from effects on the mevalonate or other biological pathways.

Qur data point to a cell death mechanism in which PT-112 would not kill cells by apop-
tosis nor by necroptosis but rather by inducing the initiation of an unresolved autophagy
process, possibly leading to ER stress, together with the above-mentioned massive mtROS
generation. It is also interesting to note that autophagy processes, normally not related
to cell death, are associated with immunogenic signals and damage-associated molecular
pattern (DAMP) emission [38]. In line with this conceptual approach, we demonstrated
that PT-112 induces CRT exposure in sensitive 1.929dt and 1.929% cells, a bona fide marker of
ICD. These data correlate with prior work in vitro and in vivo showing that PT-112 causes
1ICD [7].

Finally, we demonstrate that the expression of HIF-1« is higher in cells that are
sensitive to PT-112 compared to cells with an intact OXPHOS pathway. HIF-1« is the
master regulator of the glycolytic phenotype and is caused by hypoxia or by aerobic
glycolysis observed in many tumor cells [31]. Our data indicate that this relationship
is conserved in our cellular model, in which the glycolytic phenotype originates from
defective mitochondrial function due to mtDNA mutations [18]. In addition, low levels of
CoQ10, as detected in 1.929dt cells at the basal state, have been recently correlated with high
HIF-1e expression and stabilization [39]. Based on these observations, HIFl-« expression
may be associated with differential sensitivity to PT-112, warranting further studies to
explore future clinical applications.
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5. Conclusions

PT-112 is a novel pyrophosphate-Pt conjugate with favorable safety profiles and
evidence of efficacy in Phase I clinical trials. Using the 1929 murine in vitro model system,
we demonstrated that tumor cells presenting mtDNA mutations and the resulting glycolytic
phenotypes (1.929dt and 19299 cybrid cells) were more sensitive to cell death induced
by PT-112 compared to the parental and cybrid cells with an intact OXPHOS pathway
(L929 and dtl9® cybrid cells). PT-112 caused an incomplete autophagic process, along
with massive accumulation of mtROS. PT-112 also reduced the amount of mitochondrial
CoQ10 in L929 cells, while the basal CoQJ10 levels were below our detection limits in
L.929dt cells, suggesting a potential relationship between a low basal level of CoQ10 and
PT-112 sensitivity. In addition, PT-112 induced CRT exposure in sensitive L929dt and
19299t cells, consistent with ICD. Finally, the expression of HIF-1a was much higher in
glycolytic cells sensitive to PT-112 compared to cells with an intact OXPHOS pathway.
Taken together, these findings suggest the selectivity of PT-112 to differential metabolic
statuses of cancer cells, with the potential for clinical applications of PT-112 in metabolically
aggressive cancers.

6. Patents

The use of PT-112 to treat cancer is protected by US patent 9,688,709, registered on
27 June 2017, and an application has been submitted pertaining to the identification of

PT-112-sensitive cancer cells on the basis of glycolytic features (international application
number PCT /US2021 /055907).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ cancers14163851/s1, Figure 51: Cell morphology after PT-112 treat-
ment. Figure 52: HPLC chromatogram and absorbance spectrum of commercial CoQ10. Figure 53:
Uncropped blots shown in the Figures of the manuscript.
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Abstract

PT-112 is a novel immunogenic small molecule currently under Phase 2 clinical development, including in
metastatic castration-resistant prostate cancer (mCRPC), an immunologically cold and heterogeneous
disease state in need of novel therapeutic approaches. PT-112 has been shown to cause ribosomal
biogenesis inhibition and organelle stress followed by immunogenic cell death (ICD) in cancer cells,
culminating in anticancer immunity. In addition, clinical evidence of PT-112-driven immune effects has
been observed in patient immunoprofiling. Given the unmet need for immune-based therapies in prostate
cancer, along with a Phase | study (NCT#02266745) showing PT-112 activity in mCRPC patients, we
investigated PT-112 effects in a panel of human prostate cancer cell lines. PT-112 demonstrated cancer cell
selectivity, inhibiting cell growth and leading to cell death in prostate cancer cells without affecting non-
tumorigenic epithelial prostate cell line RWPE-1 at the concentrations tested. PT-112 also caused caspase-
3 activation, as well as stress features in mitochondria including ROS generation, compromised membrane

integrity, altered respiration, and morphological changes. Moreover, PT-112 induced damage-associated
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molecular pattern (DAMP) release, the first demonstration of ICD in human cancer cell lines, in addition to
autophagy initiation across the panel. Taken together, PT-112 caused selective stress, growth inhibition
and death in human prostate cancer cell lines. Our data provide additional insight into mitochondrial stress
and ICD in response to PT-112. PT-112 immunogenicity could have clinical applications and is currently

under investigation in a Phase 2 mCRPC study.

Background

Prostate cancer is the second leading cause of cancer-associated death among men, with an
estimated 34,700 deaths per year in the United States [1]. Over 1.4 million men were diagnosed with the
disease in 2020, making it one of the most frequently occurring malignancies leading to mortality in men
worldwide [2]. Despite recent improvements in prostate cancer treatment, the development of new
therapies is a persistent clinical challenge, as current standard-of-care (SOC) regimens such as
chemotherapy (e.g., docetaxel or cabazitaxel) and androgen-deprivation therapy exhibit toxicity and/or a
high incidence of acquired resistance [3-7], and there is an unclear treatment paradigm as disease
continues to progress. This is particularly true in late-line mCRPC patients who have already received
chemotherapy, hormone therapy and/or recently approved lutetium-177 and have limited treatment
options [8-10]. Additionally, precision medicine approaches, while resulting in regulatory approval of PARP
inhibitors, are generally indicated for 11-13% of the mCRPC population harboring BRCA1/2 mutations [11-
13]. Recently, immune checkpoint inhibitor-based approaches have been successfully used across several
different cancer types [14, 15]. However, these agents have not demonstrated robust clinical activity in
prostate cancer, with several large Phase 3 studies terminated, or resulting in negative results, likely due
to the immunologically cold nature of disease resulting in reduced activity of CTLA-4 and PD-1 inhibitors
[16-19]. Taken together, there is a high unmet need for novel agents capable of anticancer immune

activation, particularly in the late-line setting [8-10, 16, 17].

PT-112 is a novel, immunogenic small molecule currently under Phase 2 clinical development,
including in late-line mCRPC [20, 21]. Preliminary evidence of safety, efficacy and clinical benefit in mCRPC
was observed in monotherapy and in combination with anti-PD-L1 in two prior dose escalation trials with
PT-112 [22-25]. Recent findings have shown evidence of ribosome biogenesis inhibition and nucleolar
stress by PT-112 in human cancer cell lines [26]. These early molecular effects, together with organelle
stress observed in mitochondria and endoplasmic reticulum in murine cells [27-29] likely contribute to the

immunogenicity of PT-112; in preclinical models, it induces immunogenic cell death (ICD) via damage-
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associated molecular pattern (DAMP) release, recruits immune effector cells in the tumor environment,
and synergizes with immune checkpoint inhibitors [30]. Immune effects of PT-112 have recently been

demonstrated in a Phase 2 study in patients with thymic epithelial tumors [31, 32].

In addition, PT-112 is distributed to multiple tissues and organs, including kidney, lung and liver,
with the highest concentrations found in bone, likely driven by the pyrophosphate moiety [33]. This
suggests PT-112 may provide benefit to patients with prostate cancer, a population with a high incidence
of bone metastases [34] and where immune checkpoint inhibitors have not been demonstrated to be

effective, highlighting a need for novel immune-based therapies.

Our previous studies using L929 mouse tumor cell lines with well-characterized metabolic features
showed mitochondrial stress induced by PT-112, as demonstrated by mitochondrial reactive oxygen species
(mtROS) accumulation and changes in the mitochondrial membrane potential [28]. These PT-112-induced
effects, along with cell death, were more pronounced in cell lines with mitochondrial DNA mutations,
dependence on glycolysis for survival, and higher in vivo tumorigenic and metastatic potential [35]. These

data suggested the relevance of mitochondria to PT-112-induced cell death.

Mitochondria are essential organelles as a hub for metabolic, bioenergetic, redox, and apoptotic
signaling pathways, and thus play a key role in tumor cell proliferation [36]. Mitochondrial stress has been
shown to facilitate pro-tumorigenic metabolic reprogramming in malignant cells, and basal levels of mtROS
are commonly higher in cancer compared to healthy cells [37-39]. However, driving mitochondrial stress
and mtROS levels beyond a certain threshold can lead to unmanageable oxidative stress and ultimately cell
death [36, 38]. These observations suggest that novel therapeutic approaches harnessing the unique
metabolic profile of cancer cells can promote antitumor activity and cancer cell death through the induction

of a mitochondrial stress response.

Given PT-112 activity observed in prostate cancer patients, as well as previously reported
mitochondrial stress induction by PT-112 in mouse tumor cells, we explored PT-112-induced effects in a
panel of human prostate cell lines. Here, we report: 1) cancer cell selectivity; 2) cell death characterization;
3) mitochondrial stress features such as mtROS generation, compromised membrane integrity and changes
in morphology; 4) ICD induction via DAMP release; and lastly, 5) evidence of autophagy. Together, this work
aims to advance the understanding of a key organelle stress contributing to PT-112’s activity and its

resulting anticancer immunity in prostate cancer.
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Methods

Cell Culture. Human prostate cell lines were maintained according to ATCC recommendations. PC-3, DU-
145, and VCap were cultured in high glucose DMEM medium with GlutaMAX (Life Technologies, Paisley,
UK). LNCap and 22Rv1 were cultured in RPMI 1640 medium (Life Technologies, Paisley, UK). LNCap-C4 and
LNCap-C4-2 were cultured in a mixture of DMEM: F12 (4:1) supplemented with biotin (4.9 ng/ml), adenine
(251.8 ng/ml), insulin (0.1 ng/ml), and transferrin (88.6 ng/ml). RWPE-1 (immortalized, non-tumorigenic
human prostate cell line) was cultured in Keratinocyte-SFM supplemented with EGF human recombinant
(5 ng/mL) and bovine pituitary extract (50 ug/mL) (Gibco, Grand Island, NY, USA). All cell culture media used
for prostate cancer cell lines were supplemented with 10% fetal calf serum, penicillin (1000 U/mL) and
streptomycin (10 mg/mL) (PanBiotech, Aidenbach, Germany). Cells were incubated at 37°C and 5% CO2
using standard procedures. PC3, LNCap, VCap, and RWPE-1 cell lines were kindly provided by Dr. M. Jesus
Vicent from CIPF, Valencia, while DU-145, LNCap C4, LNCap C4-2 and 22Rv1 cell lines were a kind gift of Dr.

Santiago Ramodn y Cajal from Hospital Vall d’"Hebron (Barcelona).

Cell Viability Assays. Relative cell growth in response to PT-112 compared to control, untreated cells was
measured using Mossman’s method (i.e., MTT assay). Briefly, 22104 cells were seeded per well in a 96-well
flat-bottom plate and incubated with increasing concentrations of PT-112 (2, 6, and 10 uM) for 24-72 hours
(h) at 37°C. Subsequently, 10 pL of a 5 mg/mL MTT solution was added to each well and incubated for 3 h
at 379C. During incubation, viable cells reduced the MTT solution to insoluble purple formazan crystals,
which were then solubilized with a mixture of isopropanol and 0.05 M HCI. Finally, absorbance was

measured by a microplate reader (Dynatec, Pina de Ebro, Spain).

Cytotoxicity Assays and Cell Death Quantification. Cytotoxicity induced by PT-112 was measured as follows:
2x10% cells were seeded per well in a 96-well plate and incubated with increasing concentrations of PT-112
(2, 6, and 10 uM) for 24-72 h at 37°C. Cell death in untreated and treated cells was analyzed by flow
cytometry using a FACSCalibur flow cytometer (BD Biosciences, Madrid, Spain) after simultaneous
incubation with annexin-V-FITC and 7-AAD (BD Biosciences, Madrid, Spain) in annexin binding buffer (140
mM NacCl, 2.5 mM CaCl2, 10mM HEPES/NaOH, pH 7.4) for 10 minutes (min).

Analysis of Caspase-3 Activation. Caspase-3 activation was measured using a FITC-labelled antibody against
cleaved caspase-3 (BD Pharmingen™, Madrid, Spain). For this purpose, 1x105 LNCap-C4 and DU-145 cells
pretreated with 10 pM of PT-112 for 24-72 h were fixed with 4% paraformaldehyde solution for 15 min at

4°C. Then, cells were washed with PBS buffer, permeabilized using a 0.1% saponin dilution supplemented
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with 5% fetal bovine serum and incubated for 15 min at room temperature (RT). After washing, samples
were incubated with the antibody for 30 min at RT and analyzed by flow cytometry using a FACSCalibur

flow cytometer (BD Biosciences, Madrid, Spain).

