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AKR1C3: Aldo-keto reductase family 1 member
C3
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CDKNI1A: Cyclin dependent kinase inhibitor

CDK:s: Cyclin-dependent kinase

cDNA: Complementary DNA
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CSCs: Cancer stem cells
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DRE: Digital rectal examination

EGF: Epidermal growth factor

ERKZ1/2: Extracellular Signal-Regulated Kinase %2
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hnPC: Hormone-naive Primary culture
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SNP: Single nucleotide polymorphism

SiRNA: Small interference RNA
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TMPRSS2: Transmembrane protease serine 2
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The proper functioning of the endocrine system plays a crucial role in maintaining human
health, as hormones are vital for regulating bodily homeostasis. Disruptions in normal
hormone signaling pathways can lead to various diseases, compromising the immune
system's response to infections and contributing to cancer-related behaviors at the cellular
level, including cell proliferation, migration, invasion, and metastasis formation. Initially,
our thesis aimed to investigate the role of steroid hormones in prostate cancer. However, due
to the pandemic, we expanded our focus to study male hormones in COVID-109.

Prostate cancer is hormone-dependent, and androgen deprivation therapy (ADT) is the
standard treatment for inoperable tumors. Unfortunately, resistance to ADT remains a
significant challenge, often attributed to intratumor hormone biosynthesis. To better
understand these mechanisms, we utilized primary cultures from hormone-naive patients
(hnPCs) with aggressive tumors. Our analysis revealed substantial changes in these cultures,
impacting androgen pathways (AR, SRD5A1, AKR1C3, PAPSS2), estrogen pathways
(ESRRA, CYP1B1, CYP19A1), and the p53 pathway (TP53, MDM2, CDKNI1A).
demonstrating that these models are undergoing a metabolic reprogramming in order to
enhance the production of steroid hormones. Notably, we observed a strong overexpression
of CDKN1A(p21WAFY), which was significantly associated with AKR1C3 and other
steroidogenic genes, hinting at a potential oncogenic role for p21WAF, Further analyses
revealed nuclear localization of p21"A™ and the expression of senescence markers, however,
hnPCs show moderate but sustained proliferation, high intrinsic chemoresistance and
expression of cancer stem markers. Current studies have revealed the paradoxical role of
senescence, demonstrating that it can promote cancer progression and aggressiveness.
Therefore, our results show evidence of a senescence-like state in these cultures, which may
promote metabolic reprogramming and aggressiveness in prostate cancer.

Severe COVID-19 cases are associated with factors such as old age, male sex,
socioeconomic status, and comorbidities. Our research delved into the link between serum
testosterone levels, immune cell profiles, and disease severity in male COVID-19 patients.
We identified significant differences in biochemical predictors of disease outcomes between
male and female patients. Longitudinal analysis revealed that serum testosterone trajectories
were the strongest predictors of survival among all biochemical parameters studied, even
surpassing single-point admission serum testosterone values. In cases leading to fatalities,
we observed irregular patterns in serum luteinizing hormone (LH) and androstenedione
levels, suggesting a failure to restore normal testosterone levels. This phenomenon was
associated with impaired T helper differentiation and increased circulating classical
monocytes, indicating the substantial influence of testosterone status on immune responses
to COVID-109.
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El adecuado funcionamiento del sistema endocrino desempefia un papel crucial en el
mantenimiento de la salud humana, ya que las hormonas son esenciales para regular la
homeostasis. Las interrupciones en las vias normales de sefializacion hormonal pueden llevar
a diversas enfermedades, comprometiendo la respuesta inmune o contribuyendo a con el
cancer a nivel celular, como la proliferacion celular, la migracion, la invasion y la formacion
de metastasis. Inicialmente, nuestra tesis tenia como objetivo investigar el papel de las
hormonas esteroides en el cancer de prostata. Sin embargo, debido a la pandemia, ampliamos
nuestro enfoque para estudiar las hormonas masculinas en la COVID-109.

El cancer de prostata es dependiente de hormonas y la terapia de privacion de androgenos
(ADT) es el tratamiento estandar para tumores no operables. Desafortunadamente, la
resistencia al ADT sigue siendo un desafio, a menudo atribuido a la sintesis intratumoral de
hormonas. Para comprender mejor estos mecanismos, utilizamos cultivos primarios de
pacientes con tumores agresivos homone-naive (hnPCs). Nuestro analisis revelé cambios
sustanciales en los cultivos, que afectaron las vias de andrégenos (AR, SRD5A1, AKR1C3,
PAPSS2), las vias de los estrogenos (ESRRA, CYP1B1, CYP19A1) y la via p53 (TP53,
MDM2, CDKN1A), demostrando que estos modelos experimentan una reprogramacion
metabolica para aumentar la produccion de hormonas esteroides. Notablemente, observamos
una fuerte sobreexpresion de CDKN1A (p21'VAFL), que estuvo significativamente asociada a
AKR1C3 y otros genes esteroidogénicos, insinuando un posible papel oncogénico para
p21WAFL Analisis adicionales revelaron la localizacion nuclear de p21'VA™ y la expresion de
marcadores de senescencia; sin embargo, los hnPCs muestran una proliferacion moderada
pero sostenida, alta quimiorresistencia y expresién de marcadores de stemness. Estudios
actuales han revelado el papel paraddjico de la senescencia, demostrando que puede
promover la progresion y agresividad del cancer. Por lo tanto, nuestros resultados muestran
evidencia de un estado similar a la senescencia en estos cultivos, que puede promover la
reprogramacion metabolica y la agresividad en el cancer de préstata.

Los casos graves de COVID-19 se asocian con factores como la edad, el sexo masculino y
las comorbilidades. Nuestra investigacion profundizo en la relacion entre los niveles séricos
de testosterona, los perfiles de células inmunologicas y la gravedad de la enfermedad en
pacientes hombres con COVID-19. Identificamos diferencias significativas en los
predictores bioquimicos de la enfermedad entre pacientes hombres y mujeres. El analisis
longitudinal revel6 que las trayectorias de los niveles séricos de testosterona fueron los
predictores mas solidos de la supervivencia entre todos los pardmetros bioquimicos
estudiados, incluso superando los valores Gnicos de testosterona en la admisién. En los casos
fatales, observamos patrones irregulares en los niveles séricos de hormona luteinizante (LH)
y androstenediona, lo que sugiere una incapacidad para restablecer los niveles normales de
testosterona. Este fenomeno se asocio con una diferenciacion deficiente de las células T
auxiliares y un aumento de los monocitos clasicos circulantes, lo que indica la influencia
significativa del estado de testosterona en las respuestas inmunoldgicas a la COVID-19.
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El funcionament adequat del sistema endocri desempenya un paper crucial en el
manteniment de la salut humana, ja que les hormones son essencials per regular la
homeostasi del cos. Les interrupcions en les vies normals de senyalitzacio hormonal poden
portar a diverses malalties, comprometent la resposta immunologic i contribuint a amb el
cancer a nivell cel-lular, com la proliferacié cel-lular, la migracio, la invasio i la formacio
de metastasis. Inicialment, la nostra tesi tenia com a objectiu investigar el paper de les
hormones esteroides en el cancer de prostata. No obstant aix0, a causa de la pandémia, vam
ampliar el nostre enfocament per estudiar les hormones masculines en la COVID-19.

El cancer de prostata és dependent d'hormones i la terapia de privacio d'androgens (ADT) és
el tractament estandard per a tumors no operables. Desafortunadament, la resisténciaa I'ADT
continua sent un desafiament significatiu, sovint atribuit a la biosintesi intratumoral
d'’hormones. Per comprendre millor aquests mecanismes, vam utilitzar cultius primaris de
pacients sense exposicio prévia a hormones (hnPCs) amb tumors agressius. La nostra analisi
va revelar canvis importants en aquests cultius, que van afectar les vies dels androgens (AR,
SRD5A1, AKR1C3, PAPSS2), les vies dels estrogens (ESRRA, CYP1B1, CYP19A1) i la via
p53 (TP53, MDM2, CDKN1A), demostrant que aquests models experimenten una
reprogramacié metabolica per augmentar la produccid6 d'hormones esteroides.
Destacablement, vam observar una forta sobreexpressié de CDKN1A p21WAF que va estar
significativament associada a AKR1C3 i altres gens esteroidogeénics, insinuant un possible
paper oncogénic per a p21"WAFL Analisis addicionals van revelar la localitzacio nuclear de
p21 i l'expressio de marcadors de senescencia; no obstant aixo, les hnPCs mostren una
proliferaci6 moderada perd sostinguda, alta quimiorresisténcia intrinseca i expressié de
marcadors de cél-lules mare canceroses. Estudis actuals han revelat el paper paradogic de la
senescencia, demostrant que pot promoure la progressio i I'agressivitat del cancer. Per tant,
els nostres resultats mostren evidéncies d'un estat similar a la senescencia en aquests cultius,
que pot promoure la reprogramacié metabolica i I'agressivitat en el cancer de prostata.

Els casos greus de la COVID-19 es relacionen amb factors com l'edat avangada, el sexe
masculi, I'estatus socioeconomic i les comorbiditats. La nostra recerca va aprofundir en la
relacio entre els nivells serics de testosterona, els perfils de cél-lules immunologiques i la
gravetat de la malaltia en pacients masculins amb la COVID-19. Vam identificar diferéncies
significatives en els predictors bioquimics de la malaltia entre pacients masculins i femenins.
L'analisi longitudinal va revelar que les trajectories dels nivells sérics de testosterona eren
els predictors més forts de la supervivéncia entre tots els parametres bioquimics estudiats,
fins i tot superant els valors Unics de testosterona en I'admissio. En casos que van portar a la
mort, vam observar patrons irregulars en els nivells serics de la hormona luteinitzant (LH) i
I'androstenediona, suggerint una incapacitat per restablir els nivells normals de testosterona.
Agquest fenomen va estar associat amb una diferenciacié deficient de les cél-lules T auxiliars
i un augment dels monocits classics circulants, indicant la influencia significativa de I'estat
de testosterona en les respostes immunitaries a la COVID-19.
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GENERAL INTRODUCTION







The Endocrine system is one of the most important regulators of homeostasis within the
human body. The active molecules responsible for the regulator effect on target organs or
tissues are called hormones and they are the “chemical messengers” produced and released
by specialized glands (endocrine glands) into bloodstream where are transported to exert a
physiological action both proximal and distal areas of the body*?. Hormones signals to the
organism through the binding to hormone receptors, which can be either membrane or
cytoplasmic receptors, many of them are nuclear which upon ligand binding translocate into

the nucleus.

Hormones can be grouped into three classes:
a. Protein/peptide hormones:
e Pancreas hormones: Insulin, Glucagon
e Hypophysis hormones: Thyrotropin (TSH), Corticotropin (ACTH),
Gonadotropins (GTH, FSH, LH), Somatotropin (SH).
e Parathyroid hormone: Parathormone (PTH)
e Gastrointestinal hormones: Gastrin, Secretin, Hepatocrinin, Parotin.
b. Steroid hormones:
e Ovarian hormones: B-estradiol, Estriol, Estrone (Cig), progesterone (Ca1)
e Testicular hormones: Testosterone, Androsterone, Dehydroepiandroesterone
(C19)
e Adrenal cortical hormones: Androstenedione, Adrenosterone (Cio),
Aldosterone, Cortisone, Cortisol, corticosterone (Cz1)
c. Amino acid derivatives
e Thyroidal hormones: Triiodothyronine (T3), Tetraiodothyronine (T4)

e Adrenal medullary hormones: Adrenalin, Noradrenalin.

1.1. Hypothalamic-pituitary-gonadal (HPG) axis

The hypothalamic-pituitary-gonadal axis (HPG axis) is a sophisticated hormone control
system consisting of three distinct parts that work together in coordinated manner. This axis
plays a vital role in overseeing various reproductive and developmental processes in humans

and other animals®.



Hypothalamus: The process begins in the hypothalamus, a region of the brain. Specialized
neurons within the hypothalamus produce the gonadotropin-releasing hormone (GnRH), a

tropic peptide hormone that acts as a signal to stimulate the anterior pituitary gland.

Pituitary Gland: he anterior pituitary gland receives the GnRH signal and responds by
releasing two important hormones:

Luteinizing Hormone (LH): a glycoprotein hormone that is co-secreted with follicle-

stimulating hormone (FSH) by the gonadotrophin cells in the adenohypophysis (anterior
pituitary). LH consists of two subunits: the a-unit with 92 amino acids is similar to FSH,
whereas the B-units is specific and consists of 120 amino acids.

LH travels through the bloodstream to the gonads (testes in males, ovaries in females) and
stimulates them to produce sex hormones (testosterone in males, estrogen and progesterone
in females) by interaction of B-subunit with LH receptor.

Follicle-Stimulating Hormone (FSH): FSH, like LH, is released by the pituitary gland and

travels to the gonads. FSH is a 35.5 kDa glycoprotein heterodimer, consisting of two
polypeptide units: the a- subunit is similar to LH, but the 3-subunit of 111 amino acids (FSH
B) is specific and confers its specific biologic action interacting with its receptor. It plays a
crucial role in the development of sperm in males and the maturation of ovarian follicles in

females.

Gonads (Testes or Ovaries): In response to LH and FSH, the gonads produce sex hormones:

Testosterone (T): (4-androsten-17-ol-3-ona) is a C19 steroid hormone with a molecular

weight of 288.4 Dalton. In males, LH stimulates the Leydig cells in the testes to produce
testosterone, which is responsible for male secondary sexual characteristics and sperm
production. In addition, testosterone has anabolic effects that lead to increase linear growth,
nitrogen retention, and muscle development.

Dihydrotestosterone (DHT): is an androgen derived from T, which is converted into DHT

through the action of an enzyme called 5-alpha-reductase (SRD5A1/2). This conversion
primarily takes place in target tissues like the liver, prostate gland, skin, and hair follicles.
DHT is estimated to have a binding affinity for androgen receptors that is approximately 2.5
to 10 times higher than that of testosterone. This means that DHT forms a stronger and more

stable complex with androgen receptors (ARs) compared to testosterone.