Cell Morphology Assessments. 2x10* cells (DU-145, LNCap, or PC-3) were treated with or without 10 pM of
PT-112 for 72 h Images were taken using an inverted microscope (Nikon Eclipse TE300). For cell morphology
assessments using transmission electron microscopy (TEM), refer to Transmission Electron Microscopy

(TEM).

Apoptosis and Necroptosis Inhibition Assays. 2x10* cells (LNCap-C4 and DU-145) were seeded in a 96-well
plate and incubated with pan-caspase inhibitor Z-VAD-fmk (50 uM; MedChem Express, New Jersey, USA)
and/or RIPK-1 inhibitor necrostatin-1 (30 uM; MedChem Express, New Jersey, USA) for 1 h. Cells were then
treated with 10 uM of PT-112 and incubated for 48 h at 37°C. Both inhibitors were refreshed in their
corresponding wells after 24 h. Finally, cell death was assessed via flow cytometry using a FACSCalibur flow
cytometer (BD Biosciences, Madrid, Spain) after 10 min incubation with annexin-V-FITC and 7-AAD (Sigma,
Madrid, Spain) in annexin binding buffer (140 mM NacCl, 2.5 mM CaCl2, 10mM HEPES/NaOH, pH 7.4).

Mitochondrial ROS (mtROS), Mitochondrial Mass and Mitochondrial Membrane Potential Measurements.
Total mtROS production, mitochondrial mass, and mitochondrial membrane potential were each measured
using a FACSCalibur flow cytometer (BD Biosciences, Madrid, Spain) in prostate cells with or without 10 uM
PT-112 for 24-72 h. For mtROS production and mitochondrial mass, cells were incubated at 37°C with 5 uM
MitoSOX™ (ThermoFisher, Rockford, IL, USA) for 30 min or 300 nM MitoTracker™ green staining
(Invitrogen) for 15 min, respectively. To measure alterations in mitochondrial membrane potential, DU-145
and LNCap-C4 cells were simultaneously incubated with 20 nM TMRE (Molecular Probes, Madrid, Spain)
and annexin-V-DYE-634 (Sigma, Madrid, Spain) for 30 min at 37°C.

Confocal fluorescence microscopy was used to visualize mitochondrial membrane polarization. 2 x
103 cells (LNCap and DU-145) per well were plated in an optical plastic bottom 384-well plate (Aurora
Microplates, Scottsdale, AZ, USA) and, after overnight attachment, treated with control buffer or 25 uM
PT-112 for 72 h. Cells were then stained live with Hoechst 33342 (ThermoFisher, Rockford, IL, USA #62249,
1:5000 dilution) and either TMRE (ThermoFisher, Rockford, IL, USA #7669, 1:1000 dilution) or JC-1
(ThermoFisher, Rockford, IL, USA #T3168, 1:1000 dilution) for 30 min. Next, cells were imaged on a
Yokogawa CV8000 high-throughput spinning disk confocal using a 20x/1.0 water objective capturing a 10

um z-stack in 9 fields of view per condition. Images were then projected at maximum intensity for
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guantification. Image analysis was performed using the CellPathfinder software (Yokogawa, Sugar Land, TX,
USA). Briefly, nuclei were identified using the Hoechst channel, followed by a dilation step to include the
mitochondrial signal (“virtual cell”) from where intensity-based measurements were extracted. The

experiment was repeated three independent times with four technical replicates per biological replicate.

OXPHOS Performance and Metabolism Measurements. Oxygen consumption rate (OCR) measurements of
30,000 LNCap-C4 cells treated with or without 10 uM PT-112 for 24 h were performed using the Seahorse
XF Cell Mito Stress Test Kit and the XF96 Extracellular Flux Analyzer (Seahorse Biosciences, Lexington, MA,
USA). Cells were incubated in Seahorse media (ImM pyruvate, 2mM glutamine, 1M glucose at pH 7.4) for
30 min at 372C without CO2. According to the manufacturer’s instructions, OCR was measured in basal
conditions and after sequential addition of oligomycin (CV inhibitor), FCCP (respiration and ATP synthesis
uncoupler), and rotenone + antimycin A (AA + Rot, Cl and Clll inhibitors, respectively). OCR data were
normalized to the number of viable cells as determined by the CyQuant Cell Proliferation Assay (Thermo

Fisher, Rockford, IL, USA).

Energy maps were constructed using the XF96 Extracellular Flux Analyzer (Seahorse Biosciences,
Lexington, MA, USA) per the manufacturer’s instructions. The energetic phenotype of LNCap-C4 cells was
determined based on measurements of OCR and extracellular acidification rate (ECAR) indicative of
OXPHOS and glycolysis, respectively, in untreated, control cells and following 10 uM PT-112 treatment for
24 h.

Mitochondria Purification. Mitochondria were purified as previously described [40]. Briefly, 2x107 cells
were centrifuged, washed twice with PBS, and frozen at -80°C for 24 h. Pellets were resuspended in a
volume of a hypotonic buffer (MOPS 10mM, saccharose 83 mM, pH 7.2) equal to 7@ the cell pellet volume
and incubated on ice for 2 min. Samples were then homogenized using a Potter-Dounce homogenizer with
a Teflon piston, and 8 to 10 strokes were performed. After adding an equal volume of a hypertonic buffer
(MOPS 30 mM, 250 mM, pH 7.2), the samples were centrifuged at 1000 x g for 5 min at 4°C, and only the
supernatants were centrifuged again at 11000 x g for 2 min at 4°C. Finally, mitochondria-containing pellets

were washed with media A (Tris 10 mM, EDTA 1 mM, saccharose 0.32 M, pH 7).

Protein Extraction. A total of 5x10° cells were lysed with 100 uL of lysis buffer (1% Triton-X-100, 150 mM
NaCl, 50 mM Tris/HCl pH 7.6, 10% v/v glycerol, 1 mM EDTA, 1 mM sodium orthovanadate, 10 mM sodium
pyrophosphate, 10 ug/mL leupeptin, 10 mM sodium fluoride, 1 mM methyl phenyl sulfide; Sigma, St. Louis,

MO, USA) for 30 min on ice. The mixture was ultra-centrifugated at 12000 rpm for 20 min at 4°C. The
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supernatant was analyzed using the BCA assay (Thermo Fisher, Rockford, IL, USA) for determining protein
concentration and mixed with 3x loading buffer (SDS 3% v/v, 150 mM Tris/HCI, 0.3 mM sodium molybdate,
30% v/v glycerol, 30 mM sodium pyrophosphate, 30 mM sodium fluoride, 0.06% p/v bromophenol blue,
30% v/v 2-mercaptoethanol; Sigma, St. Louis, MO, USA).

Blue Native Electrophoresis and Immunoblot Analysis. Separation of respiratory complex (Cl, Cll, Clll, CIV
and CV) and supercomplex (SC) proteins in mitochondrial extracts was performed using blue native
electrophoresis in a gel gradient according to the published methodology [41, 42]. Briefly, samples were
loaded in NativePAGE™ 3-12% Bis-Tris Gel (Invitrogen, Waltham, MA, USA) and run at 100 V for the first 30
min, then at 300 V and 15 mA for the next 3 h. For protein separation of protein extracts, SDS-PAGE (6%

and 12% polyacrylamide gel) was used.

Following either method, proteins were transferred to PVDF membranes using semi-dry
electrotransfer (GE Healthcare, Chicago, IL, USA). Membranes were blocked with TBS-T buffer (Tris/HCI
10mM, pH 8; NaCl 0.12 M; Tween-20 0.1%, thimerosal 0.1 g/L; Sigma, St. Louis, MO, USA) containing 5%
skimmed milk. Protein detection was performed by immunoblot using specific antibodies (Invitrogen,
Waltham, MA, USA) against the individual complexes of the mitochondrial electron transport chain: Cl (anti-
NDUFA9; #459100), Cll (anti-SDHA; #459200), ClII (anti-Uqgcrcl; #459140), CIV (anti-COl; 459600), and CV
(anti-a-F1-ATPase; #459240). Other proteins detected by immunoblot were p62 (Santa Cruz, Dallas, TX,
USA, #SC-28359), LC3BI/II (Sigma, Madrid, Spain, #L7543) and HIF-1a (Novus, Littleton, CO, USA, #NB100—
479). Primary antibodies were incubated overnight at 4°C in agitation. Afterwards, anti-mouse (Sigma,
Madrid, Spain, #A9044) or anti-rabbit (Sigma, Madrid, Spain, #A9169) secondary antibodies labeled with
peroxidase were incubated for 1 h at RT. Blots were analyzed with Pierce ELC Western Blotting Substrate
(Thermo Scientific, Rockford, IL, USA) using Amersham Imager 680 (GE Healthcare Life Sciences, Chicago,
IL, USA). Protein expression was quantified by densitometry using ImagelJ software. B actin levels were used

as a reference to normalize data (Cell Signaling, Danvers, MA, USA, 3700).

Enzymatic Activity Analysis of Respiratory Complexes. Purified mitochondria from DU-145 cells treated with
or without 10 uM PT-112 for 24 h were used to assess enzymatic activity of respiratory complexes via
spectrophotometric quantification as previously described [43]. Briefly, activity of individual complexes and
supercomplexes was measured using a spectrophotometer (Fisher Scientific; Alcobendas, Spain) based on
the following: ClI (NADH-dehydrogenase) activity via oxidation of NADH at 340 nm, Cll (succinate

dehydrogenase) activity via reduction of 2,6’dichlorophenolindophenol at 600 nm, CIV (cytochrome c
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oxidase) activity via oxidation of cytochrome c at 550 nm, CI+lll (NADH cytochrome c oxido-reductase) via
reduction of cytochrome c at 550 nm when NADH is added, and ClI+lIl (succinate cytochrome ¢ oxido-

reductase) activity via reduction of cytochrome c¢ at 550 nm when succinate is added.

Transmission Electron Microscopy (TEM). Samples for TEM were prepared as follows: 52104 DU-145 cells
were seeded overnight in an 8-well NuncTM Lab-Tek® Chamber Slide™ (Thermo, Rockford, IL, USA). Cells
were treated with 10 pM PT-112 for 1, 6, 24 and 48 h, and after incubation, the medium was removed.
Cells were carefully washed 3x for 2 min with 0.1 M PBS at RT and a solution containing 2.5% glutaraldehyde
in 0.1 M phosphate buffer (PB; Na2HPO4 + NaH2PO4 4:1, pH 7.4) was added. The chamber slide was then
incubated at 37°C for 5 min. The glutaraldehyde solution was refreshed, and the chamber slide was again
incubated for additional 2 h at 4°C. It was subsequently washed 4x (5 min each) with 0.1 M PB before adding
a solution of 0.05% NaN3in 0.1 M PB and storing the chamber slide at 4°C. For the fixation process, samples
were washed 5x (5 min each) with PBS and incubated with 2% OsO4 in PB for 1 h. Next, 3 washes (5 min
each) with cold distilled water were performed and samples were dehydrated with increasing
concentrations of ethanol (30%, 50% and 70%) before staining with 2% uranyl acetate in 70% ethanol for
2 h 30 min. Samples were dehydrated a second time with increasing concentrations of ethanol (70%, 96%,
100%), gradually included in resin, transferred to a 100% epoxy resin, and incubated overnight. The next
day, 3 changes of epoxy resin were performed (30 min each), and samples were embedded in the molds
with epoxy resin and dried in the oven for 48-72 h at 70°C. Finally, ultrafine 50 nm cuts were performed
and stained with Reynol’s solution. Images were taken using a transmission electron microscope (JEOL

1010) at 80 kV.

DAMP Emission. ATP secretion was quantified using the luciferase-based ENLITEN ATP Assay (Promega) per
the manufacturer’s recommendations via a fluorometer (Biotek) using the supernatant of cells treated with
or without 10 uM PT-112 collected at 48 h. Calreticulin exposure on the cell surface upon incubation with
or without 10 uM PT-112 (48 h) was analyzed by flow cytometry using the Attune NxT flow cytometer
(Thermo Fisher Scientific; Branchburg, NJ, USA). Following treatment, cells were washed and stained with
Zombie Aqua™ Fixable Viability Kit (BioLegend, San Diego, CA, USA) for 15 min. Subsequently, cells were
washed with PBS and incubated with the calreticulin (D3E6) XP® rabbit monoclonal antibody PE Conjugate
(Cell Signaling, Danvers, MA, USA, #19780S) in PBS + 0.5 % BSA (FACs buffer) for 25 min at 4°C in the dark.
Afterwards, cells were washed with FACs buffer and fixed (eBioscience™ Intracellular Fixation &
Permeabilization Buffer Set, Invitrogen, Carlsbad, CA, USA) for 30 min at 4°C in the dark. Then, the

supernatant was discarded by centrifugation and cells were incubated with the permeabilization buffer
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(eBioscience™ Intracellular Fixation & Permeabilization Buffer Set, Invitrogen, Carlsbad, CA, USA) for 5 min.
Finally, the supernatant was discarded again by centrifugation and cells were resuspended in FACs buffer

for its subsequent analysis. Zombie Aqua™ positive cells (i.e., dead cells) were excluded from the analysis.

Cyto-ID® Analysis and Autophagosome Formation Measurement. For autophagy analysis, the
autophagosome formation after treatment with PT-112 was evaluated using a Cyto-ID® probe (Enzo Life
Sciences, Farmingdale, NY, USA). Cells treated with or without 10 uM of PT-112 for 48-72 h were incubated
with 1 pL of Cyto-ID® dye for 30 min at 37°C. Subsequently, cells were washed with PBS and analyzed by

flow cytometry via a FACSCalibur flow cytometer (BD Biosciences, Madrid, Spain).

Statistical Analysis and Data Processing. Statistical analysis was performed using GraphPad Prism (GraphPad
Software Inc.). For quantitative variables, results are shown as mean * standard error of the mean (SEM).
Statistical significance was evaluated using Student’s t-test and two-way ANOVA uncorrected Fisher’s LSD.
Differences were considered significant when p < 0.05. Data obtained by flow cytometry were analyzed

using FlowJo 10.0.7 (Tree Star Inc., Ashland, OR, USA).

Results

PT-112 selectively inhibits cell growth and causes cell death in prostate cancer cells, but not in non-

tumorigenic epithelial prostate cells

We tested differential sensitivity to PT-112 in vitro across a panel of human prostate cancer cell
lines (LNCap, LNCap-C4, LNCap-C4-2, DU-145, 22Rv1, VCap, PC-3) and the non-tumorigenic prostate cell
line (RWPE-1). First, we evaluated the ability of PT-112 to inhibit cell growth at increasing concentrations
(2, 6, 10 uM) and incubation times (24, 48 and 72 h) via the MTT assay. Selected PT-112 concentrations

represent clinically relevant doses successfully used in previous in vivo experiments [23, 44].

PT-112 inhibited cell growth of prostate cancer cell lines with varying degrees, without appreciably
affecting that of the non-tumorigenic cell line RWPE-1 (Figure 1). In addition, cell death induced by PT-112
was analyzed by flow cytometry using annexin-V-FITC and 7-AAD staining, as described in our previous
report using murine fibroblast tumor cell lines [28]. Consistent with the growth inhibition data, PT-112
caused cancer cell death while healthy RWPE-1 cells were largely unaffected after 48-72 h PT-112
treatment (Figure 2). Overall, PT-112 was broadly active across the prostate cancer cell lines tested, while

sparing benign prostate cells, demonstrating PT-112 cancer cell selectivity.
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Our previous work performed in the L929 murine tumorigenic cellular system showed that cells
with mitochondrial dysfunction expressed higher levels of HIF-1a and were more sensitive to PT-112
compared to cells with an intact OXPHOS pathway [28]. To explore this potential relationship between HIF-
la expression and PT-112 sensitivity in the human prostate cell line panel, we analyzed IC50s (determined
by the relative 50% inhibition concentration at 72 h of PT-112 treatment in Figure 1) and basal HIF-1a
protein expression levels using western blot. Non-tumoral RWPE-1 cells exhibited the lowest HIF-1a
expression, while LNCap-C4, the most sensitive prostate cancer cell line to PT-112, had the highest level of
HIF-1a expression (Supplementary Figure 1). However, not all cell lines in the panel followed this trend,

making a relationship between PT-112 sensitivity and HIF-1a levels unclear.

PT-112 induces caspase-3 activation

Next, we further explored PT-112-induced cell death in select cell lines. DU-145 cells treated with
PT-112 followed by simultaneous staining with annexin-V-FITC and 7-AAD were analyzed by flow cytometry.
We observed a prominent apoptotic population (annexin-V+/7-AAD-) in response to PT-112 at 48 h (29.8%)
and 72 h (44.1%), with an eventual increase in double-positive stained (i.e., dead) cells (annexin-V+/7-

AAD+) at 72 h, potentially indicative of secondary necrosis (Figure 3A).

Given the emergence of the apoptotic population in response to PT-112, we next analyzed the
activation of an apoptosis effector, caspase-3. Caspase-3 activation in LNCap-C4 and DU-145 cells treated
with PT-112 for 24, 48, and 72 h was measured by flow cytometry using an antibody specific for cleaved
caspase-3. As shown in Figure 3B, the levels of cleaved caspase-3 increased in a time-dependent manner
upon PT-112 treatment, reaching as high as 85% and 100% caspase-3 activation at 72 h compared to
control in LNCap-C4 and DU-145 cells, respectively. Moreover, PT-112-treated cells showed features of
cells undergoing apoptosis, such as plasma membrane blebbing, as well as nuclear and cell fragmentation

in apoptotic bodies (Figure 3C).

To further investigate cell death in PT-112-treated cells, we pretreated LNCap-C4 and DU-145 with
the pan-caspase inhibitor, Z-VAD-fmk, and/or the RIPK-dependent necroptosis inhibitor, necrostatin-1. In
DU-145, we observed inhibition of PT-112-induced cell death with Z-VAD-fmk (where % cell death was
comparable to that of untreated cells), and to a lesser degree with necrostatin-1. In LNCap-C4, only Z-VAD-
fmk caused a significant decrease in cell death following PT-112 treatment. Co-pretreatment of both

inhibitors versus Z-VAD-fmk alone resulted in a comparable reduction in cell death in response to PT-112
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(Figure 3D). Together, these results suggest that the mechanism underlying PT-112-induced cell death in

these human prostate cancer cell lines at least in part involves caspase-mediated apoptosis.

PT-112 induces mitochondrial stress

Based on our previous work illustrating PT-112 sensitivity in the transformed murine fibroblast cell
lines with mitochondrial deficiencies [28], we investigated different mitochondrial parameters in human
prostate cancer cells treated with PT-112. As shown in Figure 4A, 10 uM PT-112 treatment for 48-72 h
increased mtROS production in all cancer cell lines, but not in the healthy prostate cell line RWPE-1, in line
with the selective growth inhibition and cytotoxicity data in Figures 1 and 2. Notably, LNCap-C4 and DU-
145 cells exhibited pronounced increases in mtROS levels compared to untreated cells after 72 h PT-112
treatment (Figure 4B). Again, PT-112 was broadly active, inducing mitochondrial stress across the cancer
cell lines, which exhibit varying basal mitochondrial features (Supplementary Figure 2A). Furthermore, PT-

112 induced a significant increase in mitochondrial mass at 48 h and 72 h (Figure 4C).

Next, we analyzed the effect of PT-112 on mitochondrial membrane potential (A{m) in
DU-145 and LNCap-C4 cells by flow cytometry using double TMRE and annexin-V-DYE-634 staining, allowing
for simultaneous quantification of AYm and cell death, respectively. In both cell lines, PT-112 decreased
APm at 48 h and 72 h of incubation in a time-dependent manner (Figure 5A). Interestingly, in LNCaP-C4,
this decrease in Apm was accompanied by cell death (see Q1) starting at 48 h of PT-112 treatment. In
contrast, DU-145 exhibited a cell population that was positive for annexin-V-DYE-634, but still had normal

Apm (see Q2), and it was only at 72 h that cells began losing their Aym.

We further investigated the effects of PT-112 on Aym using confocal fluorescence microscopy to
visualize mitochondrial membrane polarization. LNCap and DU145 cells were treated with vehicle or 25 uM
PT-112 for 72 h and stained with the nuclei marker Hoechst and a mitochondrial marker, either TMRE or
JC-1. TMRE staining intensity indicates the degree of mitochondrial membrane polarization, while a red-to-
green shift in the JC-1 staining indicates a reduction in mitochondrial membrane potential. In both cell lines,
clear evidence of mitochondrial membrane depolarization was observed, as indicated by diminished TMRE
intensity and by the green shift in the JC-1 stain (Figure 5B). Together, these results demonstrate that PT-

112 reduces mitochondrial membrane polarization, contributing to mitochondrial dysfunction.
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PT-112 alters mitochondrial respiration

We next evaluated the effects of PT-112 on mitochondrial respiration and the activity of respiratory
complexes in the electron transport chain (ETC). We analyzed the oxygen consumption rate (OCR) and the
extracellular acidification rate (ECAR) after 24 h of PT-112 treatment in LNCap-C4, indicating the rates of
respiration and glycolysis, respectively. Using cellular respiration modulators oligomycin, FCCP, and
rotenone/antimycin A, we assessed key parameters related to mitochondrial respiration and observed
compromised mitochondrial function in PT-112-treated cells compared to untreated cells (Figure 6A).
Specifically, relative to control cells, PT-112 caused reductions in 1) basal respiration, 2) ATP-linked oxygen
consumption (as shown by the reduction in the OCR upon oligomycin addition), and 3) the spare respiratory
capacity (SRC) (as shown by the increase in the OCR relative to basal respiration upon FCCP addition) (Figure
6A and 6B), all of which point to mitochondrial dysfunction [45, 46]. In addition, we generated “energy
maps” to compare shifts in cellular metabolic programs in response to PT-112. In line with the results above,
PT-112 decreased oxygen consumption (Figure 6C). Interestingly, PT-112 simultaneously reduced glycolysis
as indicated by a decrease in ECAR, shifting cells from being “energetic” (i.e. utilizing OXPHOS and glycolysis)
to “quiescent” (i.e. utilizing both metabolic pathways to a lesser degree), indicative of reductions in ATP

across these two major pathways.

Additionally, we characterized the basal protein expression of respiratory complexes and
supercomplexes within the ETC in the cell line panel, which showed differential metabolic phenotypes
(Supplementary Figure 2B). We further investigated respiratory complexes in DU-145. The activity of
specific complexes (Cl, Cll and CIV) and supercomplexes (Cl+ClIl and ClI+ClIl) was measured after PT-112
treatment via spectrophotometric quantification in mitochondrial extracts and compared to untreated
control cells. PT-112 treatment for 24 h significantly reduced the activity of Cl and CIV, as well as increased
the activity of supercomplexes involving Clll, with no notable effects on Cll (Figure 6D). Given that CllI
respiratory complexes contribute to ROS production [47, 48], this increase in the activity of Clll-containing

supercomplexes in response to PT-112 may explain mtROS generation (see Figure 4).

PT-112 causes morphological changes in mitochondria

In order to further assess the effects of PT-112 on mitochondria, we analyzed cell and organelle morphology
of DU-145 treated with PT-112 via TEM at different time points. Overall, after brief exposure as short as 1
h, PT-112 caused changes in mitochondrial morphology, electron density, and size; modifications to and

loss of cristae; and breakage of mitochondrial membranes, and these effects became more pronounced
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over time (Figure 7). Moreover, autophagic vacuole formation was observed, especially in the vicinity of
mitochondria, suggesting an active mitochondrial autophagic process, or mitophagy [49], in response to
PT-112. In addition to mitochondrial morphological changes, evidence of increased cytoplasmic complexity

and features of apoptosis were seen, as expected.

PT-112 induces DAMP release associated with ICD

Given the immunogenic properties of PT-112 demonstrated in mouse in vitro and in vivo models
[24, 28, 30, 44], we tested the ability of PT-112 to induce DAMP emission in human prostate cancer cell
lines. We assessed ATP release and calreticulin (CRT) exposure on the cell surface, both of which are
important immunostimulatory DAMPs essential for ICD [50]. Consistent with the prior findings, PT-112
caused ATP release in LNCap, 22Rv1 and DU-145 (Figure 8A). On the other hand, CRT exposure was clearly
detected in DU-145, but not in LNCap-C4 or 22Rv1 cells (Figure 8B). These data indicate that not all DAMPs

are necessary for ICD induction, and that the spectrum of DAMP release is cell-specific.

ICD has been linked to autophagy [51], and we previously reported the initiation of autophagy by
PT-112 in transformed murine fibroblast cell lines [28]. This is consistent with the evidence of PT-112-
induced mitophagy observed via TEM in Figure 7. Based on these data, we set out to investigate
autophagosome formation using the Cyto-ID® method, as well as LC3B-I to LC3B-Il conversion and p62

degradation as markers of autophagy initiation and completion, respectively.