Estrogens (E): In females, FSH and LH stimulate the ovaries. FSH promotes the growth and
maturation of ovarian follicles, while LH triggers ovulation and stimulates the corpus luteum
to produce mainly three types of estrogens: Estrone (E1), Estradiol (E2) and Estriol (E3).
Estrogens interact and activate estrogen receptors (ERs) which in turn modulate the
expression of many genes* Also, estrogens bind and activate rapid-signaling membrane
estrogen receptors (MERs)>® such as GPER (GPR30)’

Estradiol (E2): 17B-estradiol is about 10 times more potent than estrone and nearly 80 times
more potent than estriol in its estrogenic effects. E2 is synthesized by conversion of T by the
aromatase enzyme (CYP19A1). In an alternative androgen pathway, androstenedione can be

aromatized to estrone, which is subsequently converted to estradiol.
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Figure 1 Hypothalamus-pituitary-gonadal axis. GnRH is released to pituitary, where FSH and LH are
stimulated to be produced and release towards blood circulation. Both hormones, arrive to testes and ovary,
where androgens and estrogens are synthesized to exert several functions. Figure taken from Rezzani et al.
2020 3,




1.2. Steroid hormones synthesis:

The majority of sexual hormones are steroid molecules derived from Cholesterol, which is
synthesized from Squalene. After epoxidation, squalene is rearranged by the oxidosqualene
synthase to lanosterol, which now has the four cyclic rings characteristic for steroids.
Lanosterol undergo several oxidation steps to cholesterol, the base of all steroids, or to

another compound-like vitamin D38 (Figure 2)
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Figure 2 Synthesis of cholesterol from squalene. Six enzymatic steps are needed to form Cholesterol and
Vitamin Ds. From, Hormones and the endocrine system, 2016 8




Steroid hormones derive from pregnenolone which is generated by the cleavage of
cholesterol processed by CYP11ALl. From there, a series of concatenated reactions takes
place until the synthesis of dihydrotestosterone (DHT) and 40H-estradiol, the most potent
hormones in this pathway (Figure 3).
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Figure 3 Map of the steroid hormone pathway. From squalene to active 40H-estradiol. Enzymes are
represented in black color @@ , conventional pathway or front-door pathway is shown in light blue ,
whereas the alternative or back-door pathway is shown in purple @D . Figures develop with Biorender.com

1.3. Steroid hormone’s function

Steroid hormones primarily exert their effects by interacting with specialized receptors
located inside cells, known as intracellular nuclear receptors. These receptors are like
switches that can be turned on when hormone molecules bind to them. They are part of a
larger group of proteins called the nuclear receptor superfamily and are responsible for

mediating various functions of sex steroids.



The principal mechanism by which steroid hormones act is to induce the synthesis of
proteins in target cells. The steroid hormone enters the cytoplasm and binds with high
affinity to its specific receptor protein. The hormone-receptor complex is activated and
translocates to the nucleus, where it functions as a transcription factor interacting with the
DNA. The mRNA produced is translated into the cytoplasm to synthesize particular proteins
that promote a specific response? (Figure 4). Using this mechanism, hormones exert a wide
range of functions in the body, including growth, development, energy metabolism and
reproduction. The dysregulation in a number of points of these processes leads to the

development of various diseases.
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Figure 4. Mechanism of action of steroid hormones. Steroid hormones can enter the cell by simple diffusion,
in the cytosolic compartment, hormones bind to and activate its respective steroid receptor, then this complex i
translocated to the nucleus to interact with DNA and modulate gene transcription. Figures develop with
Biorender.com




The adequate function of the endocrine system is critical for the maintenance of human
health. Classical endocrine diseases related to the overproduction of hormones are diabetes,
hyperthyroidism, Cushing’s disease, polycystic ovarian syndrome, and precocious puberty.
Conversely, Addison’s disease, hypothyroidism, and hypopituitarism are common diseases
caused by insufficient hormone production®. Also, improper hyperplasia within endocrine
glands can cause and be caused by dysregulation of hormone production or secretion.

However, not only a dysregulation of hormone production lead to diseases, but also diseases
can induce hormonal imbalances. Therefore, hormonal dysregulation and diseases can

influence each other bidirectionally.

2.1. Hormones and critical illness:

Critical illness is defined as the presence of acute, life-threatening organ dysfunction
requiring vital organ support®. This process can be produced by major trauma, extensive
surgery, mechanical ventilation or infections'® . After initiation of organ dysfunction,
multiple physiologic processes are initiated to recover the homeostasis, this process is also
called as “stress response.” The principal components of the stress response are the
neuroendocrine and immune systems. These components include: the central nervous
system, paraventricular nucleus and locus coeruleus, Hypothalamus-Pituitary axis, and
target organs. In addition, the immune inflammatory component is included, comprising
the innate and the specific immune response, via cytokines and inflammatory mediator 01,
The first response to critical illness is typically the activation of the sympathetic nervous
system, followed by the release of stress hormones from the hypothalamus-pituitary-adrenal
(HPA) axis and the initiation of the inflammatory response. These responses occur almost
simultaneously and are part of the body's immediate reaction to a critical medical condition

known as Acute phase'®*? (Figure 5).
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Figure 5. Endocrine changes in critical illness. At the onset of illness, anterior pituitary hormones surge
with an associated peripheral inactivation of target organ hormones. Once the chronic response has been
engaged, the sensitivity to pituitary hormones is restored, but both remain low due to failure of the
pituitary to resume normal secretory activity. From Van den Berghe et al.*?

2.1.1. Steps in the Acute phase response:

1. Sympathetic Nervous System (SNS) Activation:

- The sympathetic nervous system is a part of the autonomic nervous system responsible
for the body's "fight-or-flight" response to stress or perceived threats.

- In the event of critical illness or injury, the SNS is rapidly activated to prepare the body
for immediate action.

- Activation of the SNS leads to increased heart rate, increased blood pressure, dilation of
the pupils, and shunting of blood away from non-essential organs (such as the digestive
system) to prioritize blood flow to vital organs (such as the brain, heart, and muscles).

- The SNS response is essential for providing the body with the necessary energy and
resources to respond to the critical situation.

2. Hypothalamus-Pituitary-Adrenal (HPA) Axis Activation:

- The HPA axis is a complex neuroendocrine system that regulates the body's response to
stress and plays a crucial role in maintaining homeostasis during critical situations.

- When the body experiences stress due to critical illness, the hypothalamus releases
corticotropin-releasing hormone (CRH).

- CRH then stimulates the pituitary gland to release adrenocorticotropic hormone (ACTH)

into the bloodstream.
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- ACTH, in turn, stimulates the adrenal glands to release stress hormones, primarily
cortisol, into the bloodstream.

- Cortisol helps the regulation of various physiological processes, including glucose
metabolism, immune response, and inflammation.

3. Inflammatory Response:

- The inflammatory response is another immediate reaction to critical illness or injury.

- Tissue damage, infection, or other forms of cellular stress trigger the release of
inflammatory mediators, such as cytokines and chemokines.

- These inflammatory mediators help recruit immune cells to the site of injury or infection
and activate the immune response to combat potential threats.

- Inflammation is a vital part of the body's defense mechanism to promote healing and
repair damaged tissues.

All these responses, the activation of the sympathetic nervous system, the HPA axis, and the
initiation of the inflammatory response, work together to prepare the body for the challenges
presented by the critical illness. They help to mobilize resources, increase oxygen and
nutrient supply, and activate the immune system for protection against further damage and
promote healing. In addition to the HPA axis, a key role in critical illness is also played by

the Hypothalamus - Pituitary — Gonadal axis (HPG).

2.1.2. Hypothalamus- Pituitary — Gonadal axis in critical illness

It has been described that the circulating levels of sex hormones decrease after the beginning
of a critical disease. In men, Testosterone levels drop dramatically, despite normal or even
higher levels of LH. Cytokines have been implicated in Leydig cell dysfunction and
increasing of androgen aromatization, by which testosterone is converted into estrogen by

aromatase enzymeg.

2.2. Sex steroid hormones and viral infectious diseases

Hormones are crucial in regulating the immune system's response to infection, by
strengthening or weakening the body’s immune system. For example, adrenal hormone
cortisol is known to suppress immunity. People with chronic stress or high levels of cortisol
in the blood are therefore more likely to be infected. On the contrary, estrogens have an

immune enhancement effect!314,
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Sex Hormones and immunity

Sex hormones estrogens and androgens are widely recognized as reproductive hormones due
to the well-studied effects on reproductive tissues. However, extensive research has
established their broad physiological effects in the central nervous, cardiovascular, skeletal

system and the immune system.

2.2.1. Steroid hormones and innate immune cells:

The physical barriers such as skin, mucosal tissue or chemical barriers as saliva, mucus, and
tears are a first line of defense against foreign antigens invasion. When antigens manage to
bypass the first line, neutrophils, macrophages, natural killer cells (NK) and dendritic cells
(DCs) appear as a second line of defense.

Neutrophils, the first responders to infections, combat pathogens through phagocytosis*® and
the release of toxic oxygen radicals®®. Estrogen affects neutrophils by suppressing their
production®’, reducing chemotaxis'®, altering adhesive proteins, and decreasing neutrophil
function. Estrogen has additional varying effects on inflammation depending on factors like
estrogen type, dose, tissue, and injury type. On the other hand, Testosterone has been
implicated in the increasing of circulating neutrophils®®, and its receptor (AR) has been found
important for the development of neutrophils in AR-deficient mice®.

Unlike neutrophils, macrophages can phagocytose repeatedly and produce large amounts of
inflammatory proteins. Estrogen enhances macrophage phagocytic activity, while androgens
inhibit macrophage function in vivo and in vitro probably because ARs have been identified
in this type of cells??2, reducing proinflammatory products and receptor expression. DCs
are potent antigen-presenting cells that activate T lymphocytes and help regulate immune
responses. 17p-estradiol promotes the differentiation of functional DCs, increasing their
activation markers as nitric oxide production. Estrogen also influences cytokine production,
increasing IL-6 and IL-10 expression while Testosterone decreases inflammatory cytokines
from DCs. Finally, NK cells are lymphocytes that can kill pathogen-infected and tumor cells.
Estrogen decreases NK cell activity both in vivo and in vitro. Estrogen treatment increases
the number of NK cells and certain receptor expression but reduces their cytotoxicity in a
dose-dependent manner. Conversely, Testosterone administration reduces NK cell activity
in mice, but dehydroepiandrosterone supplementation in postmenopausal women increases

CD8+/CD56+ NK cells?3. Steroid hormones play a significant role in NK cell function.
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2.2.2. Steroid hormones and regulation of cytokines and chemokines

Innate immune cells, particularly macrophages, express toll-like receptors (TLRs) that
recognize specific patterns on antigens known as pathogen-associated molecular patterns
(PAMPS), triggering an immune response. There are 13 TLRs identified in mammals, some
located on cell membranes, like TLR4 and others in intracellular endosomes that are crucial
for recognizing intracellular pathogens such as viruses®. Activation of TLR4, can lead to
induce various proinflammatory molecules.

In vitro, 17p-estradiol augmented TLR4 expression in murine macrophages®. Estrogens,
enhance macrophages ability to produce inflammatory mediators and cytokines upon
subsequent TLR activation mediated by ER alpha in vivo?®. Postmenopausal women, show
lower expression of TLR4 and CD14, possibly explaining their reduced inflammatory
responses. In contrast to estrogen, Testosterone typically has an immunosuppressive impact,
primarily through mechanisms involving the androgen receptors (AR). When natural
Testosterone is depleted through castration, it leads to increased production of IL-1b and IL-
6 in response to LPS?’. Additionally, when exposed to Testosterone in vitro, both the time
and dose play a role in reducing the levels of TLR4 on the cell surface of RAW 264.7
macrophage-like cells and primary murine peritoneal macrophages?®.

The innate immune system has profound effects on adaptive immunity, primarily through
cytokine production. These cytokines include tumor necrosis factor-o. (TNF-a), Interleukin-
1 (IL-1), Interleukin-6 (IL-6), and Interleukin-12 (IL-12), among others. Estrogens have
demonstrated to regulate TNF-a in a contradictory manner. For example, when murine bone
marrow-derived macrophages (BMM) are exposed to estrogen before being stimulated with
LPS in vitro, a reduction in TNF-o protein levels is observed?®, however, in the case of
human monoblastic U937 cells stimulated with phorbol-myristate-acetate (PMA), the
addition of 17p-estradiol resulted in increased TNF-a production®. Regarding IL-12, it has
been observed that macrophages from female SJL mice produce more IL-12 protein
compared with male SJL mice®. Regarding IL-6, Straub et al. demonstrated that IL-6 levels
are decreased by estrogen replacement therapy in postmenopausal women®?, restating the
findings of previous studies that IL-6 production is negatively affected by estrogens®

On the other hand, Testosterone enhanced LPS-induced IL-6 and macrophage chemotactic
protein-1 expression by activating the ERK1/2/NF-kB signaling pathways in 3T3-L1

adipocytes®,
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2.2.3. Steroid hormones and T-cell response

T-bet, a specific transcription factor that induces IFN-y production, is mainly found in
immune cells, initially at low levels in resting CD4+ T cells but upregulated upon activation
of T cells and splenic NK cells. In mice treated with 17p-estradiol, T-bet expression in
splenic lymphocytes and T cells increases, especially when 1L-27 is present®®. This suggests
that estrogen may prepare lymphocytes for Thl differentiation by boosting T-bet expression
and making them more responsive to immediate Thl-inducing cytokines like IL-27.
Regarding androgens, it was found a direct suppressive effect of Testosterone on T cells
confirmed by a decrease of IFN-y and T-bet expression in splenic derived CD4+ T cells after
treatment with synthetic Testosterone in vitro®®%. Estrogen promoted Th2 cytokine
production IL-5 and IL-13 and estrogen receptor o was expressed by CD4+ T cells from
allergic mice®. Also, 17- estradiol significantly enhanced DC capacity to produce Th2
response in vitro (IL-4 and 1L-13), on the contrary, when CD4+ T cells were co-cultured
with DHT-treated antigen-pulsed DC there was a dramatic suppression of the Th2 priming

ability with a complete ablation of 1L-4, IL-10 and IL-13 production®

Immune modulation by sex hormones has been demonstrated during years and can
explain the variability of immune responses between males and females. Hormones can
activate or inhibit several components of the immune system* (Figure 6). Thus,

hormones may be used as target therapies in several diseases.
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Figure 6. Sex hormones and modulation of immune response. Androgens (blue), estrogens (pink), and
progesterone (yellow) can activate and inhibit several components of the immune response. TGEp:
transforming growth factor-beta; IL:interleukin; Th-1:T helper 1; Th-2:T helper 2; T reg: T regulatory
cells; TNF:tumor necrosis factor; MDSC:myeloid-derived suppressor cells; DCs:dendritic cells;
INOS:inducible nitric oxide synthase; NO:nitric oxide; NF-kB:nuclear factor kappa-light-chain-enhancer
of activated B cells. From Cattrini et al 2020 “°

2.3. Sex steroid hormones and cancer

Cancer is a complex disease characterized by a series of genetic and metabolic changes that
drive genome instability, allowing malignant cells to acquire various traits known as the
hallmarks of cancer. These characteristic traits include: self-sufficiency in growth signals,
insensitivity to anti-growth signals, resistance to apoptosis, sustained angiogenesis, limitless
replicative potential, and the ability to evade tissues and metastasize***> However, hormones
can also play a significant role in the development of certain cancers. Steroid hormones,
which include corticosteroids and sex steroids, are vital for maintaining normal bodily
functions. Disruptions of the normal hormone signaling pathways can lead to various
diseases and contribute to cancer-related behaviors at the cellular level, such as cell
proliferation, migration, invasion, and the formation of metastases*344,

Hormone-related cancer such as endometrium, adrenal, breast and prostate cancer, are
treated with hormonal therapy, in which the production of hormones is either blocked by the

inhibition of hormone receptors, or by inhibition of the enzymes in charge of their synthesis.