As shown in Figure 9A, PT-112 induced autophagosome formation across the tested cell lines,
demonstrating autophagy initiation as early as 24 h of treatment. Most cell lines had reduced
autophagosome formation at 72 h relative to the 24 h time point, and in some cases the levels dropped
below those seen in control cells. These changes are likely due to the presence of apoptotic and/or dying
cells at these later time points, as shown in Figure 2. In contrast, PC-3 exhibited increasing autophagosome
formation over time, which may in part be explained by the lower degree of cell death in response to PT-

112 (i.e., more non-apoptotic cells measured in the assay) in comparison to the other cancer cell lines.

We then further explored autophagy in two cell lines, LNCap and PC-3, demonstrating a different
pattern for autophagy activation in response to PT-112. In LNCap cells, upon PT-112 treatment, we
observed the conversion of LC3B-I to LC3B-II, along with the reduction in the total expression levels of both
proteins. Similarly, a gradual decrease in p62 expression was observed in a time-dependent manner (Figure

9B). These results demonstrate the initiation of active autophagy by PT-112, followed by protein
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degradation at the end of the process. In contrast, while PC-3 cells exhibited a clear conversion of LC3B-I
to LC3B-Il in response to PT-112, we observed no changes in total protein levels, along with gradual
accumulation of p62 over time. These data point to the initiation of autophagy by PT-112 in PC-3, but p62
accumulation instead of degradation indicates that this process did not reach completion, at least within
72 h. This is suggestive of a differential autophagic flux in PC-3 cells, again perhaps relating to the lower
degree of PT-112-induced cell death compared to other cell lines at 72h (Figure 2). Nevertheless, PT-112
clearly activates autophagy in prostate cancer cells, as indicated by increases in autophagosome formation

and LC3B-I-to-LC3B-II conversion.

Discussion

This is the first demonstration of PT-112’s broad preclinical anticancer effects as well as its ability
to induce ICD and mitochondrial stress in human prostate cancer cells, in line with clinical evidence of PT-
112 activity observed in mCRPC patients [22, 23]. Specifically, using a panel of human prostate cancer cell
lines, the present study demonstrates the ability of PT-112 to 1) cause growth inhibition and death in cancer
cells without affecting non-tumorigenic epithelial prostate cells, 2) promote mitochondrial stress in cancer
cells, as evidenced by mtROS generation and disruptions in mitochondrial membrane potential, respiration,

and morphology, 3) activate autophagy, and lastly, 4) induce ICD.

The selective growth inhibition and cytotoxicity, as well as mitochondrial stress induction by PT-
112 observed in prostate cancer cells, but not in non-tumorigenic prostate cells, was consistent with our
prior data in the murine L929 system, where those cell lines with a higher degree of in vivo tumorigenicity
and metastatic potential exhibited a higher sensitivity to PT-112 [28, 35]. This selectivity may explain PT-
112’s general safety and tolerability observed in clinical studies [21, 24, 25, 31, 32, 52]. It is interesting to
note that PT-112 was active across different prostate cancer cell lines exhibiting varying basal mitochondrial
features and mutational status, suggesting broad clinical application in prostate cancer, especially the late-

line setting where the disease is highly heterogeneous [3-5, 53].

Moreover, the evidence of apoptosis and ICD in PT-112-treated cells raises an intriguing question
of how these distinct types of cell death could be observed simultaneously. Caspase-3-dependent apoptosis
was previously thought to be an immunologically silent event; however, there is emerging evidence that it
neither precludes ICD nor contradicts evidence of anticancer immunity [54]. Apoptotic cells can release
DAMPs and ultimately undergo ICD in certain conditions [54]. It is interesting to note that, in contrast to

what was observed here in human prostate cancer cells, PT-112-induced cell death in murine L929-derived
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cell lines did not rely on the activity of caspase-3. Nevertheless, evidence of ICD induction via DAMP release
was clearly observed in both L929-derived and human prostate cancer cell lines [28]. This suggests that
while varying cell death mechanisms are possible, the ability of PT-112 to induce ICD remains consistent

across all the cell lines tested and may be a more universal feature of PT-112’s mechanism.

Our findings clearly demonstrate that PT-112 causes mitochondrial stress and DAMP release in
prostate cancer cells. Given the link between these two events reported in the literature, it is plausible that
these effects observed in PT-112-treated cells may be directly related, contributing to an anticancer
immune response. For example, upon mitochondrial stress and damage, mitochondria have been shown
to promote not only mtROS generation, but also release of ICD-associated DAMPs such as ATP and HMGB1
[55, 56].

Our data also show the ability of PT-112 to affect autophagic flux (e.g. autophagosome formation,
autophagic degradation of proteins etc.), which may stem from mitochondrial stress, given mitochondria
are the major source of ROS required for autophagy induction [51, 57, 58]. Additionally, recent studies have
reported a link between the initiation of autophagy and the release of ATP, promoting ICD [51, 59].
Increased extracellular ATP can also lead to cancer cell death by contributing to mitochondrial membrane
damage and caspase-3-dependent apoptosis in tumor cells [51], suggesting bidirectionality and/or crosstalk
in this process. While the precise mechanisms through which mitochondrial stress leads to ICD in response
to PT-112 are to be investigated, it is likely that PT-112-driven mitochondrial stress contributes to ICD
induction via mtROS generation and DAMP release, the latter of which can be further stimulated upon

autophagy initiation.

Lastly, this work reinforces the ability of PT-112 to induce organelle stress, adding to the recent
finding that PT-112 caused ribosome biogenesis inhibition and nucleolar stress as early as 6 to 8 h post-
treatment in vitro [26]. These events have been reported to contribute to downstream organelle stresses,
including mitochondrial stress. During nucleolar stress, nucleolar proteins such as NPM1 translocate to the
nucleoplasm and interact with mitochondrial proteins, causing mitochondrial stress and release of
mitochondrial DNA (mtDNA) into the cytosol, potentially activating the innate immune system via
cGAS/STING [60-64]. Interestingly, mtDNA release has been observed in PT-112-treated cancer cells [27].
Disrupted ribosome biogenesis has also been shown to upregulate autophagy [65], which is linked to ICD
as described above, and can have broad impacts on protein translation that likely plays a role in driving

organelle stress. Moreover, this disruption could explain PT-112’s selectivity to cancer cells observed here.
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Cancer cells have increased demand for ribosome biogenesis in the nucleolus compared to normal cells
due to high proliferation rates and associated need for protein generation [66, 67], potentially rendering

them more sensitive to ribosome biogenesis disruption by PT-112.

Conclusions

In the evolving treatment landscape of mMCRPC, there remains a need for novel therapies with anticancer
immune effects. PT-112 is a promising small molecule with a mechanism of action selective to cancer cells,
causing organelle stress and ICD. Taken together, our data provide additional insight into mitochondrial
stress and ICD in response to PT-112 and how these effects culminate in anticancer immunity. PT-112
immunogenicity could in part explain previous clinical observation of durable responses extending beyond
the treatment duration [24] and immune effects demonstrated in a small cohort of human patients [31,
32]. In addition, the broad activity of PT-112 in prostate cancer cells coupled with its differentiated
mechanism from the current standards of care could help address the high unmet need in late-line mCRPC.
PT-112 monotherapy is currently under investigation in a Phase 2 study with mCRPC patients who have
exhausted SOC options [20]. Future work will aim to further characterize and identify key components
facilitating PT-112-induced mitochondrial stress and exploring connections with ICD and ribosome

biogenesis inhibition.
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Figures and legends
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Figure 1. Relative cell growth (%) upon PT-112 treatment compared to untreated control (CTRL) cells. Cell
lines were incubated with increasing concentrations of PT-112 (2, 6, and 10 uM) for 24-72 h. Cell growth
was measured by the MTT assay. Results are shown as a mean + SEM of at least 2 independent experiments
performed in duplicate. * p <0.05, ** p<0.01, *** p <0.001, **** p < 0.0001.
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Figure 2. Relative cell death (%) upon PT-112 treatment compared to untreated control (CTRL) cells. Cells
were incubated with increasing concentrations of PT-112 (2, 6, and 10 uM) for 24-72 h. Cells were then
simultaneously stained with annexin-V-FITC and 7-AAD and analyzed by flow cytometry. Results are shown
as mean = SEM of at least 2 independent experiments performed in duplicate. * p < 0.05, ** p <0.01, ***
p <0.001, **** p <0.0001.
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Figure 3. Characterization of cell death induced by PT-112 in human prostate cancer cells. (A) Dot-plots
represent the 7-AAD and annexin-V-FITC staining evolution of DU-145 cells treated with 10 uM PT-112 for
24-72 h compared to untreated control (CTRL) cells. (B) Levels of caspase-3 activation upon PT-112
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treatment in LNCap-C4 and DU-145. Cells were treated with 10 uM of PT-112 for 24-72 h, incubated with
anti-cleaved caspase-3 labeled with FITC dye, and analyzed by flow cytometry. The numbers in each box
represent the percentage of cleaved caspase-3 compared to untreated control (CTRL) cells. (C)
Representative images of cells treated with 10 uM PT-112 for 72 h were taken using an inverted
microscope. (D) Effects of Z-VAD-fmk and/or necrostatin-1 (Nec-1) inhibitors on PT-112-induced-cell death.
Cells were pretreated for 1 h with or without pan-caspase and/or necroptosis inhibitors and incubated with
10 uM of PT-112 for 48 h. Flow cytometry analysis was performed using annexin-V-FITC and 7-AAD staining.
Results are shown as mean + SEM of at least 2 independent experiments performed in duplicate. Statistical

significance compared to cells treated with PT-112 only is depicted in the graphics. ** p < 0.01, *** p <
0.001.
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Figure 4. Effects of PT-112 on mtROS production and mitochondrial mass in human prostate cancer cell
lines. (A) mtROS levels in cells treated with 10 uM PT-112 for 24-72 h were analyzed by flow cytometry
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using MitoSOX™ labeling. Graph bars correspond to mean fluorescence intensity (MFI) normalized to
untreated control (CTRL) cells. (B) Representative histograms showing mtROS production in DU-145 and
LNCap-C4. Dotted histograms correspond to the fluorescence of untreated control (CTRL) cells, and gray-
colored histograms correspond to the fluorescence values of treated cells. (C) Mitochondrial mass
(mitoMass) was measured by flow cytometry using MitoTracker™ Green in DU-145 upon 10 uM PT-112
incubation for 24, 48, and 72 h. Graph bars correspond to mean fluorescence intensity (MFI) normalized to
CTRL. Results are shown as mean + SEM from 3 independent experiments. ** p < 0.01.
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Figure 5. Effects of PT-112 on mitochondrial membrane potential (Arm) in human prostate cancer cell lines.
(A) Mitochondrial membrane potential was monitored by flow cytometry using simultaneous TMRE and
annexin-V-DYE-634 staining in DU-145 and LNCaP-C4 treated with 10 uM PT-112 for 48 h and 72 h. The
series of dot plots show the staining evolution of the treated cell population compared to the control
(CTRL). (B) Confocal fluorescence microscopy images correspond to mitochondrial staining of LNCap and
DU-145 cell lines with TMRE or JC-1, with or without 25 uM PT-112 treatment for 72 h. Nuclei were stained
in blue using Hoechst dye.
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Figure 6

Figure 6. Effects of PT-112 on mitochondrial respiration and activity of respiratory complexes and
supercomplexes in the ETC. (A) OCR and ECAR were measured in LNCap-C4 cells treated with vehicle (CTRL)
or 10 uM PT-112 for 24 h. Dotted vertical lines indicate administration of injections of the specified cellular
respiration modulators at different time points, such that basal respiration (i.e. OCR prior to oligomycin
injection), ATP-linked oxygen consumption (the difference between basal OCR and oligomycin-inhibited
OCR) and spare respiratory capacity (the difference between FCCP-induced maximal OCR and basal OCR)
were investigated. Results are expressed as mean + SEM at each time point. (B) Graph bars quantifying
basal respiration measured in Figure 6A. Results are expressed as mean + SEM. *** p < 0.001. (C) Energy
map plotting OCR (indicative of OXPHQOS) vs. ECAR (indicative of glycolysis) for cells treated with vehicle
(CTRL) or 10 uM PT-112 for 24 h. Four relative bioenergetic phenotypes (aerobic vs. glycolytic and energetic
vs. quiescent) are labeled. Note that the axes for OCR in (A) and (C) utilize arbitrary units (a.u.), and thus
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are not comparable. (D) Bar graphs show the activity of respiratory complexes and supercomplexes in DU-
145 cells treated with 10 uM PT-112 for 24 h. Results are expressed as mean + SEM. * p < 0.05, *** p <
0.001.
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Figure 7

Figure 7. Effects of PT-112 on cell and organelle morphology in DU-145 cells treated with vehicle (CTRL) or
10 uM PT-112 for 1, 6, 24 and 48 h. Representative TEM images at the indicated resolution are shown.
Letters and symbols indicate the following. Red arrows: mitochondria cristae, blue arrows: accumulation
of degraded membranes inside the mitochondrial matrix, PR: Polyribosome, C: Cytoplasm, M:
Mitochondria, N: Nucleus, AB: Apoptotic Body, EDV: Early Degradation Vesicle (secondary lysosome), LDV:
Late Degradation Vesicle (late lysosome), ER: Endoplasmic Reticulum, V: low electron density vacuole.
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White numbers in the right bottom image (48h time) illustrate sequential stages of a possible mitophagy

process.

Figure 8. DAMP emission induced by PT-112 in human prostate cancer cell lines. (A) ATP release and (B)
calreticulin exposure upon 10 uM PT-112 treatment for 48 h. Bar graphs show relative measurement for
each parameter normalized to untreated control (CTRL) samples. Results are expressed as mean + SEM
from 2 independent experiments. RLU: relative light units. * p < 0.05, *** p <0.001, *** p < 0.001.
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Figure 9. Autophagy induction by PT-112. (A) Analysis of autophagosome formation. Cells were incubated
with 10 pM of PT-112 for 24-72 h. The autophagosome formation was analyzed by flow cytometry using
the Cyto-ID" method. Bars represent the mean fluorescence intensity (MFI) of treated cells compared to
untreated control cells (CTRL). (B) Analysis of p62 and LC3BI/Il expression levels upon 10 uM of PT-112
treatment. B actin was used as a control of protein loaded.
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Supplementary Material

A celline 1C, () SRS B
PC-3 >10 1.06 & d’?’ N
DU-145 215 165 o F s S FFFE
VCap >10 0.27 _ P& ITITS Q-?
> o~
o 265 oso S0 [ EE SR Hrt
LNCap-C4  1.32 1.74 z 42‘1—-—...-__._._. 8 actin
LNCap-C4-2 1.88 1.30 =
RWPE-1 - 0.09
S. Figure 1

Supplementary Figure 1. Relationship between HIF-1a protein expression levels and PT-112 sensitivity. (A)
Levels of HIF-1a expression were analyzed by western blot in prostate cancer cell lines and non-tumorigenic
RWPE-1 cells. B actin was used as a control for protein loading. (B) ICso values were calculated from 72 h
cell growth inhibition experiments (Figure 1).
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Supplementary Figure 2. Basal mitochondrial characterization of human prostate cancer cell lines and the
non-tumorigenic prostate cell line RWPE-1. (A) Graph bars correspond to mean fluorescence intensity (MFI)
normalized to the non-tumorigenic cell line RWPE-1. The ratio of mtROS levels to mitochondrial mass was
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calculated and normalized to that of RWPE-1. Results are shown as a mean + SEM of at least 3 experiments.
(B) Protein expression of respiratory complexes and supercomplexes (SCs) was first normalized to Complex
V then compared to healthy prostate cell line RWPE-1. The numbers represent the summed expression
level of the indicated complex protein found as a monomer or within a SC. Complex and SC composition
are annotated in the figure, with unresolved SC bands labeled as CI-SC (left) and ClII-SC (right).
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Abstract

PT-112is a novel immunotherapeutic agent with promising clinical activity in patients with a variety of solid
tumors. Mechanistically, PT-112 has been shown to kill malignant cells while eliciting the emission of
endogenous adjuvant-like signals commonly known as damage-associated molecular patterns (DAMPs),
which promote the recognition of cancer cell death as immunogenic. In line with this notion, PT-112 has
been shown to positively interact with immune checkpoint inhibitors in preclinical models of mammary and
colorectal carcinoma. Mitochondrial outer membrane permeabilization (MOMP) as mediated by BCL2
associated X, apoptosis regulator (BAX) and BCL2 antagonist/killer 1 (BAK1) and antagonized by BCL2,
apoptosis regulator (BCL2) and BCL2-like 1 (BCL2L1, best known as BCL-X.) has been shown to regulate both
the cytotoxicity and immunostimulatory potential of various anticancer agents. Here, we harnessed mouse
mammary carcinoma TS/A cells bearing genetic alterations that affect the molecular machinery for MOMP
to demonstrate that while the overtly cytotoxic effects of PT-112 and hence the short-term release of the
cell death-related DAMP high mobility group box 1 (HMGB1) involves MOMP, its cytostatic activity does
not. Along similar lines, MOMP defects failed to alter the ability of PT-112 to elicit the immunogenic cell
death (ICD)-associated exposure of calreticulin (CALR) on the outer leaflet of the plasma membrane, as well
as the secretion of type | interferon (IFN). That said, the absence of BAX and BAK1 considerably limited
MHC Class | exposure in TS/A cells, overall pointing to partial involvement of MOMP in the immunogenicity

of PT-112-driven cell death.

Doctoral Thesis|158



Chapter Ill: Mitochondrial implications on ICD

Introduction

PT-112 is a novel immunotherapeutic agent with promising single-agent clinical activity in patients
affected by advanced solid tumors of different origin (Karp et al., 2022), including (but not limited to)
castration-resistant prostate cancer (Alan Haruo Bryce et al., 2021; Bryce et al., 2020) and thymic epithelial
tumors (M. McAdams et al., 2023). In line with this notion, PT-112 has been shown to efficiently arrest the
proliferation and kill a wide panel of human and mouse cancer cell lines (Ames et al., 2016), with a
mechanism of action that appears to involve ribosomal biogenesis inhibition (C. Y. Yim et al., 2023) coupled
to mitochondrial stress (Agesta et al., 2022; Soler-Agesta, Ames, et al., 2022; Soler-Agesta, Marco-Brualla,
et al.,, 2022b). Importantly, PT-112 has also been demonstrated to elicit a type of cell death that (in
immunocompetent hosts) can elicit the activation of adaptive anticancer immune responses associated
with an active effector phase (Yamazaki et al., 2019; T. Yamazaki, A. Buqué, et al., 2020), i.e., immunogenic
cell death (ICD) (Pan et al., 2024). Accordingly, PT-112 appears to positively cooperates with various
immune checkpoint inhibitors (ICls) in the control of syngeneic mouse tumor models (T. Yamazaki, A.
Buqué, et al., 2020). Moreover, two Phase | clinical trials testing PT-112 in combination with an ICl specific
for CD274 (best known as PD-L1) documents promising activity in patients with castration-resistant

prostate cancer (A. H. Bryce et al., 2021).

Of note, the ability of cancer cells to release endogenous molecules with adjuvant-like activity as
they succumb to perturbations of homeostasis that cannot be resolved by core mechanisms of adaptation
like the integrated stress response (ISR) or autophagy (Lorenzo Galluzzi, Takahiro Yamazaki, et al., 2018) is
critical for cell death to be perceived as immunogenic (Kroemer et al.,, 2022). These molecules are
commonly referred to damage-associated molecular patterns (DAMPs) and include calreticulin (CALR),
which is exposed on the surface of cancer cells undergoing ICD, as well as ATP and high-mobility group box
1 (HGMB1), which are release therefrom (Fucikova et al., 2021; Kepp et al., 2021; Kroemer et al., 2022).
Moreover, the activation of adaptive immunity by dying cells generally involves their ability to secrete
immunostimulatory cytokines like type | interferon (IFN), a process that (at least in some settings) results
from mitochondrial damage and the consequent release of mitochondrial DNA (mtDNA) in the cytosol,
culminating with the activation of cyclic GMP-AMP synthase (CGAS) (Marchi et al., 2023; T. Yamazaki, A.
Kirchmair, et al., 2020). Finally, the effector phase of antigen-specific anticancer immune responses as
elicited by ICD requires that target cells present antigenic determinants on their surface in complex with
MHC Class | molecules to enabling recognition and elimination by CD8" cytotoxic T lymphocytes (CTLs)

(Jhunjhunwala et al., 2021; Yang et al., 2023) .
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Mitochondrial outer membrane permeabilization (MOMP) as elicited by BCL2 associated X,
apoptosis regulator (BAX) and BCL2 antagonist/killer 1 (BAK1) and antagonized by BCL2, apoptosis regulator
(BCL2) and BCL2-like 1 (BCL2L1, best known as BCL-X.) has been involved not only in the ability of multiple
anticancer agents to kill malignant cells (Bock & Tait, 2020; Tait & Green, 2010), but also in their capacity
to elicit the secretion of type | IFN via the mtDNA-dependent activation of CGAS (McArthur et al., 2018;
Riley et al., 2018; Takahiro Yamazaki et al., 2020). Here, we harnessed mouse hormone receptor (HR)-
positive T/SA cells (De Giovanni et al., 2019) to demonstrate that while MOMP is involved in the acute
cytotoxic effects of PT-112, genetic alterations in core components of the MOMP machinery generally fail

to alter its antiproliferative and immunostimulatory activity.
Materials and Methods

Chemicals and cell culture. TS/A cells (SCC177) were obtained from Millipore Sigma and maintained in
culture as per manufacturer’s recommendations. Wild-type (WT) TS/A and TS/A-derived clones were
routinely cultured at 37 °C under 5 % of CO; in DMEM containing 1 mM sodium pyruvate, 1mM HEPES
buffer, 4.5 g/L glucose (Corning”) and supplemented with 10% fetal bovine serum (GeminiBio), 100

tg/mL streptomycin sulfate, 100 U/mL penicillin sodium and 290 pg/mL L-glutamine (Gibco™).

CRISPR/Cas9. TS/A cells were transfected with a commercial control CRISPR-cas9 plasmid (CRISPRO6-1EA,
Sigma Aldrich) or customized CRISPR-cas9 plasmids based on CRISPRO6-1EA targeting Bak1, Bax, Bcl2, Bcl211
(Sigma Aldrich), harnessing the TransIT-CRISPR as per manufacturer protocol. After transfection, individual
GFP-expressing cells were sorted into 96-well plates using a FACS Symphony S6 Sorter (BD Biosciences) for

expansion and immunoblotting validation.

Immunoblotting. Immunoblotting was performed according to conventional procedures (Takahiro Yamazaki
et al., 2020) with primary antibodies specific for BAK1 (#12105, Cell Signaling Technology, 1:500), BAX
(#2772, Cell Signaling Technology, 1:1,000), BCL2 (#3498, Cell Signaling Technology, 1:500), BCL-X, (#2764,
Cell Signaling Technology, 1:500) and ACTB1 (#3700, Cell Signaling Technology, 1:2,000) as a loading control.
After washing and incubation with horseradish peroxidase-conjugated anti-rabbit (#NA934, GE Healthcare
Life Sciences, 1:5,000) or anti-mouse secondary antibodies (#NA931, GE Healthcare Life Sciences, 1:5,000),
the SuperSignal West Femto Maximum Sensitivity Substrate (#34094, Thermo Fisher) was employed to
visualize protein expression on an Azure 600 Imaging System operated by Azure capture v. 1.9.0.0406 (Azure

Biosystems).
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Cell number and cell death. Cell number and cell death were evaluated by flow cytometry using the Attune
NxT flow cytometer (Thermo Fisher Scientific) upon staining with 0.5 pg/mL 4',6-diamidino-2-phenylindole
(DAPI, Sigma-Aldrich).

Clonogenic assays. Seven days after treatment initiation colonies were fixed with 70% ethanol and stained
with 0.1% crystal violet (Electron Microscopy Sciences), according to conventional procedures (Serrano-
Mendioroz et al., 2023). Colonies were manually counted with the eCountTM Colony counter (Heathrow

Scientific).

Mitochondrial parameters. Mitochondrial membrane potential and mitochondrial mass were analyzed by
flow cytometry using the Attune NxT flow cytometer (Thermo Fisher Scientific) upon staining with 100 nM
MitoTracker™ Deep Red FM (Invitrogen™), 150 nM of MitoTracker™ Green FM (Invitrogen™), and 0.5 pg/mL

DAPI (Sigma-Aldrich), which was used as a vital dye.

DAMP emission. HMGB1, and type | IFN release were quantified with the HMGB1 express ELISA Kit (Tecan),
and the IFN-B ELISA kit, High Sensitivity (PBL Assay Science), respectively, as per manufacturer’s
recommendations. Sample absorbance at 450 nm was measured on a FlexStation 3 Multi-Mode Microplate
Reader operated by SoftMaxPro v.5.4.6 (Molecular Devices LLC). Absolute quantification was calculated

based on standard curves with R?>0.99.