Hormone receptors are particularly recognized as key actors in cancer development. Steroid
hormone receptor (SHRs) are ligand-activated transcription factors, and include
Progesterone Receptor (PR), Estrogen Receptor (ER), Androgen Receptor (AR) and
mineralocorticoid Receptor (MR)*. Changes in the expression or structure of these receptors
can make cells more sensitive to their respective hormone ligands. Approximately 30% of
these changes involve activating mutations in the ligand binding domain (LBD) of ER in
breast cancer®®. Polymorphisms in the ER gene can also impact the binding of ER to its
response element in the DNA and other co-regulatory proteins, affecting the subsequent
transcription of ER target genes, and have been linked to breast cancer risk and susceptibility
to treatment*’*8, Also, it has been shown that 17B-estradiol promoted proliferation,

metastasis and angiogenesis by increasing levels of the chemokine CCL2%
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In the case of AR, various alterations have been observed, including amplifications, point
mutations, and splice variants, which result in increased AR activity. For example, Exon 1
of the AR gene contains a polymorphic CAG repeat sequence that codes for a polyglutamine
(polyQ) chain in the transcriptional activation region (AF1). The length of this polyQ chain
is inversely correlated with AR's transcriptional activity. Since prostate cancer development
depends on androgens, men with shorter polyQ repeat lengths, associated with higher AR
transcriptional activity, are proposed to be at a greater risk of prostate cancer®.
Notwithstanding, the androgen receptor is directly involved in prostate cancer progression,
and Testosterone alone appears to be associate to a higher risk of aggressive prostate cancer.
Mendelian randomization analysis showed a significant association between free

Testosterone and aggressive disease *°

Therefore, the steroid hormone metabolism plays an important role in regulating body
homeostasis and disease progression such as cancer. In this regard, changes in the
steroid metabolic pathways are essential to overcome the physiological barriers built
in response to the progression of malignant cells. In fact in the last decade, metabolic

reprogramming has been recognized as a new hallmark of cancer®

2.4. Metabolic reprogramming in cancer

To maintain the viability, uncontrolled growth and proliferation, the tumor needs metabolic
adaptations to meet the demands of malignant cells®>%3, The tumor microenvironment is
generally hypoxic and acidic and has distinct cell accompaniment compared to the healthy
tissue®**°. One of the main metabolic hallmarks is the alteration in energy metabolism,
specifically in the glycolysis, this effect is known as Warburg effect. In normal cells under
aerobic conditions, the pyruvate (product of glycolysis) continues to oxidative
phosphorylation in mitochondria to produce energy (ATP). In cancer cells, despite the
presence of oxygen, there is an increased amount of glucose uptake which is fermented to
produce lactate. This process in normal cells is produced under anaerobic conditions,
however, in cancer cells is conducted under aerobic conditions, i.e. aerobic glycolysis or
Warburg effect (Figure 7).5%%57 Cancer cells also rely on glutamine consumption, which
provides carbon and amino-nitrogen needed for amino-acid, nucleotide and lipid
biosynthesis®. Beyond energy metabolism, alterations in lipid- and cholesterol-associated

pathways in tumors are now well recognized and more frequently described.
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Figure 7. Metabolic reprogramming in cancer cells. Malignant cells adapted to a new tumor
environment, conducted glycolysis even in aerobic conditions, in order to produce lactate and energy.
Adapted from Yangjin Kim et al. %8 and develop with Biorender.com

2.4.1. Lipidic metabolic reprogramming in cancer

Lipids are categorized into two main groups: simple lipids and complex lipids. Simple lipids
encompass triglycerides (TAGs), which are commonly referred to as fats. Complex lipids
consist of sterols and their esters, phospholipids (PL), and glycolipids®. Lipids exert
multiple biochemical functions in cells, including membrane synthesis, energy production,
and the activation of intracellular signaling pathways. Numerous human diseases, including
metabolic disorders, immune system disorders, central nervous system disorders, and cancer,
often result from disruptions in lipid metabolic enzymes and their associated pathways.
Highly proliferative cancer cells exhibit a significant demand for lipids and cholesterol,
which they satisfy through increased uptake of external (dietary) lipids and lipoproteins or
by ramping up their internal production, including lipogenesis and cholesterol synthesis. *%.
Comparisons of lipid profiles between malignant tumors and normal tissues have revealed
variations. Hepatocellular carcinoma shows higher levels of saturated fatty acids (SFAs) and
monounsaturated fatty acids (MUFASs), while colorectal cancer is characterized by an
abundance of various lysophospholipids compared to its benign counterparts®.

In most tumors, a nearly universal phenotypic alteration involves the upregulation of
lipogenic enzymes such as acetyl-CoA carboxylase (ACC), fatty acid synthase (FASN), and
ATP citrate lyase (ACLY), which also contribute to cholesterol synthesis®:62,
Downstream enzymes involved in cholesterol biosynthesis could also be altered to
adapt tissues and cells to new environments and to promote proliferation and
malignancy. Thus, reprogramming in steroid hormone metabolism also play a key role
in cancer.
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CHAPTER | - INTRODUCTION
1. The Prostate

The prostate is a gland found in the male reproductive system. It's located just below the
bladder and in front of the rectum. The prostate plays a crucial role in the production and

transport of semen, which is the fluid that carries sperm during ejaculation®.

1.1. Anatomy
The prostate gland appears round, elliptical, or triangular from an axial view. It weighs only

a few grams at birth and about 20 grams by the age of 20. The prostate consists of several

anatomical parts:

a. Base: The top or base of the prostate is situated near the bladder.

b. Apex: The bottom or apex of the prostate is located towards the urogenital
diaphragm.

c. Capsule: The prostate is surrounded by a fibrous capsule that helps maintain its

shape.

AMPULLA OF
DUCTUS DEFERENS

: SEMINAL
BASE \{ VESICLE

EJACULATORY

DUCT PROSTATIC

UTRICLE

PROSTATIC URETHRA

Figure 8. General anatomy of the prostate gland. Created by AnatomyStuff.co.uk

Histopathological analysis of the prostate reveals four different regions or zones. These
include the peripheral zone (where most prostate cancers originate), central zone, and

transition zone.®

23



1.1.1. Peripheral Zone: The peripheral zone is the outermost region of the prostate gland.

1.1.2.

1.1.3.

It surrounds the central zone and makes up the majority of the prostate's posterior
and lateral surfaces. This zone contains a higher density of glandular tissue, including
the acini that produce prostatic fluid, which contributes to semen. It is also the zone
where most commonly develops prostate cancer.

Central Zone: The central zone lies in the inner part of the prostate, surrounding the
ejaculatory ducts as they enter the prostate. This zone has fewer glandular structures
compared to the peripheral zone. It is characterized by a higher proportion of
fibromuscular stroma and fewer acini. Its primary function is to provide structural
support. It plays a role in the contraction of smooth muscles during ejaculation.
Transitional Zone: The transitional zone surrounds the urethra as it passes through
the prostate gland. It's located near the base of the prostate, close to the bladder. This
zone is characterized by numerous glandular structures and a higher density of acini.
The transitional zone contributes to prostatic fluid production and can impact urinary
flow due to its location near the urethra. Enlargement of the transitional zone can

lead to the development of benign prostatic hyperplasia (BPH).

Prostate zones

a Central zone

b Fibromuscular zone
¢ Transitional zone

d Peripheral zone

Ejaculatory duct— e Periurethral gland region

Figure 9. Zonal anatomy of the prostate gland. From Reeves et al.2016 5.
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1.2. Histology
The prostate gland comprises both glandular and non-glandular tissues. A total of 30-50

glands are embedded in the prostate. The glandular tubes contain epithelial cells which coat
the lumen and are responsible for the secretion during ejaculation. Prostatic glands are
surrounded by interstitial tissue which accommodates smooth muscle cells, fibrocytes,
elastic and collagen fibers, blood and lymph vessels, as well as nerves®.

1.2.1. Glandular Tissues: This tissue is responsible for producing the prostatic fluid that
makes up a significant portion of semen. The glandular tissue is organized into
microscopic structures called acini and ducts, which are small sacs or clusters of cells
that produce and store the prostatic fluid. There are fourth types of cells: luminal
epithelial, intermediate epithelial, neuroendocrine, and basal cells.

1.2.2. Stromal Tissues: The stromal tissues of the prostate include the fibromuscular stroma,
which provides support and structure to the gland. The stromal tissues contain smooth
muscle cells that help with the contraction of the prostate during ejaculation, aiding
in the expulsion of semen.

1.2.3. Connective Tissues: Connective tissues surround and support the various components
of the prostate, helping to maintain its shape and integrity. It is composed of
fibroblast cells.

1.2.4. Blood Vessels and Nerves: The prostate is well-supplied with blood vessels and
nerves that play a role in regulating its function and responsiveness. Endothelial cells
line the blood vessels within the prostate and play a role in blood supply. Nerves in

the prostate are involved in sensations related to sexual arousal and orgasm.

Approximately 70-80% of prostate cancers originate in the peripheral zone of the prostate
gland®®. The peripheral zone (Figure 9) contains a higher density of glandular tissue,
including the acini that produce the prostatic fluid. The characterization of different cell
populations in the prostate by analysis of gene signatures allowed the good management and
treatment of prostate cancer®’. Several gene markers have been described associated with the
different cell types in the prostatic epithelium. Basal cells express cytokeratins (CK), CK5,
CK14 and p63 (a homologue of p53 tumor suppressor gene) and low levels of androgen
receptor (AR). These cells are believed to act as stem cells for the regeneration of epithelial
cells®®. Luminal cells mainly express PSA (KLK3), the cytokeratins CK8 and CK18 and to
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a lesser extent Prostate-Specific Membrane Antigen (PSMA) often involved in folate
metabolism and AR activity®. It has been described a persisting luminal population in the
mouse prostate that expresses also stemlike genes (Scal® and Psca*) which promoted the
regeneration of the prostate after androgen deprivation. This suggests that the basal cells are
not the only population with the potential for stemness’®. The neuroendocrine cell
component is involved in regulating hormonal and paracrine signaling within the prostate
gland. These cells are scattered among the secretory epithelial cells. They are smaller and
rare, and commonly express neuronal markers like synaptophysin (SYP), the neural cell
adhesion molecule (NCAM), neural specific enolase (NSE), chromogranin A, but no AR or
PSA™. In addition, neuroendocrine cells also express very high levels of the prostate tumor
overexpressed-1 (PTOV1) protein’2. Neuroendocrine cells participate in the development of
the most aggressive subtype of prostate cancer, the Neuroendocrine Prostate Cancer (NEPC),
characterized by the absence of AR, PSA but the presence of neuronal markers’®. Finally,
intermediate cells, that have been identified with a keratin phenotype intermediate between
basal and luminal cells that co-express high levels of K5 and K18 (K5/18) as well as
hepatocyte growth factor receptor c-MET’4. These cells have also been suggested to

represent the prostatic progenitor stem cell population’™

Luminal cells
Stem cells Neuroendocrine Cells

Basal cells Intermediate cells

Figure 10. Composition of the prostate epithelium. From Espinoza et al.

26



1.3. Function
The prostate gland serves a vital role in the male reproductive system. Its primary functions
include seminal fluid production, a milky alkaline fluid that makes up a significant portion
of semen that helps to nourish and protect sperm as they travel through the reproductive
tract’®. The prostate also produces PSA, an enzyme necessary to liquify semen and aids in
sperm mobility. The prostate is also important for the contraction of the muscles that help to

propel the semen into the urethra during ejaculation.

1.4. Mechanism of prostate function

The prostate requires hormones (Testosterone) to function properly. The Testosterone is
mainly produced by the Leydig cells of the testes and to a lesser amount by the adrenal
glands. Testicular androgens act in the development of the prostate during embryogenesis,
in the prostate growth during puberty, and the enlargement in elderly men with BPH®>"

In the prostate, Testosterone is metabolized into the active hormone dihydrotestosterone
(DHT) inside the prostatic epithelial cells by the enzyme S5a-reductase (SRD5A1/2).
SRD5AL1 is encoded on chromosome 5 and has minor expression and activity in the prostate
but it has a predominant activity in extra prostatic tissues, such skin and liver. On the other
hand, SRD5A2, encoded on chromosome 2 is predominantly expressed and active in the
stromal and basal cells of the prostate®®. DHT binds to its receptor AR and the DHT-AR
complex enters the nucleus where promotes specific gene transcription, protein translation,
and growth hormone synthesis (e.g. PSA, epidermal growth factor [EGF] and vascular
endothelial growth factor [VEGF]) that result in cell proliferation. AR is expressed in both

epithelial and stromal tissues.
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Figure 11. Hormonal physiology of prostate gland. Testosterone is converted into dihydrotestosterone
inside the prostatic epithelial cell by SRD5A2. The DHT-receptor complex initiates gene transcription
resulting in protein and growth hormone synthesis as well as cell proliferation. From M. Oelke, 2020

2. Prostate cancer

2.1. Epidemiology of prostate cancer

PCa is highly prevalent in industrialized countries, it is the most frequent cancer in men and
the third cause of cancer death, after lung and colorectal, in Europe. PCa is also highly
prevalent in Africa and Latin America’®™. In most cases, it is efficiently eradicated by
surgical prostatectomy but the late-diagnosed cancer or the aggressive phenotype have a
five-year relative survival rates lower than 30%%°

The incidence of PCa generally increases with age, approximately 60% of cases of PCa were
diagnosed in men >65 years old®l. Between the ages of 45 and 54 years, the percentage of
diagnosed cases increased to 8.6% and 22% of all cases occurred in men 75-84 years old,
and roughly 5% of cases were found in those >85 years old®.
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2.2. Natural history of prostate cancer (course y evolution)

The natural history of prostate cancer is far from complete. This is partly because the disease
is heterogeneous in both morphology and clinical behavior. The general prognosis varies

widely with age, ethnicity, and genetic background®?,

2.2.1. Initiation:

The tumor-initiating cells or the cells of origin of a prostatic adenocarcinoma are thought to
originate from the basal or luminal prostate epithelial cells, and accumulation of genetic
mutation is thought to be a primary driver of disease. The identity of a true cell of origin of
all human prostatic adenocarcinomas remains controversial. The heterogeneous nature at
both morphological and genetic level, impede the adequate knowledge of the real origin of
this disease®®. However, it is generally accepted that during the tumorigenesis the
transformation from benign to malignant disease occurs after a series of phenotypic changes,
including cell signaling changes possibly as a consequence of genetic mutation.