MHC-I and CRT surface expression. Cells were washed with PBS and stained with Zombie Aqua™ Fixable
Viability Kit (BioLegend) for 15 min. Subsequently, cells were washed and incubated with the Calreticulin
(D3E6) XP® rabbit monoclonal antibody PE Conjugate (#19780S, Cell Signaling, 0.5 ulL/sample) and PE anti-
mouse H-2 Antibody anti-H-2- M1/42 (#125505, BioLegend, 1 uL/sample) in 0.5% BSA in PBS (FACS buffer)
for 25 min at 4°C in the dark. Then, cells were washed and fixed with eBioscience™ Intracellular Fixation &
Permeabilization Buffer Set (Invitrogen) for 30 min at 4°C in the dark, incubated with the permeabilization
buffer eBioscience™ Intracellular Fixation & Permeabilization Buffer Set (Invitrogen) for 5 min, washed and
resuspended in FACS buffer for analysis by flow cytometry (Attune NxT flow cytometer, Thermo Fisher

Scientific). Zombie Aqua™ positive cells (i.e., dead cells) were excluded from the analysis.

Immunofluorescence microscopy. For cytosolic dsDNA analysis, cells growing on glass coverslips were fixed
with 4% paraformaldehyde (#sc-281692, Santa Cruz Biotechnology), plasma membrane was permeabilized
with 0.1% Tween20 and 0.01% Triton X-100 in PBS followed by incubation with specific dsDNA primary
antibody (#ab27156, Abcam, 1:1,000). Cells were next washed with 0.1% Tween20 in PBS and incubated
with Goat Anti-Mouse IgG H&L (Alexa Fluor® 488) preadsorbed (#ab150117, Abcam). Finally, samples were
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washed and mounted on slides with Hoechst 33342-containing ProLong Glass Antifade Mountant (Thermo

Fisher Scientific).

Images were acquired with an EVOS FL Imaging System operated by embedded software v.1.4 (Rev 26059)
(Thermo Fisher Scientific). Quantitative dsDNA analyses were performed on 210 randomly selected images
per condition. Briefly, blue (nuclear) and green (dsDNA) levels were normalized with a LUT file optimized
for each sample set on Photoshop v. 25.7.0 (Adobe), followed by the identification of nuclear and
cytoplasmic regions of interest, which were quantified for the presence and relative localization of dsDNA
spots above a predefined threshold size (to account for background noise) with Cell Profiler v. 4.2.1 (Broad

Institute). All steps were performed with commands that are publicly available at https://cellprofiler.org/

(Sato et al., 2022; Sato et al., 2021).

Data processing and statistical analysis. Prism v. 10 (GraphPad) and Excel 2021 (Microsoft) were used for
data processing, plotting and statistical analysis. Illustrator 2020 (Adobe) was used for figure preparation.
Otherwise noted, for statistical analysis, two-way ANOVA and uncorrected Fisher’s LSD were applied in
comparisons involving two or more groups. For samples not following a Gaussian distribution, statistical
significance was assessed by Wilcoxon test. Unless otherwise noted, all experiments were performed at

least in three independent replicates.
Results

Antiproliferative and cytotoxic effects. To investigate the involvement of the molecular machinery
for MOMP in in the anticancer activity of PT-112, we harnessed the CRISPR/Cas9 technology to establish
multiple mouse HR* mammary carcinoma TS/A cell clones lacking Bax plus Bak1, or Bcl2 plus Bcl2/1 (Suppl.
Fig. 1A) and tested their sensitivity to the antiproliferative and cytotoxic effects of PT-112. In line with
previous findings (Ames et al., 2016), exposing control TS/A cells to 20 uM or 40 uM PT-112 resulted in a
pronounced proliferative arrest (Fig. 1A) coupled with a dose-dependent accumulation of dead cells (Fig.
1B), as assessed by enumerating cell number by flow cytometry in the presence of a DAPI, which selectively
stains dead cells (Galluzzi et al., 2009). Of note, while the ability of PT-112 to kill TS/A cells was exacerbated
in Bcl27Bcl2117- TS/A cell clones and compromised in Bax”Bakl”" TS/A cell clones (Fig. 1B), its
antiproliferative potential was not altered by genetic perturbations affecting MOMP (Fig. 1A). These
findings were corroborated by conventional clonogenic assays (Serrano-Mendioroz et al., 2023) (Fig. 1C).
Interestingly, cell death as driven by PT-112 in control TS/A cells was accompanied by a dose-dependent

increase in total mitochondrial mass (Fig. 1D), but considerably less so in mitochondrial transmembrane
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potential (Ayn) (Fig. 1E), as assessed by flow cytometry upon staining with the mass- and An-sensitive
probes MitoTracker™ Green FM and MitoTracker™ Deep Red FM, respectively, resulting in relative
mitochondrial depolarization (Fig. 1F). The increase in mitochondrial mass elicited by PT-112 was
exacerbated in Bc/27°Bcl2/117° TS/A cell clones and reduced in Bax” Bak1”-TS/A cell clones (Fig. 1D), the latter
of which also exhibited improved mitochondrial polarization as compared to control TS/A cells (Fig. 1E). In
this setting, Bcl27°Bcl2117" TS/A cell clones were more sensitive to relative mitochondrial depolarization as
elicited by PT-112, while their Bax”"Bak1” counterparts responded to PT-112 with relative mitochondrial
hyperpolarization (Fig. 1F), which is in line with (1) the role of MOMP and consequent mitochondrial
depolarization in apoptotic cell death (Vitale et al., 2023), and (2) the differential sensitivity of Bc/2”°Bcl211°
and Bax”Bak1” TS/A cell clones to PT-112 induced cell death (Fig. 1B).

Taken together, these findings indicates that PT-112 exerts antiproliferative effects independent

of mitochondrial apoptosis but mediates overt cytotoxicity through BAX- and BAK1-dependent MOMP.

DAMP emission. We next focused on the impact of the MOMP machinery on the ability of PT-112
to promote the release of ICD-relevant DAMPs and modulate the visibility of cancer cells to CD8" CTLs
(Galluzzi et al., 2024). The relative mitochondrial depolarization promoted by PT-112 in TS/A cells (Fig. 1F)
was accompanied by the dose-independent accumulation of cytosolic double-stranded DNA (dsDNA) (Fig.
2A, B), which is known to drive type | IFN secretion (Marchi et al., 2023). Accordingly, TS/A cells exposed to
PT-112 secreted approximately two-fold more interferon beta 1 (IFNB1) in their supernatant than their
control counterparts (Fig. 2C). However, while the absence of BAX and BAK1 completely abrogated cytosolic
dsDNA accumulation as elicited in TS/A cells by PT-112 (Fig. 2A, B), it failed to influence type | IFN secretion
(Fig. 2C). Of note, the Bcl2”°Bcl2/17" phenotype had little effects on the ability of PT-112 to promote
cytosolic dsDNA accumulation (Fig. 2A,B) and type | IFN release (Fig. 2C), potentially suggesting the (at least
partial) involvement of alternative mechanisms of mitochondrial permeabilization, e.g., the mitochondrial
permeability transition (MPT) (Bonora et al.,, 2022) or an accrued reliance of TS/A cells on another
antiapoptotic protein of the BCL2 family to preserve mitochondrial integrity, namely MCL1 apoptosis

regulator, BCL2 family member (MCL1) (Vitale et al., 2023).

As previously demonstrated with higher PT-112 doses (T. Yamazaki, A. Buqué, et al., 2020), WT
TS/A cells exposed to 20 uM or 40 uM PT-112 for 48 hours exposed CALR on the outer leaflet of the plasma
membrane, with non-significant differences across doses (Fig. 3A), an immunogenic effect that was not
influence by the Bax”"Bak1”" or the Bcl27/"Bcl2/17 genotype (Fig. 3A). These findings are in line with the

notion that CALR exposure in malignant cells undergoing ICD involves the ISR, and notably its
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pathognomonic inactivating phosphorylation of eukaryotic translation initiation factor 2 subunit alpha

(EIF2S1, best known as elF2a), but not MOMP (Galluzzi et al., 2024).

At odds with previous findings obtained with ~100 uM PT-112 (T. Yamazaki, A. Buqué, et al., 2020),
WT TS/A cells treated in vitro with 20 uM or 40 uM PT-112 for 48 hours did not release significant amounts
of HMGB1 in the culture supernatant (Fig. 3B). Conversely, the concomitant absence of BCL2 and BCL-X,
enabled abundant HMGB1 secretion by TS/A cell clones responding to PT-112, which is in line with the
accrued cytotoxic response of these cells (Fig. 1D). Bax”Bak1”" TS/A cell clones exposed to 40 uM PT-112
for 48 hours exhibited significant reduced HMGB1 release as compared to their similarly treated WT
counterpart, although the magnitude of this effect was minimal (Fig. 3B). Most likely, such a marginal effect

was due to the lack of HGMB1 release in WT TS/A cells.

Finally, TS/A cells exposed to 20 uM or 40 uM PT-112 for 48 hours exhibited a nearly 2-fold
upregulation in surface-expose MHC Class | molecules as compared to their untreated counterparts (Fig.
3C). Intriguingly, this was not affected by the co-deletion of Bc/2 and Bc/2/1 but was significantly limited by
the concomitant absence of BAX and BAK1 (Fig. 3C), potentially suggesting a role for cytosolic dsDNA

accumulation (but not type | IFN signaling) (Fig. 2B, C) in this process.

Altogether, our findings point to a partial involvement of the molecular machinery for MOMP in

the cytotoxic and immunogenic activity of PT-112 in TS/A cells.
Discussion

In summary, the molecular machinery for MOMP appears to be dispensable for the
antiproliferative effects that PT-112 exerts on mouse HR* mammary carcinoma TS/A cells, but to be
involved in its overt cytotoxic effects and associated release of the immunostimulatory DAMP HMGB1 in
the culture supernatant. Moreover, MOMP seems to influence, at least in part, the ability of PT-112 to
promote the upregulation of MHC Class | molecules on the outer leaflet of the plasma membrane, but not

the ICD-associated exposure of CALR.

Thus, while these findings have been obtained with a single cell line and hence must be
recapitulated in other cellular systems, MOMP may influence (at least in part) the ability of PT-112 to elicit
bona fide ICD associated with immunological protection in gold-standard prophylactic vaccination assays
(Fucikova et al., 2020), a possibility that we are currently investigating. Moreover, while the concomitant
absence of BAX and BAK1 limited the cytosolic accumulation of dsDNA and the upregulation of MHC Class

I molecules on the TS/A cell surface as elicited by PT-112, the co-deletion of Bc/2 and Bcl2/1 had little effects
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on these processes (Fig. 2B and 3B). These finding may indicate that TS/A cells either are particularly
dependent on MCL1 for the preservation of mitochondrial integrity under stressful conditions (Vitale et al.,
2023) or respond to PT-112 with the MPT, a MOMP-related but not completely overlapping mechanism of
mitochondrial permeabilization (Bonora et al., 2022). Thus, it will be interesting to test the antiproliferative,
cytotoxic and immunostimulatory effects of PT-112 in Bc/27°Bcl2117- TS/A cells also exposed to an MCL1-
specific inhibitor such as ABBV-467 (Yuda et al., 2023) or an MPT inhibitor such as cyclosporin A (CsA)
(Bonora et al., 2022).

That said, activation of apoptotic caspases as elicited by widespread MOMP has been associated
with multipronged immunosuppressive effects including suppressed type | IFN signaling in a variety of
settings (Rodriguez-Ruiz et al.,, 2019; Anthony Rongvaux et al., 2014; White et al., 2014). At least
hypothetically, this may also explain why Bcl27°Bcl2/117- TS/A cells (which are more prone to activate
caspases as compared to their WT counterparts) failed to exhibit superior type | IFN secretion. Finally, while
Bax”"Bak1” TS/A cells exhibited limited PT-112-driven cytosolic dsDNA accumulation as compared to their
WT counterparts (Fig. 2B), the concomitant absence of BAX and BAK1 failed to affect PT-112-drive type |
IFN secretion, potentially pointing to extramitochondrial nucleic acids (notably nuclear DNA or RNA species)

as potential drivers of the latter process. Additional work is required to clarify this possibility.