2.2.2. Progression:
Tumor progression is accompanied by the rising of PSA levels, suggesting AR activity, a

consequence of proliferation of luminal epithelial cells. However, some studies reported that
PCa progression is possible despite minimal serum PSA elevation, in fact near to 22% of the
patients in those studies developed metastasis with undetectable PSA levels®*. Disease
progression is multifactorial and can arise from cells intrinsically resistant or that may
acquire resistance induced by the treatment®®. The mechanisms of PCa progression are not
well understood generally because of the lack of experimental models that reproduce the
heterogenous characteristics of PCa. Tumors progress through distinct stages including non-
malignant hyperplasia, carcinoma in situ, organ-confined localized tumors, indolent tumors
with limited growth potential, and aggressive metastatic tumors®. In the early stages,
prostate cancer is confined to the prostate gland without spreading to nearby tissues or distant
sites. Treatment options for localized prostate cancer may include active surveillance,
surgery (radical prostatectomy), or radiation therapy. If the cancer grows or spreads beyond
the prostate capsule, although it remains within the nearby tissues, lymph nodes, or seminal
vesicles, it is considered locally advanced. Treatment options might include radiation
therapy, androgen deprivation therapy (ADT), or a combination of therapies. Finally, if the
cancer cells evade from the prostate gland and travel through the bloodstream or lymphatic
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system to other parts of the body, it is considered metastatic hormone sensitive prostate
cancer (mMHSPC), or metastatic castration sensitive prostate cancer (nCSPC). At this stage,
patients may eventually develop resistance to the ADT treatment and become castration-
resistant prostate cancer (NCRPC), indicating that the cancer continues to grow despite low
levels of Testosterone (if treated with ADT). This stage often requires more aggressive
treatment approaches, such as newer targeted therapies, immunotherapies, chemotherapy,

and other interventions Figure 12)
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Figure 12. Prostate cancer stages. Tumor burden, estimated by PSA level over time since diagnosis,
increases in patients whose cancer fails to respond to local and systemic therapies as the disease
progresses to metastatic disease. These aggressive prostate cancers are associated with high tumor-node—
metastasis (TNM) staging, progression from localized to metastatic castration-sensitive prostate cancer
(mCSPC) and metastatic castration-resistant prostate cancer (nCRPC) and a change from curative to
palliative care. From Rebello et al.®

2.3. Processes promoting prostate carcinogenesis

2.3.1. Inflammation: chronic inflammation is usually linked to carcinogenesis.
Inflammation might influence the pathogenesis of cancers by inflicting cell and
genome damage, triggering restorative cell proliferation to replace damaged
cells, and elaborating a portfolio of cytokines that promote cell replication,
angiogenesis and tissue repair®®. Many epithelial lesions are associated with

acute and chronic inflammation®’, indeed administration of the potent
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heterocyclic amine PhIP (2-amino-1-methyl6-phenyl-imidazo[4,5-b]pyridine),
results in chronic inflammation and promotes prostatic hyperplasia and PIN in
rodents®®. Interleukin-6 (IL-6), one of the most important markers of
inflammations, is elevated in patients with untreated metastatic or CRPC, has
been seen able to promote PCa cell proliferation and inhibit apoptosis in

vitro and in vivo®

2.3.2. Oxidative stress and DNA damage: it has been suggested that one of the

major aging-associated effects on prostate carcinogenesis is oxidative stress and
its cumulative impact on DNA damage®®. Oxidative stress occurs when the
production of ROS exceeds antioxidant capacity, chronic increases in ROS over
time are known to induce somatic mutations and neoplastic transformation®.
Interestingly, androgens may induce the production of spermidine®®, which
undergoes a polyamine catabolic pathway, increasing ROS levels. It has been
described that the AR needs JunD protein as a coactivator to activate this

oxidative pathway in LNCaP cells®>%

2.3.3. Genetic alterations: Prostate cancer is believed to be strongly associated

with the accumulation of somatic mutations in the prostate epithelial cell
genome over a patient’s lifetime. Frequent alterations in localized PCa are
fusions of AR-regulated promoter regions with erythroblast transformation
specific (ETS) genes family. Of these, TMPRSS2-ERG is the most frequent
detected in around 50% of biopsies®, followed by TMPRSS2-ETV1, in only 8%.
Other alterations are found in the SPOP gene, which codes for the substrate-
recognition component of the Cullin3-based E3-Ubiquitin ligase. The loss-of-
function mutations in SPOP are less frequent (13%) and found in TMPRSS2-
ERG negative tumors®, similarly to the gain-of-function mutations in FOXA1
(3%)%. The progression from localized to metastatic disease, or mCSPC, to
MCRPC involves deregulation of key genes of growth control, such as PTEN,
encoded by a dual-specificity protein phosphatase. PTEN alterations are present
in about 12-17% of localized and metastatic PCa®"%. MYC has a wider role in
prostate carcinogenesis, as MYC is almost ubiquitously expressed at every stage
of tumor development. MYC overexpression was shown to diminish the AR
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transcriptional program (genes directly targeted by AR) in luminal cells®. In
more advanced PCa, genes regulating cell cycle arrest, such as TP53 and RB1,
are frequently altered in approximately 27% of mCSPC and 50% of
mMCRPC!%101 A gene involved in homologous DNA repair, the ATM (Ataxia
Telangiectasia Mutated) is altered in 5% of mCSPC and 7% of mCRPC;100.101

PIN PIN CIS Adenocarcinoma Positive Bone Visceral
(low (high lymph metastasis metastasis
grade) grade) nodes

Malignant Metastatic

SPOP ETS PTEN  NKX3-1 MYC

fusions

ATM

BRCA1 APC
and/or

Basal lamina

Basal cell . RB1 AR BRCA2 CTNNB1
Prostatic

Luminal cell tumour cells

Figure 13. Genetic alterations in prostate cancer. Common mutations in prostate cancer are shown
according to their enrichment at different disease stages. CIS, carcinoma in situ; PCF, Prostate Cancer
Foundation; PIN, prostatic intraepithelial neoplasia. From Rebello et al.®

2.34. Senescence: Cell senescence has been implicated in cancer progression.
This topic will be discussed with more detail in senescence and prostate cancer

section.

2.4. Diagnosis of PCa

Standard diagnostic tools for detecting prostate cancer include a digital rectal examination
(DRE) to check for abnormalities, serum PSA levels, and prostate biopsy. Additionally, the

Gleason score gives information about clinical stage and marker of prognosis.

2.4.1. Digital rectal examination (DRE): DRE was the first diagnostic tool for
PCa and the most common strategy for early detection®?. This method consists
in analyze the peripheral zone of the prostate gland by palpation through the
low rectum. An abnormal DRE results include, a hard mass or nodule,

induration or asymmetry%,
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2.4.2. Serum PSA: Prostate-Specific Antigen (PSA) a protein encoded by
KLK3 gene, belonging to the kallikrein family of serine proteases located in the
chromosome 19, is commonly used as a screening tool for prostate cancer
because is easily detected in the blood'%. PSA is present in circulation as a
complex with o-antichymotrypsin and, in a minor fraction, as free PSA%,
Elevated PSA levels can be indicative of prostate-related conditions, generally,
a PSA level of 4.0 ng/mL is considered the threshold for normal/abnormal, but
this value can vary based on age and other factors. PSA levels between 4.0 and
10.0 ng/mL are often considered in a gray area, and further evaluation is
needed%,

2.4.3. Prostate biopsy: prostate biopsy is the standard and official method used
to confirm the presence of prostate cancer. The needle biopsy procedure is
typically guided by imaging techniques such as transrectal ultrasound (TRUS)
or magnetic resonance imaging (MRI) fusion, which help target specific areas
of concern within the prostate gland*®”. TRUS-guided biopsy is recommended
when DRE is suspicious and PSA levels are elevated.

2.4.4. Clinical stage: The staging system commonly used for most cancers is
the TNM system, which stands for Tumor, Nodes, and Metastasis. It assesses
three key factors to determine the stage of cancer: T, N, and M. Each factor
provides specific information about the extent and spread of the cancer. T
(Tumor) describes the size and extent of the primary tumor and ranges from 0
through 4. N (Nodes) assesses whether cancer has spread to nearby lymph
nodes. Lymph nodes are small, bean-shaped structures that play a crucial role
in the immune system and ranges from 0 to 3). Finally, M (Metastasis), indicates
whether the cancer has metastasized, meaning it has spread to distant organs or
tissues beyond the primary site and regional lymph nodes. The M category has
two possible values: M0: No distant metastasis or M1: Distant metastasis is
present.

2.4.5. Gleason grade: Gleason grade is a classification system used to grade
the histological appearance of prostate cancer cells under a microscope. It
provides valuable information about the aggressiveness and potential behavior
of this cancer. The Gleason Grade System categorizes prostate cancer cells into
five distinct patterns:
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Pattern 1: well differentiated uniform single glands, closely packed in masses
with relatively circumscribed boundaries.

Pattern 2: well differentiated but more variable single glands, slightly spaced
apart, boundaries of tumor less well circumscribed.

Pattern 3: moderately differentiated glands that may range from small to large,
growing in spaced-out infiltrative patterns, may be papillary or cribriform.
Pattern 4: cells raggedly infiltrating, fused-glandular tumor frequently with pale
cells, may resemble hypernephroma of kidney.

Patter 5: anaplastic carcinoma with minimal glandular differentiation, diffusely

infiltrating prostatic stroma.

Gleason’s Pattern

1. Small, uniform Well

glands differentiated
2. More stroma

between glands

Moderately
differentiated

l

Poorly
differentiated
/Anaplastic

Figure 14. Gleason Pattern. Diagram of differentiation grades in prostate cancer from low aggressiveness
(well differentiated) until high aggressive (poor differentiated). adapted from the Gleason et al.1% Image
obtained from the National Cancer Institute.

The Gleason grading attempts to represent the heterogeneity of the tumor. The pathologist
informs the results as a score which is derived from the sum of the first most prevalent
pattern observed in the tissue sample and the second more frequent: for example, 4+3=7.

The new system revised in 2014 by the International Society of Urological Pathology
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(ISUP), established five groups, adjusting PCa grading to other carcinomas grading
systems®%®. (Table 1)

Table 1. Prostate cancer classification in groups according to Gleason pattern.

1+2, 3+2, 3+3 <6 1 Very low/Low
3+4 7 2 Low/intermediate
4+3 7 3 Intermediate
3+5, 4+4, 5+3 8 4 High
4+5,5+4 9 5 Very high
5+5 10 5 Very high

As shown in table 1, in the new classification the score 7 is divided in two groups, depending
on whether the most frequent pattern is 3 or 4. According to the original grading, cribriform
glands were considered to be in pattern 3, however, it was demonstrated that this pattern is
more related to the aggressive PCa in 84% of the cases. Therefore, nowadays, cribriform

glans are included in pattern 4%,

3. Prostate cancer treatment

The treatment options for prostate cancer vary based on the stage and extent of tumor
development. Prostate cancer is often classified into different stages based on factors such
as tumor size, spread to nearby lymph nodes, and whether it has metastasized (spread) to
distant parts of the body. The treatment approach may change as the cancer progresses
(Figure 15).

3.1. Localized Prostate Cancer (Early Stage):

Men with localized PCa have a low-risk or slow-growing prostate cancers (low risk of
biochemical relapse, BCR), active surveillance may be recommended. Regular monitoring
with PSA tests, digital rectal exams, and occasional biopsies are conducted to ensure the
cancer is not growing or spreading rapidly. If the risk increases (PSA >10), surgery (Radical
Prostatectomy) is recommended. This can be done through open surgery or minimally
invasive techniques such as laparoscopic or robotic-assisted surgery. Also, radiation therapy
can be recommended. Options include external beam radiation therapy and brachytherapy
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(implantation of radioactive seeds directly into the prostate). These patients have a very good
survival rate (>95%)

3.2. Locally Advanced Prostate Cancer:

Patients with PSA>20 and stages T 3-4 or lymph node invasion (N1), commonly are treated
with a combination therapy: radiation therapy may be combined with hormone therapy
(Androgen Deprivation Therapy - ADT), before radical prostatectomy. This group of
patients present a BCR risk >50%%°,

3.3. Metastatic Prostate Cancer:

The median survival for patients who progress to a metastatic PCa (Overall Survival -OS)
in low volume disease is 92.4 months and 55.2 months in high volume disease. However,
when metastatic PCa is detected at diagnosis the OS is 51.6 months in low volume disease
and 43.2 months for high volume disease!' . In these patients ADT is the standard treatment
approach and may consist of Luteinizing hormone-releasing hormone (LHRH) agonists,
LHRH antagonists or bilateral orchiectomy. Also combination therapy with docetaxel is
applied!!!. This type of metastatic disease is also known as hormone sensitive PCa
(mHSPC), however, after 1-5 years up to 40% of patients eventually develop a castration
resistance PCa (mCRPC).

3.4. Resistant Prostate Cancer:

The treatment for resistant PCa could be a second-Line hormone therapy. Until 2004, cancer
resistance to initial hormone therapy, was treated with the addition of secondary hormonal
manipulations, including: antiandrogens as bicalutamide and nilutamide and corticoids.
However, the use of docetaxel (a taxane, inhibitor of microtubule), was the first systemic
therapy demonstrating survival benefit in mCRPC!!2, In addition to docetaxel, most agents
for the treatment of mMCRPC were approved based on demonstrable survival benefit in
randomized studies as cabazitaxel, abiraterone acetate and enzalutamide!®. In the last
decade the development of new cancer treatments has focused on immunotherapy!*4. On of
the first treatments for mCRPC was Sipuleucel-T, an autologous cellular immunotherapy,
composed of autologous antigen-presenting cells cultured with a fusion protein, PA2024, a
prostatic acid phosphatase linked to granulocyte-macrophage colony-stimulating factor!?,
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Figure 15. Stages in Prostate cancer progression and associated therapies.