Despite this and other unknown, the molecular machinery for MOMP appears to be partially
involved in the immunogenicity of PT-112, suggesting that (at least in some settings), pharmacologically
compromising the mitochondrial checkpoint (Yamazaki & Galluzzi, 2020) may boost the ability of PT-112 to

elicit therapeutically relevant anticancer immunity.
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Figure 1

Figure 1. PT-112 represses cancer cell proliferation and induces Bax and Bak-dependent cell death
associated with mitochondrial stress. TS/A WT and genetically modified Bc/27°Bcl2/17- and Bax”"Bak”" cells
were treated with 20 uM or 40 uM of PT-112 and incubated for 72 h. (a) Normalized cell number and (b)
percentage of DAPI * cells (death cells) was evaluated by flow cytometry using DAPI staining. (c) Residual
clonogenic potential of cells exposed to 0.5 uM, 1 uM and 3 uM PT-112 and allowed to generate colonies
for 7 d. Results are represented as the mean + SEM of 6 biological duplicates from at least, 3 independent
experiments. **** pn<0.0001, compared to TS/A WT for each individual concentration (paired two-tailed
Student’s t-test). (d) Changes in mitochondrial membrane potential (MMP) and (e) mitochondrial mass
were evaluated by flow cytometry in the indicated concentrations of PT-112 for 72 h. Data are represented
as the mean fluorescence intensity (MFI) normalized to MFI of untreated cells of the same genotype. (f)
MMP and mitochondrial mass MFI ratio. In a, b, e, and f results are represented as the mean + SEM of 2
biological duplicates from 3 independent experiments. **** p<0.0001, ** p<0.01, * p<0.05, compared to
untreated cells of the same genotype. #### p<0.0001, ### p<0.001, ## p<0.01, compared to TS/A cells
treated with the same dose of PT-112 (two-way ANOVA). Symbols represents different cell clones with

same genotype.
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Figure 2. PT-112 induces MOMP-dependent cytosolic dsDNA accumulation and type | IFN production. (a,
b) Automated image analysis of cytosolic dsDNA accumulation in TS/A WT and genetically modified Bc/27
Bcl2117 and Bax”"Bak” cells upon 48 h of incubation with 20 uM or 40 pM PT-112 were assessed by
immunofluorescence using a dsDNA-specific antibody. (a) Representative images (scale bar, 20 um) and (b)
guantitative results are represented as the mean + SEM of 2 independent experiments (two-way ANOVA).
(c) IFNB1 levels in the supernatant of TS/A WT and genetically modified Bc/27-Bcl2/17- and Bax”"Bak”" cells
upon 24 h of incubation with 20 uM or 40 uM PT-112. Results are represented as the mean + SEM of 2
biological duplicates from 3 independent experiments (paired two-tailed Student’s t-test). **** p<0.0001,

** p<0.01, * p<0.05, compared to untreated cells of the same genotype. ####f p<0.0001, # p<0.05,
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compared to TS/A cells treated with the same dose of PT-112. Symbols represents different cell clones with

same genotype.
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Figure 3. PT-112 elicits signals of ICD and increases MHC class | exposure. TS/A WT and genetically modified
Bcl2”°Bcl2117- and Bax”Bak”" cells were treated for 48 h with 20 uM or 40 pM PT-112. (a) Ecto-calreticulin
levels (CALR) were analyzed by flow cytometry using specific labelled anti-CALR antibody. Results are
represented as the MFI normalized to MFI of WT untreated cells. (b) HMGB1 amounts in the supernatant.
(c) Levels of MHC class | cell-surface exposure were analyzed by flow cytometry using specific labelled anti-
MHC-I antibody. Results are represented as the MFI normalized to MFI of WT untreated cells. Data shown
corresponds to the mean + SEM of 2 biological duplicates from 3 independent experiments. In a, ¢, zombie
aqua positive cells (death cells) were excluded from the analysis. **** p<0.0001, compared to untreated
cells of the same genotype. #### p<0.0001, ## p<0.01, compared to TS/A cells treated with the same dose

of PT-112 (two-way ANOVA). Symbols represents different cell clones with same genotype.
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Suppl. Fig. 1. Validation of Bcl27-Bcl2/17- and Bax”-Bak” cell clones. Absence of BCL2, BCL2L1, BAX and BAK

proteins in cell lysates from different clones was validated by Western blot technique.
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7.General discussion

PT-112 is a small platinum molecule conjugated to a pyrophosphate currently in clinical trials for
solid tumors including mCRPC. From a structural point of view, PT-112 seems to be unique in its class as it
contains a pyrophosphate moiety that attributes to it a marked affinity for bone tissue, something that the
closest chemical analog oxaliplatin does not share. Accordingly, the initiation of this work was driven by the
scientific premise that a chemotherapeutic platinum agent with a chemical structure such as PT-112 could
establish novel intracellular interactions compared to their traditional platinum salts analogs. In part, PT-
112 chemical nature appeals to a traditional bisphosphonate whose clinical administration is indicated to
manage bone-related pathologies (Russell et al., 2008). For instance, heterocyclic nitrogen-containing
bisphosphonates such as zoledronic acid are known to inhibit the enzyme farnesyl pyrophosphate synthase
(FPPS) of the mevalonate pathway, preventing bone resorption by osteoclasts (Jahnke et al., 2010). In
relation to this, Qiu and colleagues have reported the synthesis of a zoledronic acid-platinum complex
[Pt(en)],ZL, that demonstrated anticancer effects on human gastric cancer cells SGC7901. This effect was
mediated by preventing the prenylation of small G proteins, possibly through inhibition of the enzymes of

the mevalonate pathway (Qiu et al., 2017).

Similarly, in this work we hypothesize that alterations in the nature of the ligands in platinum
complexes such as the addition of the pyrophosphate moiety found in PT-112’s chemical structure, could
have profound implications for its primary mechanism of action, conferring it more affinity for other
intracellular molecules rather than DNA, as it has been previously described (Bose et al., 2008; Bruno et al.,

2017).

Oxaliplatin is the FDA-approved platinum compound with the closest chemical structure to PT-112.
Indeed, oxaliplatin and PT-112 share a large part of their structures as both contain the diaminocyclohexane
(DACH) carrier ligand, that is conjugated to an oxalate group in the case of oxaliplatin and replaced by an
inorganic pyrophosphate in the case of PT-112. In line with this, one of the first in vitro works carried out
with this compound demonstrated that both oxaliplatin and PT-112 display reduced affinity for DNA when
compared with the platinum analog cisplatin (Corte-Rodriguez et al., 2015). According to the results
obtained from that work, the measurement of platinum (Pt) incorporation in A549 cells exposed to
cisplatin, oxaliplatin and PT-112 revealed that cells receiving oxaliplatin showed lower levels of Pt per gram
of cell than cells treated with cisplatin, and below 1 ug per gram of cell in the case of PT-112 administration,

which resulted to be the lowest amount of Pt measurement among all the treatments. Furthermore, DNA
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samples extracted from A549 cells previously exposed to oxaliplatin showed around 40 % to 84 % less Pt
accumulation compared to the ones treated with the same doses of cisplatin. Interestingly, in A549 cells,
Pt levels found in DNA samples upon PT-112 exposure revealed to be close to the baseline. Similar
experiments carried out with ovarian A2780 cancer cells have detected comparable and low amounts of Pt

associated to DNA in samples treated with oxaliplatin or PT-112.

Pointing out the similarities evidenced between both compounds, recent data obtained from Yim
and colleagues showed that PT-112 induces ribosome biogenesis stress (Christina Y. Yim et al., 2023), akin
to what it has been described to induce oxaliplatin (Bruno et al., 2017). Despite some of the close
characteristics observed, during the work carried out by Corte-Rodriguez in A2780 cells that have acquired
resistance to cisplatin, they demonstrated that PT-112 seems not to be affected by the same resistance
mechanism than cisplatin or oxaliplatin. This observation could be in line to what has been reported in the
clinic, since a substantial number of patients resistant to oxaliplatin have shown clinical benefits after PT-

112 administration (Karp et al., 2022).

Regarding the data obtained in this doctoral Thesis, the transmitochondrial cybrid generation tool
that has been improved in part by our research group (Marco-Brualla et al., 2019; Soler-Agesta et al., 2023),
made possible to demonstrate for the first time that PT-112 is especially cytotoxic in cells harboring
mitochondrial DNA mutations (L929dt and L929% cybrid cells) while cancer cells with an intact OXPHOS
pathway (L929 and dt“?° cybrid cells) were not sensitive to cell death at the doses tested, although cell
growth was affected. Certainly, the technique employed to generate L929 and dt**?° cybrid cells was
fundamental for the validation of our initial working hypothesis which postulated that PT-112 mechanism
of action would involve mitochondrial/metabolic pathways. Furthermore, PT-112’s selectivity towards cells
with mtDNA mutations was also corroborated by demonstrating that the same cellular system treated with

the same dose of cisplatin did not display signs of this selectivity (Soler-Agesta, Marco-Brualla, et al., 2022a).

Regarding the study on the type of cell death induced by PT-112, the first results obtained in the
L929dt cellular system suggested that PT-112 does not induce apoptosis but show hints of necrotic cell
death. These findings were in part supported by the experiments combining the pan caspase inhibitor Z-
VAD-fmk and PT-112. While PT-112 seems to activate CASP3 at the same time as cell death is taking place,
the general caspase inhibitor Z-VAD-fmk were not able to prevent PT-112-induced cell death in this cellular
system, alone or in combination with the necroptosis inhibitor necrostatin-1. Opposed to this, the results
obtained in human prostate cancer cells DU-145 and LNCap-C4 demonstrated that Z-VAD-fmk is able to

block most of cell death induced by the drug, supporting the idea that PT-112 is in fact able to induce
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apoptosis. The contradiction between the results obtained between these two cellular systems could be
explained by the fact that L929 system lacks CASP8, with tumor necrosis-a inducing rather necroptosis and
not apoptosis, especially when caspases are inhibited (Vercammen, Beyaert, et al., 1998). In line with this
concept, experiments performed with the model of adenocarcinoma TS/A demonstrated that the absence
of BAK1 and BAX proteins protected TS/A cells from PT-112-induced cell death, at least the first 72h of
incubation, confirming that the main mechanism by which PT-112 induces cell death is through the
activation of the mitochondrial apoptosis pathway mediated by BAK1/BAX oligomerization. Supporting this
idea, CASP3, the main effector of apoptosis, has been shown to be activated by PT-112 in all the models

employed in this work.

Moreover, data obtained in human prostate cell lines showed that PT-112 displays cancer cell
cytotoxicity across different prostate cancer cell lines -exhibiting variations in mitochondrial features and
mutational status- but not in non-tumorigenic prostate cells, at least, at the doses tested. This selectivity
may explain PT-112’s general safety and tolerability observed in clinical studies (Imbimbo et al., 2022; Karp
et al., 2022; Kourelis et al., 2020; Meredith McAdams et al., 2023). It is interesting to note that PT-112 was
active in cells widely differing in their genotype, suggesting broad clinical application in prostate cancer,
especially the late-line setting where the disease is highly heterogeneous (Buck et al., 2021; Galletti et al.,

2017; Hwang, 2012; Tang, 2022).

In line with the first experiments performed in the murine model L929dt with PT-112, the observed
differences in PT-112 sensitivity based on the metabolic and mitochondrial mutational status compelled us
to investigate the possibility that PT-112 mechanism of action could involve mitochondrial pathways.
Undoubtedly, the results obtained described for the first time that PT-112 induces severe mitochondrial
stress by increasing the production of mitochondrial ROS, disturbing the mitochondrial membrane
potential, and increasing the mitochondrial mass. Particularly, mitochondrial ROS production was
noticeable in all cell models used in this work and appeared to be more pronounced in cells that were more
sensitive to PT-112-induced cell death. Moreover, mitochondrial mass measurements revealed an increase
of the mitochondrial mass after PT-112 exposure, that were higher in the case of sensitive cells and less
marked in cells resistant to PT-112 such as observed in TS/A BAK1/BAX KO cells. Furthermore, the
measurement of the functionality and OXPHQOS activity in human prostate cancer cells after PT-112
exposure suggests that PT-112 alters the functioning of the electron transport chain by modulating the
association and activity of respiratory complexes and supercomplexes. In fact, it has been reported that PT-

112 increases the complex lll-combined activities (II+lll and [+lll) and the assembly of Clll-containing
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supercomplexes, revealing that PT-112 is forcing the OXPHOS machinery and increasing the electron flux.
As it has been discussed, our data indicate that PT-112 mainly induces cell death through the BAK1 and
BAX-dependent mitochondrial apoptotic pathway which is known to be linked to the release of cytochrome
c and subsequent caspase activation. In this scenario, it seems plausible that the release of cytochrome c
during the initiation of the intrinsic apoptotic pathway could be one of the reasons for the increase of
mitochondrial ROS production observed, which is especially elevated in cells with mitochondrial
dysfunctions. Certainly, the absence of cytochrome c during the dismantling of mitochondria associated to
cell death process would cause an interruption in the electron flux from complex Ill to complex IV. Since it
has been demonstrated that PT-112 increases the activity of complex Ill containing supercomplexes, the
release of cytochrome ¢ would cause the accumulation of free electrons into the intermembrane space
being more prone to react with oxygen, generating free radicals and pushing the system to produce
excessive ROS. In addition, Seahorse measurements in human prostate cancer LNCap-C4 cells exposed to
PT-112 for 24h indicated a reduction in oxygen consumption rate as well as a decrease in oxygen
consumption directly linked to ATP production. These results point to a possible dysfunction of the electron
transport chain that would plausibly explain the rearrangement of the respiratory supercomplexes in order

to maximize the respiration function when mitochondrial damage is happening.