4. Mechanisms implicated in Castration Resistant Prostate cancer:

Despite the initial high efficacy, the resistance to ADT invariably provokes the development
of a castration-resistant prostate cancer (CRPC). This form of prostate cancer represents a

significant challenge in the treatment of advanced PCa.

4.1. Androgen Receptor (AR) Signaling Persistence

Many prostate cancer cells continue to rely on the AR signaling for growth, even in the
absence of high levels of circulating androgens, a subset of cells develop hypersensitivity to
androgens either through amplification or mutations in the AR, Such mutations are

absent in localized PCa but are frequent in advanced or metastatic PCa and in CRPC.

4.1.1. AR Mutations: Mutations in the AR gene can lead the receptor to enhance
its sensitivity to the ligand in low androgen environments, acquire affinity for
non-androgens ligands, and even to antagonist-to-agonist switching. There are
>100-point mutations that appear in the AR, and the majority of them present in
the NTD or LBD region, among them: L702H, H875Y, W742C, F877L and
T878A, being the last two the most studied mutations. These LBD-mutations

resulted in increased AR transactivation activity and decreased ligand
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specificity, promoting activation not only by androgens but also other steroid
hormones!t’118,

4.1.2. AR Amplification: Gene amplification is defined as an increase in gene
copy number beyond the normal diploid copy number. In CRPC, cells can
increase the number of androgen receptors on their surface, enhancing their
sensitivity to low androgen levels. Over 80% of patients with CRPC had a
significant increase of AR mMRNA and protein levels. The comparison of AR
protein levels in CRPC samples to multiple isogenic tumor xenograft models
using microarray-based profiling, found increased AR expression in CRPC
cellst?®

4.1.3. AR Splice Variants: The production of alternative forms of the androgen
receptor, or splice variants, is an additional manner for cancer cells to achieve
the capture of the necessary androgen hormones or increase the activity of the
AR. AR splice variants are truncated AR proteins prone to persistent activation.
They lack the LBD region, and just the NTD and DBD regions are
transcriptionally activated, independent of the presence or absence of
ligand-binding or antagonist effect. AR variants can be produced through
genomic structural rearrangements (GSRs) during ADT, altered mRNA
splicing, or high transcriptional rates of the full-length AR itself.

4.2. Androgen-Independent Pathways

PCa cells adapt to survive without high levels of androgens because they succeed to activate
alternative growth pathways that are not reliant on AR signaling:

4.2.1. PIBK/AKT/mTOR Pathway Activation: This pathway plays a pivotal
role in cell growth and survival. Activation of this pathway can lead to
resistance by promoting cell growth independently of AR signaling.

4.2.2. HER2/Neu Overexpression: Overexpression of the HER2 receptor gene
can drive PCa cell growth, even when androgen levels are low.

4.2.3. Neuroendocrine Differentiation: Some PCa cells can undergo
neuroendocrine differentiation, thus becoming less dependent on AR signaling
for growth.
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4.3. Intratumoral de novo steroidogenesis:

Androgen deprivation therapy entails the reduction of circulating androgens or their activity
within the body, which typically inhibits the growth of PCa cells that depend on androgens
for their survival and proliferation. Although the synthesis of Testosterone mostly occurs in
Leydig cells in the testis, some prostate cancer cells can adapt to the low androgen
environment by developing the ability to synthesize their own androgens. In models of
castration-resistant prostate cancer (CRPC) with low circulating androgen levels, it has been
established that intra-tumoral androgen levels mirror or even surpass those produced in
eugonadal men, indicating an alternate source of androgen production in the tumor. The
source of Testosterone in prostatic tissue after ADT implies intracrine production within the
gland, converting adrenal androgens to dihydrotestosterone (DHT). Specifically,
dehydroepiandrosterone (DHEA) and its sulfated form DHEA-S, unaffected by ADT, are
reduced to form a-androsteanedione which can be converted to DHT by HSD3B, AKR1C3
and SRD5A1 enzymes, through the “backdoor” pathway!?%!2L, In addition to the utilization
of weak adrenal androgens, some studies indicated augmented expression of steroidogenic
enzymes such HSD3B1, HSD3B2, HSD17B3, AKR1C3, and SRD5A1, suggestive of a de
novo production of steroids and androgens!?2123, Studies on tissue samples from metastatic
CRPC patients revealed a significant upregulation of the genes FASN, CYP17A1, HSD3B1,
and HSD3B2 compared to primary prostate cancer*?*'?’. Immunohistochemical staining of
the enzymes CYP11A1, CYP17A1, and 17B-hydroxysteroid dehydrogenase-3 (17HSD3)
in lymph node metastasis also demonstrated higher staining intensity than primary PCa
samples. Multiple investigations have confirmed the active intratumoral steroidogenesis in
CRPC cells'?. Both cholesterol and adrenal androgens (DHEA) emerge as plausible sources
for intratumoral DHT synthesis. The key steroidogenic enzymes that are upregulated in
CRPC emerge as attractive targets for a therapeutic intervention aimed at reducing
intraprostatic androgen levels. However, given the absence of a single enzyme target, a
combination of drugs becomes necessary to inhibit diverse enzymes. This approach, at times,
yields less than favorable outcomes or incurs in notable side effects. Thus, exploring into the
mechanisms implicated in steroidogenic reprogramming it is imperative to identify new

biomarkers and enhance the therapeutic paradigm.
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5.1. In vivo models:

Among the animals models available, mouse models for cancer studies are relatively quick
and easy for breeding schemes, ease of manipulation of embryonic cells in vitro, stability of
genotype(s), and availability of multiple mouse strains with specific gene alterations'?,
however, mice prostate substantially differs from human prostate at anatomical and
physiological level®***3!, The prostate in the mouse is composed of distinct lobes, whereas
human only possesses a single and compact structure. However, the most important
histological differences are the lower content of basal cells and stroma, and the low amount
of smooth muscle cells present in the stroma32,

New techniques have allowed the development of genetically manipulated mice to study the
natural history of prostate cancer. Current mouse models for prostate cancer can be divided
into 2 broad categories: genetically engineered mouse (GEM) models and xenograft (PDXs)
models'®312°, The convenience of xenograft investigations is their rapid progression from
the tumor implantation to its development, which renders xenograft models an appealing and
pivotal component within numerous contemporary preclinical drug assessments'®,
Nonetheless, the disadvantages associated with xenograft models encompass the restricted
availability of tumor cell lines harboring specific genetic modifications, dissimilar tumor
growth Kinetics in comparison to human tumors, lack of proper stromal-tumor interactions,
and the inadequate elicitation of appropriate immunological responses?®®. GEM models
overcome most of the xenograft shortcomings, however, several drawbacks of these models
include: the necessity of long-term studies, long tumor latency, time and high cost associated
with breeding, skills and genotyping. In addition, many common genotypes are not
represented, patented strains are unavailable, and spontaneous strain-dependent

tumorigenesis independent from genetic engineering has been'?°

5.2. In vitro models:

In vitro cells cultures models, mainly from human origin, are among the most useful tools
due to the high availability, easy to use, and low cost. Ideally, a tumor models should reflect

inter-patient and intra-patient heterogeneity, resistance, interaction with their
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microenvironment, and have similar effects of the tissue architecture on drug penetration,
bioavailability and efficacy!®®. However, in vitro PCa cell cultures, have proven to be
particularly difficult to obtain in comparison with other types of cancers, and the few
available cell lines lack many of the characteristic genetic lesions commonly associated with
prostate cancer and do not represent the tumor heterogeneity!36137,

The most widely used cell lines are LNCaP, Dul45 and PC3, all of which are derived from
metastatic nodules of different organs and therefore, they poorly represent the primary tumor
heterogeneity. To overcome some of this problems, three-dimensional (3D) patient derived
organoids (PDOs) are perhaps a more efficient alternative, as they still maintain tumor
heterogeneity and appropriate disease modeling. Organoids, or “mini organs”, are clusters
of cells grown in vitro that self-organize and differentiate into functional cell types®®. These
models, however, also show some disadvantages, such as longer timescale than cell cultures,
requires more extensive analyses, data obtained are highly dependent on the environment,

causing high variability°,

6.1. Senescence
Replicative senescence, originally described by Hayflick and Moorhead***, is defined as an
irreversible proliferative arrest after a limited number of divisions'*®. Cellular senescence
has been considered essentially a stress response that protect the adult organism against
insults that damaged cells may cause and therefore senescence was described as a critical

tumor suppressor mechanism acting as a barrier preventing the proliferation of tumor cells
141,142

6.2. Senescence and cancer

Current findings have convincingly demonstrated a paradoxical role of senescence!*. For
example, cellular senescence response in embryo development has been demonstrated to
provide not only cellular proliferative control but also signals for tissue remodeling
activity!*, being a developmental force that can promote plasticity, improvement of
regeneration and proliferation'*. Similarly, recent studies have shown that senescence can
promote cancer stemness and aggressiveness. Gene expression analysis showed that
senescent B- cell lymphomas upregulated stem cell markers and WNT signaling comparing

versus non-senescent cells*,
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6.3. Senescence and prostate cancer

Interestingly, almost 20 years ago, Chen and collaborators showed that a complete
conditional inactivation of the tumor suppressor PTEN in genetically engineering mice,
resulted in PIN lesions that displayed a senescence phenotype!*’, Shen and Abate®
interpreted these results as a temporarily activated senescence during which additional
oncogenic events are completed to bypass senescence and promote cancer progression. More
recently, the metalloproteinase inhibitor TIMP1 has been identified as a crucial determinant
in the effects of senescence within prostate cancer. In mouse models, senescence induced by
PTEN deficiency or chemotherapy, effectively limits prostate cancer progression. However,

when TIMP1 is absent, senescence promotes metastasis'“.

Tumor suppression

Senescent-associated growth Immune surveillance

arrest (autocrine and paracrine)

CD4(+)Tcell  NKecell

elfrenewal
.

N
p . Stemness

Drug resistance

Immunosuppressive environment

Tumor promotion

Figure 16. Dual role of senescence in cancer. SASP components can induce or enhance growth arrest,
immune surveillance inhibiting cancer progression, however, SASP can also activate vascularization,
tumor remodeling, drug resistance, immunosuppression and stemness to promote cancer progression.
From Yang et al 20214

42



CHAPTER I: PREMISE

43



44



PCa is a hormone-dependent tumor'“®1*0 and so the gold standard treatment for patients with
inoperable tumors is the androgen deprivation therapy (ADT), which is effective to reduce
the tumor volume®!. However, the progress to a resistant cancer in the great majority of
cases treated with ADT remains the biggest problem®%1%, One of the mechanisms proposed
to explain the development of resistance is intratumor hormone biosynthesis. Tumors
develop capacities to synthesize their own androgen hormones after a deprivation therapy.
Studies that revealed the presence of steroids in tumor tissues and the expression of key
steroidogenic enzymes, indicate the tumors’ potential for a de novo steroids synthesis!?216-
158 However, the study of the mechanisms that lead to cancer resistance has been challenging,
mostly due to the limited number of cell lines and xenograft models and the lack of tumor
representativeness'®*1%°, PCa has been characterized by a great level of intra- and inter-tumor
heterogeneity, which makes it difficult to accurately model PCa in vitro®, In fact, the
presently available seven PCa cell lines cannot represent the heterogeneity of these tumors
and, for example, only VCaP cells have shown abilities for de novo steroids synthesis®.
Currently, novel tools to study PCa, as well as patient-derived models have shown better
correlations with clinical stages of the disease!®%, Among them, cultures derived from
primary prostate tumors have shown to represent good in vitro models to study the disease
mechanisms and predict the patient’s response to ADT.166-168

Recently, in our laboratory we have developed ex vivo cell cultures derived from hormone-
naive aggressive inoperable primary prostate tumors. Preliminary genetic characterization
of these cultures showed good representation of the heterogeneity of prostate tumors.
Interestingly, more than 70% of cultures contained a genetic alteration in the TP53 gene,
P72R (rs1042522). This SNP remains controversial as a prostate cancer biomarker or
predictor for the disease.

An early intervention, preventive for the development of resistance, would require the
improvement of tools to study new biomarkers able to predict the patient response to ADT,
and possibly the discovery of new target genes that contribute to androgen production in
prostate cancer. To know the mechanisms implicated in the rewiring of the steroidogenic
metabolism in aggressive PCa could be a promising route for improving the diagnosis,

prognosis, and management of these patients.
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Recently, our laboratory has developed ex vivo cell cultures from hormone-naive primary
prostate tumors, to better represent the heterogeneity of prostate tumors, and be used as
models to study the mechanism of resistance that originate in the primary tumor. In

agreement with the current problems above exposed, we hypothesized that:

Primary cultures derived from prostate tumors of naive patients could be a useful and
representative model to study the mechanisms of resistance. The characterization of
this model in reference to the original tissue by detecting major mutated genes, indicate
the TP53 SNP is associated with prostate cancer in the European population.
Focusing in the intratumor steroidogenesis to discover new markers for future
therapies, hormone-naive Primary Cultures (hnPCs) might be showing changes in gene
expression of steroidogenic enzymes (reprogramming) necessary to maintain proliferation and
survival.

The reprogramming of the steroidogenic metabolism would be promoted by the

senescence-associated cancer stemness signature observed in vitro.

Study the steroidogenic pathway and mechanisms involved in hormone metabolism

reprograming in hormone- naive primary cultures to search for new biomarkers.

Examine the association between P72R SNP in TP53 gene and prostate cancer.

Analyze the expression of steroidogenic enzymes in hnPCs along the hormone

steroid synthesis pathway.

Compare the gene expression profiles between primary PCa cultures and tumor

tissues.

Determine the role of cellular senescence in the hormone metabolism reprograming.
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1.1. Cell lines:

LNCaP: is a human prostate epithelial cell line that was obtained in 1977 from a needle
aspiration biopsy of a lymph node in the left supraclavicular region of a 50-year-old
Caucasian man who had metastatic prostate carcinoma®®®. These cells exhibit the presence
of androgen receptor (AR), estrogen receptor (ER), and prostate-specific antigen (PSA), and
they respond to androgen stimulation'’®. Additionally, the cells express cytokeratins 8, 18,
and 20, along with wild type (WT) p53 and PTEN inactivation. Notably, this cell line carries
a T877A mutation in the AR gene sequence, which leads to a strong binding affinity to
various steroid compounds. LNCaP cells have a slow growth rate, taking around 60-72 hours
for their population to double, and their karyotype typically ranges from 33 to 91
chromosomes. When transplanted into mice (xenografts), LNCaP cells show a moderate
success rate of 50% in developing tumors, and these tumors have a doubling time of
approximately 86 hours®’*.

Dul45: is a human prostate cancer cell line that originated from a metastatic site in the
brain'’2. These cells do not produce prostate-specific antigen (PSA) and do not respond to
androgens. Their population doubling time (PDT) is approximately 29 hours. The cell line
has undergone extensive chromosomal rearrangements, showing a range of 58 to 63
chromosomes in each metaphase spread, with a predominant count of 64 chromosomes.
Notably, these rearrangements affect around 70% of the 22 different autosomal
chromosomes, including modifications such as t(11912q), del(11)(q23), 16q+, del(9)(p11),
and del(1)(p32). In terms of cancer grade, Dul45 cells give rise to grade Il adenocarcinoma
and have the capability to spread to various organs, including the spleen, lungs, and liver'’,
While the Du145 cell line were initially characterized as lacking the androgen receptor (AR),
recent research has shown the presence of AR protein in these cell lines and its induction
following treatment with dihydrotestosterone (DHT). However, this upregulation of AR
protein did not lead to the activation of AR-responsive reporter genes. As a result, the authors
proposed that Du145 cell line should be described as "androgen non-responsive™ rather than

"AR-negative"!"”,
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Sublines:

The docetaxel-resistant cellular models Dul45 were provided by Dr. Begofia Mellado
from the Laboratory and Medical Oncology Department at Hospital Clinic in Barcelona. The
development of (docetaxel resistant) DR-Du145 cells occurred through a process of selection
by exposing cells to escalating doses of docetaxel over extended periods of 1 year from
Dul45. The initial concentration of docetaxel used for the culture was 5 nM, and surviving
cells were cultured while gradually increasing the docetaxel concentration to 10, 25, 50, 100,
and 250 nM. In a parallel manner, the parental Du145 cells were subjected to the same dose-

escalation protocol, with exposure to DMSO (vehicle solution).

The androgen-independent (Al) and androgen-dependent (AD) models LNCaP cells
were obtained from the laboratory of Dr. Anna C. Ferrari at the Division of Neoplastic
Diseases in the Department of Medicine at Mount Sinai School of Medicine in New York.
In brief, the LNCaP Al subline was established by continuously culturing LNCaP cells in
RPMI medium deprived of androgens, with 10% charcoal-stripped, heat-inactivated FBS for

a period of 6 months.

1.2. Cell lines maintenance:

Cells were maintained at a temperature of 37°C in an environment containing 5% CO2.
Du145 cells and LNCaP cells were grown in RPMI-1640 medium from BioWest. All media
were supplemented with 10% heat inactivated fetal bovine serum (FBS), 2 mM L-glutamine,
100 U/mL penicillin, 100 pg/mL streptomycin, and 0.1 mM non-essential amino acids, all
provided by BioWest. The LNCaP Al subline was cultivated in RPMI-1640 medium with
charcoal-treated and heat inactivated 10% FBS. Docetaxel resistant Dul45 cells were
maintained in RPMI-1640 supplemented with 2.5 nM docetaxel (Sigma-Aldrich, St. Louis,
MO).

For cryopreservation, two million cells were slowly frozen in 1 mL of ice cold FBS
containing 10% DMSO. Cells were kept at -20°C for one day, then transferred to -80°C for
3-5 days. For extended storage, vials were stored in a liquid-nitrogen freezer to maintain
temperatures below -160°C. To recover cryopreserved cells, frozen vials were rapidly

thawed in a 37°C water bath, diluted in pre-warmed complete culture medium, centrifuged
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at 1200 rpm for 5 minutes, resuspended in complete culture medium, and seeded into
appropriate flasks.

1.3. Ex vivo Prostate primary cultures (hnPCs):

Primary cultures were previously established in our laboratory from prostate tumor needle
biopsies of hormone-naive patients (i.e., without previous treatments, hnPCs). In brief, all
patients were selected for (i) high levels of serum PSA (>50 ng/mL), (ii) positive digital
rectal examination. DRE and PZA >50 ng/mL. Five needle biopsies were used for culture.
Biopsies were cut into small pieces (< 1mm3) using a razor blade, then centrifuged for 10
min at 250 xG and seeded on plates (collagen, or Poly-D-lysine treated) with complete
DMEM-F12 medium to promote attachment. Cells were allowed to migrate from tissue
pieces and fill the plate. After the first passage, epithelial cells were purified from fibroblasts
using a two-step trypsinization method: the initial step with TRYPLE at 0.5X in PBS for 5
min at room temperature. After removal of fibroblasts, a subsequent trypsinization step with
concentrated TRYPLE 1X at 37°C for 5 min. was used to collect epithelial cells. TRYPLE
was eliminated by centrifugation and addition of fresh complete DMEM-F12 medium. In
the following experiments of this study, after thawing, each cell culture was treated with
trypsin (0.05%) in the initial passages to remove fibroblasts and ensure that the cultures were
free from contamination. Subsequent passages were performed with Trypsin 0.25%.

1.4. hnPCs culture and maintenance:

Hormone-naive primary cultures were cultured at 37°C in at atmosphere of 5% CO., with
complete DMEM-F12 medium. The complete medium contained: 2mM of L-Glutamine,
100U of penicillin/mL, 100 ug streptomycin/mL, 0.1mM of non-essential amino acids, 1mM
of sodium pyruvate and 7% fetal bovine serum, with supplement 1X and human FGF-10
(10ng/pL), human EGF (20ng/uL), Vitamin A and E (200ng/uL). Growth factors and
vitamins were added freshly whereas supplements were prepared and stored at -20°C until
its used. Supplement (100X) was prepared in DMEM-F12 containing glucose (6 mg/mL),
transferrin (1000ug/mL), human insulin (2.500ug/mL), putrescine (97ug/mL), sodium
selenite (30 uM) and hydrocortisone (100puM).

1.4.1. Plates pre-treatment

Plates were treated with collagen | or poly-D-lysine 1X. Briefly, 50 pL/mL of collagen |
(Merck) were added into the plate/wells and incubated for 1 hour at 37°C. Remaining
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solution volume was aspirated, and plates were allowed to dry overnight in the incubator.
Coated dried plates were sterilized by exposure to UV light in a sterile culture hood for 15
minutes, sealed and store at 4°C until ready to use.

Poly-D-Lysine (0.1mg/mL) 100X was used for coverslips coating in immunofluorescence.
In brief, coverslips were washed with ethanol and rinsed with sterile water. Once coverslips
were dry, Poly-D-Lysine at 1X was added to the well containing the coverslip and was
incubated for 1 hour at room temperature on cabinet. Finally, excess of volume was removed,
and coverslips were washed with water and allowed to dry in the incubator. Also, plates
were sterilized previously to use.

1.4.2. Androgen deprivation model

In order to mimic androgen deprivation therapy in vivo, hormone-naive primary cultures
were previously treated in our laboratory to establish two models: Androgen Independent
(Al) model and Androgen Dependent (AD) model.

Al model for each culture, were treated with medium lacking steroid hormones (Charcoal
treatment), cells able to grow in those conditions for at least seven days were selected and
surviving cells were trypsinized and replated at same conditions. AD models, were the

counterpart cultures, growing in medium with hormones.

2.1. Samples of benign prostatic hyperplasia (BPH) and Radical prostatectomies

(RP)

Three tissues samples from benign prostatic hyperplasia (BPH) donors were used as controls

samples and eleven radical prostatectomies (RP) samples from patients with low-grade
tumor status (Gleason < 8) were used to compare with hnPCs and tissues biopsies. Samples
from BPH and RP were collected by the Unit of Urology of Vall d"Hebron Hospital
(Barcelona, Spain) and preserved in Optimal Cutting Temperature compound (OCT) and
store at — 80 °C until frozen sectioning.

Frozen tissue were transported on dry ice for precise sectioning with a cryostat and cut in
sections 10um thick at -20°C. Collected section were transferred to cryotubes on dry ice for
RNA extraction. For each sample, a section at maximum diameter location at thickness of 5

pum both immediately before and immediately after the tissue sections was collected for
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Hematoxylin and eosin staining.

2.2. Samples of needle biopsy tissues

From each patient, two additional sample of needle biopsy were collected for further analysis
with RNA extraction. These samples were previously collected in RNA later (Qiagen) stored
for one day at 4°C. After that, RNA later was removed, and tissue were then stored at -80°C

until RNA extraction.

3.1. Patient recollection

Patients with prostate cancer diagnosis admitted to Vall d"Hebron Hospital (HVH) were
selected from the hospital database. Criteria for selection were patients with PSA> 50ng/mL
white, southern European. In total we were able to collect 94 patients (protocol approved by
the Hospital's CEIC (PR (AG) 96/2015, CEIC Hospital Vall d'Hebron).

3.2. Serum sample collection

Serum samples were collected from surplus samples routinary checked at the Biochemistry
Dept. of the Hospital Vall d’Hebron. Briefly, samples blood collected in SST yellow tubes
containing separator gels, were centrifugated at 3,500 rpm for 15 minutes at 4°C. The
resulting serum was collected in 2 mL tubes, properly labeled and codified in the biobank
system, were then stored at -80°C. Sample processing was performed according to the
scientific and ethical guidelines approved by biomedical research law (Decret 1716/2011) at
the Vall d’Hebron Hospital Biobank.

4.1. DNA extraction

41.1. DNA from cell cultures

Genomic DNA was isolated utilizing the DNeasy mini kit from Qiagen, following the

manufacturer's guidelines. This kit employs chaotropic salts to bind nucleic acids to the spin
minicolumn membrane for DNA purification. For cell cultures, the medium was aspirated,

and cells were washed with cold PBS. Subsequently, cells were centrifugated at 1200 rpm
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and resuspended in 200 pL of PBS containing Proteinase K (20 pL) and 4 ul RNase A (100
mg/ml), mixed by vortexing, and incubated 2 min at room temperature. Then, 200 pL of AL
(lysis) buffer was added and mixed thoroughly by vortex before incubation at 56°C for 10
min. After this, ethanol was added (200 pL) and the mixture was again mixed and transferred
to the DNeasy Mini spin columns. These were centrifugated at 8,000 rpm for 1 minute and
the flow-through was discarded. The spin columns were subsequently washed and
centrifugated with AW1 and AW2 wash buffer (500 pL). Finally, the purified DNA was
eluted using a buffer of low ionic strength, rendering the DNA suitable for single-nucleotide

polymorphism analysis.

4.1.2. DNA from tissue samples

The same procedure for DNA isolation from cell culture was performed with some
modifications, following manufacturer instructions. Frozen tissue sections, placed in
criotubes were mixed with 180 pL of ATL buffer and homogenized by passing it through a
20-gauge needle attached to an RNase-free syringe about 5-10 times, then 20 uL Proteinase
K was added and incubated at 56°C until the tissue was completely lysed (approximately 1
hour) by vortexing every 20 minutes during the incubation period. The following steps were
processed as with cell cultures.

41.3. DNA from serum samples

For the genomic DNA extraction from serum samples of prostate cancer patients, the
MagNA Pure 24 Instrument, and total Isolation Kite (Roche) was used. This fully automated
system is based on the use of magnetic glass particle technology (MGP), that allows the
processing of up to 24 samples in about 70 minutes. Briefly, the sample material is lysed,
nucleic acid is released, and nucleases are denatured. After that, DNA binds to the silica
surface of the MGPs by action of chaotropic salts and the high ionic strength of the
lysis/binding buffer. MGP with bound nucleic acids are magnetically separated from the
residual lysed sample and unbound substances, such as proteins, cell debris, and PCR
inhibitors are removed by several washing steps. Purified DNA is eluted from the MGP in

elution buffer.
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4.2. DNA genotyping for SNiPs
To analyze the Pro72Arg SNP of TP53, genotyping was conducted for all samples using the
Melting Curve analysis with a customized Light SNiP assay (TIB MOLBIOL) on a

LightCycler 480 Il instrument (Roche). The reactions were carried out in a final volume of
20 pL, comprising 2.0 puL of LightCycler FastStart DNA Master HybProbe mix (Roche), 1.0
pL of LightSNiP mix, 3 mM MgCI2, and 50 ng of DNA. The ThermoCycler was set up
under the conditions outlined in Table 2. Subsequently, the melting curves were assessed

using the Melt Curve Genotyping software on the LightCycler 480 Il instrument (Roche).

Table 2. Cycling conditions for Melting curve analysis

Phase Cycles Temperature Hold Ramp rate (°C/s)

1 95 10 min 4.6
- 95 10 sec 4.6
Cycling 45 60 10 sec 2.4
72 15 sec 4.6
95 30 sec 4.6
Melting 1 40 2 min 2.0

75 0 sec

L 40 30 sec 20

4.3. DNA sequencing

DNA sequencing using the Sanger method, also known as chain termination sequencing,
enables the determination of the exact order of nucleotide bases in a DNA molecule. This
method, developed by Frederick Sanger et al. in 1977, played a pivotal role in deciphering
genetic information. This technique involves synthesizing DNA fragments using normal
nucleotides and chain-terminating dideoxynucleotides (ddNTPs) by the DNA polymerase in
in vitro replication. Each ddNTP is labeled with a fluorescent marker, by convention arginine
(A) is marked with green, fluorescent dye, thymine (T) with red dye, guanine (G) with black
and cytosine (C) with blue. The resulting fragment will extend until the available ddNTP
and will show the respective color at different positions. Then, fragments are separated by
size electrophoretically in a single glass capillary filled with a polymer. Visualization of
these fragments reveals their sequence pattern, and can be interpreted by the color that
corresponds to a particular nucleotide!’,

DNA sanger sequencing can be performed using as a template, genomic DNA, plasmids, or
complementary DNA (cDNA) synthesized from mRNAs. To analyze the presence of
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variants in the TP53 gene, specifically to confirm the presence of the polymorphic variant
Pro72Arg (rs1042522) in the expressed gene and compared with genotyping analysis in
genomic DNA, we performed a reverse transcription of RNA to DNA (cDNA). Then the
cDNA was sequenced by the Sanger’s method.

4.3.1. cDNA synthesis
The reverse transcription (RT) in vitro was performed with NZY M-MuLV first strand
cDNA synthesis kit (NZY Tech) and the 2720 Thermocycler from Applied Biosystems. The

kit includes a combination of random hexamers and oligo(dT)1s primers in order to increase

sensitivity. The primers are included in the NZYRT 2X Master Mix, which also contains
dNTPs, MgCI2 and an optimized RT buffer. NZYM-MuLV RT Enzyme Mix includes both
NZY M-MuLV Reverse Transcriptase (RNase H minus) and NZY Ribonuclease Inhibitor
in order to protect RNA against degradation due to ribonuclease contamination. An RNA H
from E. coli is added at the final step to remove any cDNA-RNA hybrid in the product. The
starting amount of total RNA was 1.0 ug, previously extracted and verified for good quality

(RNA manipulation methods section). General protocol is shown in Table 3.