Due to the mitochondrial effects observed as well as the chemical similarities between PT-112 and
nitrogen-bisphosphonates described above, it was raised the possibility that PT-112 could be affecting the
activity of enzymes of the mevalonate pathway. In this connection, we analyzed mitochondrial coenzyme
Q10 (CoQuo) levels whose chemical precursors are generated in different steps of the mevalonate pathway.
Preliminary results showed a reduction of CoQio upon PT-112 treatment in L929 parental cells while in
L929dt cells basal CoQuo levels were undetectable and no effect of PT-112 could be observed. These data
did not demonstrate the implication of a reduction in CoQio in PT-112-induce cell death, since only L929dt,
but no L929 cells, were sensitive to cell death induced by this agent. Subsequent experiments carried out
with human DU-145 cells, sensitive to PT-112-induced cell death, demonstrated that in fact PT-112
stimulates the production of CoQio (data not shown), in agreement with the observed increase in

mitochondrial mass, as previously discussed.

Regarding the contribution of mitochondrial ROS in the cell death process induced by PT-112, in
this work it has been demonstrated that L929 cells devoid of mtDNA -known as rho cero (p°) cells- that are
unable to generate mtROS (Cataldn et al., 2015) due to their inability to perform OXPHQOS, display a reduced

sensitivity to cell growth inhibition induced by PT-112 when compared with the parental L929 cell line.
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These results reinforced the significance of this biochemical event during PT-112-induced cell death
process and the special relevance of the presence of defective mitochondria able to generate ROS upon
stress. According with the mitochondrial aspects that seem to be involved in PT-112 mechanism of action,
images taken with the transmission electron microscope (TEM) clearly show a process of mitochondrial
damage taking place in prostate cancer DU-145 cells that were exposed to PT-112 at different times.
Interestingly, PT-112 appears to induce changes in the morphology, number of cristae and size of the
mitochondria even at early incubation time points. In addition, treated cells showed an increase in the
complexity of their cytoplasm as indicated by the formation of numerous vacuoles containing organelles
and membranes in process of degradation. Moreover, in most of the TEM samples analyzed, vacuoles were
detected at the vicinity of damaged mitochondria, some of them already enclosed in the vesicles for its
subsequent digestion. Accordingly, it has been demonstrated that PT-112 induces signs of autophagy
activation. Despite in this work it has not been specifically analyzed mitophagy, TEM images would suggest
that mitophagy would be taking place. Altogether, data seems to indicate that damaging mitochondria by
an excessive ROS production could lead to the activation of the autophagy machinery to promote damaged
organelle clearance. Accordingly, increase in mitochondrial biogenesis and autophagy activation could be
interpreted as a pro-survival mechanism put in place for cancer cells to cope with mitochondrial damage

induced by PT-112.

Furthermore, the activation of autophagy observed could be also directly linked with PT-112’s
ability to induce immunogenic cell death (ICD; (Michaud et al., 2011). According to previous studies,
autophagic processes are known to be associated with immunogenic signals and the release of damage-
associated molecular patterns (DAMPs) (Oliver Kepp & Guido Kroemer, 2020). In line with this conceptual
approach, previous work has demonstrated that PT-112 induces HMGB1 release, ATP secretion and CALR
exposure (T. Yamazaki, A. Buqué, et al., 2020). Accordingly, in the present work we corroborated that PT-
112 induces ATP secretion and CALR exposure in all the cell models employed as well as the release of
HMGB1 in TS/A cells lines. Overall, this data suggests that while varying cancer cell types, the ability of PT-
112 to promote ICD remains consistent and comes across a universal feature of PT-112’s mechanism of

action.

Over the last years, more and more works have started documenting the connection between
mitochondria, ICD, and the activation of the immune system (Marchi et al., 2023; Vringer & Tait, 2023). In
line with this, the results obtained in the TS/A cell model showed that PT-112 increases the amount of

cytosolic dsDNA in WT and TS/A BCL2/BCLXL KO cells, a feature that was substantially prevented in TS/A
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BAK1/BAX KO cells, suggesting that it would be mostly from mitochondrial origin. According to the capacity
of dsDNA in the cytosol to stimulate type | IFN secretion mediated by the cGAS/STING pathway (Yamazaki
& Galluzzi, 2020), we showed that PT-112 increases type | IFN secretion in all cells included in the TS/A cell
model, following a similar tendency as cytosolic dsDNA quantification. Despite lacking data from TS/A p°
cells, all the results presented point to mitochondria as a relevant component intervening in PT-112’s

capacity to induce antitumor immune responses.

Interestingly, we show for the first time in this work the ability of PT-112 to increase MHC class |
(MHC-1) expression in the surface of TS/A cells, an increase that was similar in WT and BCL2/BCLXL KO cells
but less pronounced in BAK1/BAX KO cells. These results clearly indicate PT-112’s capacity to modulate the
anti-tumor immune response. Accordingly, MHC-I surface expression is known to be regulated by the
autocrine type | IFN secretion observed along the treatment. In addition, in several works MHC-I expression
has also been described to be modulated by the mitochondrial electron transport chain (Cataldn et al,,
2015; Mangalhara et al., 2023). This could connect the mitochondrial damage induced by PT-112 with the
increase in MHC-I expression detected. Yet, further experiments need to be done to validate this

hypothesis.

Given the link between ICD and mitochondria reported in the literature, on one hand, it is plausible
that the effects observed in PT-112-treated cells may directly contribute to the anticancer immune
responses observed in the clinic (Karp et al., 2022). For example, upon mitochondrial stress and damage,
mitochondria have been shown to promote not only mtROS generation but also the release of ICD-

associated DAMPs (Gupta et al., 2021; Vringer & Tait, 2023).

On the other hand, based on the evidence of the capacity of PT-112 to induce caspase activation
and ICD, it raises an intriguing question of how these events can be observed simultaneously. Certainly,
caspase-dependent apoptosis has been described to be an immunologically silent event (A. Rongvaux et
al., 2014; White et al.,, 2014). Nevertheless, the role of caspases in this context is still a matter of debate.
There is emerging evidence that caspase activation neither precludes ICD nor contradicts evidence of
anticancer immunity (Serrano-Del Valle et al., 2019). Indeed, it has been described that apoptosis induced

by specific agents is also associated with DAMPs release and ICD induction (Martins et al., 2014a).

Overall, this work reinforces the ability of PT-112 to induce organelle stress, in line with the recent
finding that demonstrates that PT-112 causes ribosome biogenesis inhibition and nucleolar stress in vitro

(Christina Y. Yim et al., 2023). Positively, these events have been reported to contribute to downstream
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mitochondrial stress. During nucleolar stress, nucleolar proteins such as NPM1 can translocate to the
nucleoplasm and interact with mitochondrial proteins, causing mitochondrial stress and release of
mitochondrial DNA (mtDNA) into the cytosol (Kwon & Bakhoum, 2020; Mackenzie et al., 2017), as it has
been evidenced in this work for PT-112. In addition, disrupted ribosome biogenesis has also been shown to
upregulate autophagy (Pfister, 2019) which is linked to ICD, as described above. Moreover, this disruption
could explain in part PT-112’s selectivity for highly proliferative cancer cells since having an increased
demand of protein synthesis, they would potentially be more sensitive to ribosome biogenesis disruption

by PT-112.

Altogether, PT-112 appears to be a promising small molecule for cancer treatment with very unique
characteristics not only in its mechanism of action but also for being the first platinum compound in clinical
stage showing bone affinity. The data provided by this work add new insights into mitochondrial stress and
ICD in response to PT-112 and how these effects can culminate in anticancer immunity. Over the course of
this Doctoral Thesis it has been demonstrated PT-112’s broad preclinical anticancer effects as well as its
ability to induce ICD and mitochondrial stress, especially relevant in human prostate cancer cells, in line
with clinical evidence of PT-112 activity observed in mCRPC patients (Alan Haruo Bryce et al., 2021; Bryce
etal., 2020). All the data obtained about PT-112 immunogenicity could in part explain previous observation
of durable clinical responses (Karp et al., 2022). However, more work is needed to characterize and identify
key components involved in PT-112-induced mitochondrial stress and exploring connections with ICD and

ribosome biogenesis inhibition.
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Conclusions/conclusiones

8.1 Conclusions

The results obtained in this work have allowed us to reach the following conclusions:

1.

The mitochondrial status of cancer cells appears to be relevant in the mechanism of action of PT-
112 as itis observed to selectively induce cell death in cancer cells with mitochondrial dysfunctions.
PT-112 shows selectivity for cancer cells at clinically relevant doses. This was demonstrated by the
ability of PT-112 to cause growth inhibition and cell death in human prostate cancer cells without
affecting non-tumorigenic epithelial prostate cells at the doses tested.

PT-112 induces mitochondrial apoptosis dependent of BAK1 and BAX and CASP3 activation with
the exception of the L929dt model which display a rather necrotic cell death phenotype.

PT-112 induces mitochondrial stress in cancer cells, as evidenced by an increase of mtROS
generation, disruptions in mitochondrial membrane potential and increase in mitochondrial mass.
PT-112 induces mitochondrial damage and reorganization of the ETC as observed by a decrease in
the oxygen consumption rate, changes in the activity and reorganization of the respiratory
supercomplexes as well as deleterious effects in mitochondrial morphology.

PT-112 increases the amount of cytosolic dsDNA which is partially dependent on BAK1 and BAX
expression.

PT-112 stimulates de production of type | IFN which is in part regulated by BAK1 and BAX
expression.

PT-112 displays the capacity to modulate immune responses as it has been observed to increase
the expression of MHC-I molecules on the surface of cancer cells, as well as the release of DAMPs
such as ATP, HMGB1 or CALR exposure.

PT-112 activates autophagy which can be related to the hints of immunogenic cell death observed.
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8.2 Conclusiones

Los resultados obtenidos en este trabajo nos han permitido llegar a las siguientes conclusiones:

1.

El estado mitocondrial de las células cancerosas parece ser relevante en el mecanismo de accién
de PT-112, ya que se ha observado que dicha droga induce selectivamente la muerte en células
con disfunciones mitocondriales.

PT-112 muestra cierta selectividad por las células tumorales a dosis que son clinicamente
relevantes. Esto se demostrd a través de la capacidad de PT-112 para inhibir el crecimiento e
inducir muerte en células de cancer de préstata humano sin afectar a las células epiteliales no
tumorales RWPE-1, al menos a las dosis ensayadas.

PT-112 induce apoptosis mitocondrial dependiente de BAK1 y BAX mediante la activacion de la
CASP3, exceptuando en el modelo celular L929dt, que en su lugar muestra un fenotipo de muerte
similar al necrético.

PT-112 induce estrés mitocondrial en las células tumorales asociado a un aumento en la produccion
de ROS mitocondriales, alteraciones en el potencial de membrana mitocondrial, asi como en el
aumento de la masa mitocondrial.

PT-112 induce dafio mitocondrial y promueve la reorganizacion de la cadena de transporte
electrénico tal y como sugiere la disminucion en el consumo de oxigeno, el cambio en la actividad
y ensamblaje de los supercomplejos respiratorios, asi como los cambios patogénicos asociados a
la morfologia mitocondrial.

PT-112 incrementa la cantidad de ADN de doble hebra en el citosol, cuya acumulacién es
parcialmente dependiente de la expresion de BAK1 y BAX.

PT-112 estimula la produccién de interferén de tipo | que estd parcialmente regulada por la
expresion de BAK1 y BAX.

PT-112 tendria la capacidad de modular la respuesta inmune a través del aumento de la expresion
de moléculas MHC-I en la superficie de las células cancerosas, asi por el aumento en la liberacién
de patrones moleculares asociados a dafio como son la liberacién de ATP, la secrecién de HMGB1
y la exposicién de calreticulina.

PT-112 activa la autofagia la cual podria estar relacionada con los signos relacionados con la muerte

celular inmunogénica detectados.
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