Table 3. Protocol y conditions to synthesize cDNA

Reactive Quantity Procedure

NZYRT 2X master mix 10 yL

Mix and incubation at 25°C for
NZYM-MLuV RT enzyme 2L 10 minutes.

RNA (1pg) Up to 20 pL Then rise temperature at 37°C,
incubation for 50 minutes,

DEPC- treated H20 To complete 20 pL

Inactivation by heating at 85°C

RiiEel ol 20 pL for 5 minutes, and chill on ice
NZY RNase H 1L Incubation for°20 minutes at
37°C
Final product 21 uL Store at -20°C
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5. RNA manipulation

5.1. RNA extraction from cell cultures

Total RNA was isolated using the RNeasy mini kit (QIAGEN) as per the manufacturer's
protocol. This method was designed to extract total RNA (with lengths greater than 200
bases) from small quantities of animal cells or tissues. It relies on a silica-gel-based
membrane that selectively binds RNA due to its specialized high-salt buffer system, allowing
up to 100 pg of RNA longer than 200 bases to bind. The procedure involves lysing and
homogenizing biological samples in a denaturing guanidine isothiocyanate-containing
buffer to promptly deactivate RNases and ensure intact RNA isolation. Ethanol is added to
facilitate proper binding conditions, followed by applying the sample to a mini spin column
where total RNA binds to the membrane and impurities are effectively removed. High-

quality RNA is subsequently recovered in 50 pL of water.

5.2. RNA from OCT tissues

TRIzol-based RNA isolation has some advantages in comparison to the silica column-based

extraction method for isolating RNA from small amounts of tissue because it can produce a
higher RNA concentration*’, however residual contamination with phenol traces or the
tissue fixation reagents (OCT, FFPE) can impair RNA purity and integrity'’®. The use of
silica-based methods improves the acid nucleic purification, providing efficient separation
of RNA from contaminants such as proteins, DNA, and impurities.

Consequently, a combination between both techniques were used to improve RNA quality
from OCT tissues. In brief, frozen tissue sections placed into cryotubes, were embedded with
1.0 mL of Qiazol lysis reagent (Qiagen), followed by a homogenization step with a gentle
vortex at low speed. Then, samples were incubated for 5 minutes at room temperature and
200 pL of chloroform was added. The mixture was shake by tube inversion 10 times, and
centrifugated at 12000 rpm at 4°C for 20 minutes. The upper aqueous phase (~300 pL) was
transferred to another tube (Eppendorf 1.5 mL), then the same volume (300 uL) of RLT
buffer (RNeasy mini kit) was added, mixed, and incubated at room temperature for 3
minutes. After that, 300 pL of ethanol was added, mixed, and samples incubated for 2
additional minutes. The mixture was transferred to a silica column from RNeasy mini kit
and centrifuged at 8000 rpm for 1 minute at 4°C, followed by two washes steps with RPE

buffer according to the manufacturer. RNA was eluted in 50 pl of nuclease-free water.
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5.3. RNA guality assessment

Good quality RNA is essential for further applications as RT-PCR, microarrays, or RNA
sequencing. To determine the integrity and the concentration of total RNAs from cell
cultures and tissues, we used the 2100 Bioanalyzer from Agilent, a chip-based system that
utilizes microfluidic technology to perform electrophoresis and fluorescence detection,
enabling the precise quantification and analysis of biological samples’’. Only 1ul of sample
is required, 11-12 samples can be run on the same chip, and analysis is complete in 30-40
minutes. The RNA integrity is measured as a number (RIN), considering the entire
electrophoretic trace of the RNA including the ratio of 28S and 18S rRNAs. The RIN scale
ranges from 0 to 10, with 10 indicating maximum RNA integrity. The ratio of 28S and 18S
rRNA peaks also is given. As RNA degradation becomes more apparent, peak heights for
the 28S and 18S rRNA decrease, while smaller or degraded RNA peaks become more
prominent (Figure 17).

FU Intact RNA:

RIN 10

188
28S

L

1) Partially degraded RNA:
N un

2 RIN 5
N

Strongly degraded RNA:
RIN 3

19 24 29 34 39 44 49 54 59 64 69
Time (seconds)

Figure 17. Schematic representation of electropherograms obtained with BioAnalyzer 2100.
Top panel: represent excellent quality of RNA showing fragments distribution in two peaks.
Center panel: medium quality, showing RNA degradation. Botton panel: low quality RNA,
showing total degradation of sample. From Agilent.com

5.4. Real time polymerase reaction (RT-PCR)

Reverse Transcription-Polymerase Chain Reaction (RT-PCR) is a sensitive method
frequently used to detect mMRNA and quantify gene expression changes. This technique
involves two successive reactions: first, RNA is converted into complementary DNA
(cDNA) via reverse transcription, and subsequently, the cDNA serves as the template for
PCR amplification. For the RNA retrotranscription step, the NZY M-MuLV First-Strand
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cDNA Synthesis Kit (NZY Tech) was employed, following the manufacturer's instructions,
with a final volume of 20 pL. This kit employs both random hexamers and oligo(dT)18
primers, ensuring high cDNA yields and excellent sensitivity in subsequent RT-PCR. The
samples were incubated in a 2720 Thermal Cycler (Applied Biosystems, USA) for 10
minutes at 25°C, followed by 1 hour at 37°C and 5 minutes at 85°C. The resultant cDNA
was then diluted 1:20 in RNase-free water and stored at -20°C.

The cDNAs were employed in RT-PCR using the NZYSpeedy qPCR Probe Master Mix
protocol (NZY Tech). Gene expression quantification was achieved using two types of
probes. The first preliminary assays were performed using the Universal Probe Library
(UPL) Set, Human (Roche) method. however, the manufacturer discontinued the UPL
product line in 2020, thus the TagMan probe assay (ThermoFisher Scientific) was used in

its place. All reactions were carried out on a LightCycler 480 instrument (Roche).

54.1. UPL probe protocol:
Each 5 pL RT-PCR reaction contained 2.5 pL of NZY Speedy qPCR Probe Master Mix, 0.05
pL of UPL-probe, 0.2 puL of forward primer (10 uM), 0.2 pL of reverse primer (10 uM)
(Thermofisher), 0.8 puL of RNase-free water, and 1.25 uLL of cDNA. Final concentrations of

each component are found in Table 4.

Table 4. RT-gPCR reaction components and concentration with UPL

Component Volume Initial Concentration Final concentration

Master mix qPCR 2X . 2X
UPL probe 0.05 pL 10 uM 100 nM

0.8 L

cDNA 1:20 1.25 2.5 ng/uL 0.625 ng/pL
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5.4.2. TagMan probe protocol:
Each 5 pL RT-PCR reaction contained 2.5 uL. of NZYSpeedy qPCR Probe Master Mix,
0.125 pL of TagMan-probe (with primers incorporated), 1.125 uL of RNase-free water, and

1.25 pL of cDNA. Final concentrations of each component are found in Table 5.

Table 5. RT-gPCR reaction components and concentrations with TagMan

Component Volume Initial Concentration Final concentration

Master mix gPCR 2X 25puL 2X 1X

TagMan probe 0.125 pL 18 uM (20X) 450 Nm (0.5X)
1.125 pL - -
cDNA 1:20 1.25 2.5 ng/pL 0.625 ng/uL

The ThermoCycler settings can be found in Table 6.

Table 6 Cycling conditions for RT-qPCR

Stage Cycles Temperature Hold
UPL assay TagMan assay
1 959C 5 min 10 min
95¢C 10 sec 15 sec
Amplification 45 60°C 30 sec 60 sec

72°C 1sec -

5.4.3. Primers for UPL and TagMan probes
Primers (Table 7) were designed using the Universal ProbeLibrary Assay design center

(Discontinued) (https://gpcr.probefinder.com/organism.jsp).
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Table 7. Primers for UPL assay

UPL

GENE probe Forward Reverse
AR #14 GCCTTGCTCTCTAGCCTCAA GGTCGTCCACGTGTAAGTTG
CREB1 50 CAGTGACGGAGGAGCTTGTA GCATCTCCACTCTGCTGGTT
CREBBP 78 ACAAGCGAAACCAACAAACC AAAGAAGTGGCATTCTGTTGC
SQLE #22 TCATCAGTGAAGAAACGAGGTG GATACCCTTTAGCAGTTTTCTCCA
STAR #44 TACGTGGCTACTCAGCATCG GGACAGGACCTGGTTGATGA
STARD3 #79 GGCAAGACGTTTATCCTGAAGA GTTCCACAGCACCATCCTC
SOAT1 #31 TTGGTGACAGGATGTTCTATAAGG CCACATTCCAGGTTCTATAATAGTTG
AKR1C3 #41 TTTGAATCATCAGAATCATCTCTTTT CAAAGCTTTACTTCTCGGAACC
CYP1B1 #61 GGCATTAGAGTCAACTACACAAAGC GAATGGCAAGTGCCAAAAA
CYP11Al #59 AGGAGGGGTGGACACGAC TTGCGTGCCATCTCATACA
SRD5A2 #22 AATGATGAGGTTACATGCTGCTT TTGGGGCTTCTGCTGTACTT
SRD5A1 #79 CAGTACGCCAGCGAGTCC CGCATCAGAAATGGGTAAATTAAG
HSD3B1 #80 TCCAGCTTTTAACAATCTAACTAATGC AAGATGCTGGGGAGCAGAT
HSD17B3 #66 CGTCCTGGAACAGTTCTTCAT GGAGAATCTCACGCACTTCG
HSD17B6 #67 GCACGGGGAAGAATTGTC CCCAAAATGTTGAATCTCACG
HSD11B2 #64 GGGGGTCAAGGTCAGCAT CACTGACCCACGTTTCTCAC
HSD17B10 #36 GCCTTCGAGGGTCAGGTT GGTCATCACCCGGATACCTA
HSD17B12 #31 TGTAAGATGACACAATTGGTACTGC TTCAGAATAGCCCCTTTGGAT
RDH5 #03 ACTTGGGCTCCAGCTATGTG CACAGCACTGCCCAGAGTAA
RDH16 #24 CCCATTTTCTGCATCAGTCA GGGAGAGGATGGGCAAATAG
CD44 41 CAAGCAGGAAGAAGGATGGAT AACCTGTGTTTGGATTTGCAG
CD133 86 GGAAACTAAGAAGTATGGGAGAACA CGATGCCACTTTCTCACTGAT
TBP #87 GAACATCATGGATCAGAACAACA ATAGGGATTCCGGGAGTCAT
1PO8 #18 CAAATGTGGCAGCTTCTTAGGT ATGCAGGAGAGGCATCATGT
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Table 8 TagMan assays for RT-gPCR

Catalog number TagMan assay Amplicon (bp)
AR 4453320 Hs00171172_m1 72
ESR1 4453320 Hs01046816_m1 65
ESR2 4453320 Hs01100353_m1 73
ESRRA 4453320 Hs01067166_g1 146
GPER1 4453320 Hs01922715 sl 136
SIRT1 4453320 Hs01009006_m1 91
STAR 4448892 Hs00986559 g1 78
STARD3 4448892 Hs00199052_m1 90
AKR1C3 4453320 Hs00366267_m1 112
CYP1B1 4453320 Hs00164383_m1 118
CYP19A1 4453320 Hs00903411_m1 72
HSD3B1 4448892 Hs04194787 g1 112
HSD17B3 4448892 Hs00970004_m1 125
HSD17B10 4448892 Hs00189576_m1 76
HSD17B12 4448892 Hs00275054_m1 65
SRD5A1 4448892 Hs00971645_g1 100
SRD5A2 4448892 Hs00936406_m1 105
PAPSS2 4331182 Hs00989928_m1 69
ENO2 4453320 Hs00157360_m1 77
SYP 4453320 Hs00300531_m1 63
CHGA 4453320 Hs00900370_m1 67
CHGB 4453320 Hs01084631_m1 112
TP53 4453320 Hs01034249_m1 108
MDM2 4453320 Hs00540450_s1 104
CDKN1A 4453320 Hs00355782_m1 66
CDKN2A 4453320 Hs00923894_m1 115
TBP 4453320 Hs00427620_m1 91
IPO8 4453320 Hs00914057_m1 88
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5.5. RNA transient interference (siRNA)

RNA interference (RNAI) is a powerful cellular mechanism that regulates gene expression
by silencing specific genes using small interfering RNA (siRNA) molecules. The mechanism
is based on the sequence-specific degradation of host mRNA through the cytoplasmic
delivery of a long double-stranded RNA (dsRNA) complementary to the target sequence,
which is processed to form the effector molecule called siRNA by action of Dicer enzyme!’®,
The siRNA nascent, and the endogenous Dicer, TRBP and Argonaut (Ago2) proteins form
the RNA-induced silencing complex (RISC) complex, which mediated the gene target
degradation or silencing®®.

Predesigned and specific dsSRNA against CDKN1A (p21WA) was obtained from Integrated
DNA Technologies (IDT) (Table 9). Dicer-Substrate short interference RNAs (DsiRNAS)
are dsRNAs 27mer RNA duplexes, chemically synthesized, optimized for Dicer processing
showing increased potency compared with 21mer siRNAs. DsiRNAs were acquired in
TriFECTa RNAI Kit, containing, three predesigned DsiRNAs target-specific with different
sequences (2 nmol), three control DsiRNAs: TYE563 transfection control (1nmol), HPRT-
S1 positive control (1 nmol), Negative control or scramble (1nmol); and nuclease-free

duplex buffer for resuspending DsiRNAS.

Table 9. List of siRNAs for CDKN1A transient knockdown

Gene SiIRNA Sequence 5°-3° Reference
SiRNA
- positive TYE 563 Transfection Control 51-01-20-19
control
. GCCUCUGGCAUUAGAAUUAUUUAAA
SIRNA.1 GUCGGAGACCGUAAUCUUAAUAAAUUU 232777410
. GUAAACAGAUGGCACUUUGAAGGGG
CDKNIA SIRNA.2 UUCAUUUGUCUACCGUGAAACUUCCCC 232777413
. AGCGAUGGAACUUCGACUUUGUCAC
SIRNA.3 ACUCGCUACCUUGAAGCUGAAACAGUG 232777416
SiRNA
- negative Scramble negative control 51-01-19-08
control
55.1. Transfection protocol:

LNCaP cells were seeded in 12-well plates and incubated for 24 hours at 37°C (5% CO>),
the were transfected with CDKN1A DsiRNAs, transfection control (CTRF) and negative
control (CNT) DsiRNAs, at 10nM for 48 hours (Figure 18). Mixes for transfection were
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prepared according to Table. Primary cultures were transfected using the same protocol but

in petri dishes 60mm (p60), scaling up the volume of the transfection mixes.

180 000 cells/well

—
2plates:
" Plate 48h (RNA)
5< passages <20 Plate 48h (PROT)

| a) 3 siRNAs from IDT brand, against || © y
CDKNTA mRNA A (e
- ()

Remove

4
T00M
SR plate and
o add

7
" RNA extraction

b) [concentrations] = 10nM

¢) Incubation Time: 48h

1
Protein extraction E & 37°C

Figure 18. Schematic representation of siRNAs transfection workflow. Cells were seeded and
incubated for 24 hours before transfection. Then, siRNAs and controls are added and incubated for
additional 48 hours. Finally, cells are harvested to extract RNA and protein. Figures develop in
Biorender.com

Two siRNAs transfection mixes were prepared as in Table 10 with Limpofectamine
RNAiMax reagent (Thermofisher) in different tubes and incubated for 5 minutes at room
temperature, then both tubes were combined and incubated for additional 20 minutes. 200
pL/ well of the mix were added to each well. Transfected cells were incubated for 48 hours

before harvested to analyze gene expression.

Table 10. Details of sSiRNAs reaction preparation.

24-well 12-well 60mm-plate

Plate/well | Growth medium 0.5mL 1.0mL 5.0mL
Tube 1 0.6 pL 1.2 L 6.0 uL
- 50puL 6 100 pL 12 500 pL 60

Llpofectamlne 10uL picomoles  2.0uL  picomoles 10uL  picomoles

- s50uL  (@OnM)  qpopuL  (A0nM) - “spo L (10nM)

| Tubes | 100 pL 200 pL 1.0 mL

68



6.1. Protein extraction

Cultured cells were subjected to lysis using a lysis buffer consisting of 50 mM Tris pH 7.5,
200 mM NaCl, 5 mM EDTA, 0.1% Triton X-100, along with protease inhibitors (Protease
Inhibitor Cocktail from Sigma-Aldrich, diluted 1:200) and phosphatase inhibitors (1 mM
Sodium Fluoride). The detailed procedure is as follows:

Cells were washed twice with cold PBS. Following this, ice-cold lysis buffer was added to
the cells (approximately 100 pL per 1 x 1076 cells in a 10 cm dish). Adherent cells were
detached using a cell scraper, transferred into a pre-cooled microfuge tube, vortexed, and
maintained on ice for a duration of 30 minutes. Afterward, the lysates underwent
centrifugation at 13000 rpm for 15 minutes at 4°C. The resulting supernatant was collected

into a new tube, kept on ice, and subsequently stored at -20°C for future utilization.

6.2. Protein concentration

The Bradford method was employed to determine protein concentrations, utilizing bovine
serum albumin (BSA) as a reference standard. This technique relies on quantifying changes
in absorbance caused by the interaction between the dye Coomassie Blue G-250 and
proteins, thus enabling the assessment of total protein levels within solutions. A series of
bovine serum albumin (BSA) standards was prepared from a stock solution of 2 mg/mL, the
concentrations used were: 0, 0.25, 0.5, 0.75, 1, 1.5, 1.75, and 2 mg/mL. Subsequently, five
pL of standards or the sample under investigation were added to individual wells of a 96-
well plate. Following this, 200 puL of Bradford solution (PanReac Applichem) was
introduced, and the plate was incubated at room temperature for 15 minutes. Absorbance
was quantified at a wavelength of 595 nm using an Epoch™ Microplate Spectrophotometer
(BioTek). The values derived from the BSA standards were used to construct a standard
curve, facilitating the comparison of sample absorbance readings to discern their respective

protein concentrations.

6.3. SDS-PAGE
SDS-PAGE, or Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis, is a widely
used laboratory technique for separating proteins based on their size. In SDS-PAGE, proteins
are mixed with a detergent called sodium dodecyl sulfate (SDS), which denatures the
proteins and coats them with a negative charge proportional to their length. This makes the
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proteins uniformly negatively charged, allowing them to be separated primarily based on
their molecular weight during electrophoresis.

Briefly, proteins just extracted and quantified were denatured in loading buffer (Laemmli
buffer: 250 mM Tris pH 6.8; 10% SDS; 0.5% Bromophenol blue; 50% Glycerol; 500 nM
DTT) and boiled at 95°C for 5 min. In general, 30 pg of the protein sample in LB is loaded
per lane onto a polyacrylamide gel, the ingredients for preparation of polyacrylamide gels

are shown in Table 11.

Table 11. Ingredients for polyacrylamide gels preparation.

Stacking gel Resolving gel Resolving gel Resolving gel

Component 5% (10mL) 8% (10mL)  10% (10mL)  129% (10m)

H2Odd
Acrylamide/Bisacrylamide
29:1

TRIS-HCI 1.0 M (pH 6.8)

TRIS-HCI 1.5 M (pH 8.8)

SDS 10%

APS 10%

The electrophoresis was run in the running buffer (25 mM Tris base; 190 mM glycine; 0.1%
SDS; pH: 8.3) for approximately 1.5 h or until the migration front reached the bottom of the

gel.

6.4. Protein transference

Following the completion of electrophoresis, the isolated proteins were transferred onto a
stable support framework, a polyvinylidene difluoride (PVDF) membranes, to immobilize
the proteins using the wet transfer method. For the preparatory stage, the P\VVDF membranes
were pre-soaked with methanol and then submerged into transfer buffer (consisting of 25
mM Tris-HCI pH 8.3, 192 mM glycine, and 20% v:v methanol). The gel and PVDF
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membrane were immersed beneath the transfer buffer within tanks, positioned in such a way
that they were enveloped between buffer-moistened filter papers (sandwich) in direct contact
with flat-plate electrodes. Through the application of an electric field, negatively charged
proteins were prompted to move towards the positively charged electrode until they are

captured and arrested by the membrane itself.

The conditions for electrophoretic transference encompassed the following:

For larger proteins (>100 kD), the transference was executed at a gradual pace throughout
the night, set at 60 mA/hour.

For smaller proteins (<100 kD), the transference was conducted over a span of 2 hours,
utilizing a current of 400 mA/hour.

To visualize the proteins that had been transferred, the membranes underwent staining with
Ponceau S for a duration of 5 minutes. Subsequently, the identification of specific proteins

on the membranes was achieved by subjecting them to incubation with antibodies.

6.5. Western Blotting

Firstly, the membranes were blocked to prevent non-specific antibodies from binding. The
blockage solution was a 5% non-fat milk solution or a BSA solution formulated in the Tris
buffer solution buffer (TBST) (50 mM Tris-Cl pH 7.5, 150 mM NacCl, 0.1% Tween) for 30
minutes incubation. Primary antibodies prepared in the same solution were diluted according
to the data sheet (Table 12) and incubated overnight at 40C. Membrane was washed several
times with TBST and incubated for 1 h with secondary antibodies in RT. Secondary
antibodies associated with horseradish peroxidase (HRP) were diluted in blocking buffer of
1:2000 (Table 13). Finally, ECL Western Blotting Detection (Amersham, GE Healthcare)
was used to detect specific proteins in membranes. This is a light emitting nonradioactive

method for detection of immobilized specific antigens with HRP-labelled antibodies.
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Table 12. List of primary antibodies for western blot

ALy Host Concentration  Dilution Supplier Reference
antibodies

p21WAFL Mouse 200 p/mL Santa Cruz biotechnology sc-6241
Mouse 200 w/mL 1:200 Santa Cruz biotechnology sc-56154
AKR1C3 Rabbit 710 p/mL 1:500 Invitrogen PA5-97446
Notchl Goat 200 wW/mL 1:200 Santa Cruz biotechnology sc-6014
Goat 200 p/mL 1:200  Santa Cruz biotechnology sc-1616

B-Tubulin Mouse 200 w/mL 1:200 Santa Cruz biotechnology sc-5274
Laminin A/C Rabbit 200 w/mL 1:200 Santa Cruz biotechnology sc-20681

Table 13. List of secondary antibodies for western blot

Secondary Aantibodies Origen Dilution Reference
Anti-goat immunoglobulins/HRP Goat 1/2000 Dako

Anti-rabbit immunoglobulins/HRP Rabbit 1/2000 Dako

Anti-mouse immunoglobulins/HRP Mouse 1/2000 Dako

7. Functional analysis

7.1. Immunofluorescence

Cells were seeded on 15mm sterilized pre-treated coverslips (cell culture section 1.4.1) in 6
well- plates and incubated for 24 hours. Then, Cells were rinsed twice with phosphate-
buffered saline (PBS) and then fixed with paraformaldehyde (PFA) at 4% for 15 minutes in
room temperature. After that, fixed cells were washed with PBS 3 times. Afterward, the cells
were subjected to a 30-minute incubation with a blocking/permeabilization (BP) buffer
consisting of 3% BSA-PBS and 0.25% Triton-X at room temperature to enable cell
permeabilization. After this, coverslips, with fixed cells, were washed twice with PBS and
placed in a humid and dark environment (humidity chamber) for 3 hours, incubating with
p21WAFL antibody at a concentration of 2.0 pg/mL, diluted in BP buffer. Following this
incubation, the cells were again washed three times with PBS and subsequently incubated
for 1 hour in the humidity chamber with a secondary antibody, Alexa Fluor 594 (Invitrogen),
which was conjugated with a fluorophore and used at a concentration of 4 ug/mL. Cells were
washed and stained with phalloidin FITC-conjugated (Sigma-Aldrich) at a final
concentration of 50 pug/mL diluted in BP buffer and incubated for 40 minutes in the chamber,

finally were washed three times with PBS and mounted using the ProLong Diamond
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Antifade Mountant with DAPI (Thermo-Fisher), with the cell-side placed facing
downwards. A negative control was concurrently prepared in which the primary antibody

was omitted.

Table 14. List of reagents for immunofluorescence

Reagent Concentration  Dilution Supplier Reference
Mouse Anti-p21 200 pg/mL 1:100 Santa Cruz Sc-6246

21WAF1 i
. Ant moug‘;é'lge Alexa 5600 pg/mL 1:500  Thermo-Fisher ~ A-11005

Phalloidin-FITC 5.0 mg/mL 1:100 Sigma-Aldrich P5282
DAPI 1-2 pg/mL 1:1 Thermo-Fisher ~ P36962

7.2. Cellular fractionation

Cellular fractionation methods have been developed to segregate different cellular elements
while maintaining their distinct functionalities. To evaluate the subcellular localization of
p21WAFL “we separated the nucleus and cytoplasmic fractions by differential weight of the
nucleus and the cytoplasmic components and by using different salts concentrations. In brief,
cells were seeded in 60mm plates and incubated until 70-80% confluency, then were washed
with cold PBS and maintained on ice. PBS was aspirated and 100 uL of hypotonic buffer
(20 mM Tris-HCI (pH 7.4), 10 mM KCI, 2 mM MgCI2, 1 mM EGTA, 0.5 mM DTT) was
added to harvest cells by scraping. For each 1mL, 5uL of PMSF 100 uM final, 5uL of
Protease inhibitor cocktail (Merck) and 5uL of phosphatase inhibitor cocktail 2 (Merck)
were added. Harvested cells were transferred to an Eppendorf tube and incubated on ice for
5 minutes, then 1 pL of Triton-X (10%) was added and the mixture was homogenized by
pipetting gently, mix was incubated for 3 additional minutes. Subsequently, tubes were
centrifugated at 3000 rpm for 5 minutes at 4 °C. Nucleus will be present in the pellet, while
the cytoplasmic fraction in the supernatant. The supernatant was transferred to another tube
and centrifugated at 13000 rpm for 1 minute to eliminate remain debris and the supernatant
is the final cytoplasmic fraction. Nucleus pellet was resuspended and washed in 200 pL of
isotonic buffer (20 mM Tris-HCI (pH 7.4), 150 mM KCI, 2 mM MgCI2, 1 mM EGTA, 0.5
mM DTT). For each 1mL, 5uL of PMSF 100 uM final, 5uL of Protease inhibitor cocktail,
5uL of phosphatase inhibitor cocktail 2 and 10 pL of Triton-X (10%) were added. Nucleus
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were centrifugated at 3000 rpm for 5 minutes, 4 °C. Pellet with nucleus were resuspended in
50 pL lysis buffer (from protein extraction section) and incubated on ice for 30 minutes to
allow proteins release and finally centrifugated for 1 minute at 13000 rpm to recover the
supernatant with the nuclear fraction.

The presence of p21"VAF in cytoplasm or nucleus was corroborated by western blot analysis
using protein markers for nucleus (laminin A/C) and cytoplasm (B-tubulin).

7.3. Cellular senescence analysis

7.3.1. B-Galactosidase expression

[-galactosidase (B-gal) is a lysosomal enzyme that catalyzes the hydrolysis of terminal 3-
galactose residues from various substrates®. Is used as a cellular senescence marker due to
its ability to reflect changes in cellular metabolism and lysosomal activity that occur during
the senescence process. In senescent cells, there is an increase in lysosomal content, which
leads to the accumulation of B-gal activity at a pH normally present in lysosomes (pH 6).
This accumulation is known as senescence-associated p-galactosidase (SA-B-gal)!8. SA-p-
gal staining has become a widely accepted method for detecting cellular senescence, as it
provides a relatively simple and reliable way to identify senescent cells in cultures and
tissues.

To determine senescence in primary cultures, the CellEvent senescence green detection Kit
(Thermo-Fisher) was used. Seven treatments were considered for this experiment (Table
15): Basal, without any treatment; positive control, cells with etoposide at 10uM,;
transfection control, cells with dsiRNA TYES563; negative control, with sSiRNAs scramble,
and the treatment with three siRNAs against p21'VAFL, Briefly, cells were seeded on 96-well
plate and incubated for 1 day before adding treatments. Next day, etoposide and siRNAs
were added, and cells were incubated for another 48 hours. After this, plates are retired from
incubation, the growth medium is aspirated, and cells are washed twice with PBS. Then,
cells are fixed with 100 pL PFA 4% during 10 minutes at room temperature and protected
from light. Subsequently, fixed cells are washed with PBS + BSA 1%. Then a Fluoro-X-Gal
working solution, consisting of senescence green probe (1000X) diluted into pre-warmed
senescence buffer (37 °C), was added to each well (100 pL/well). The plate was covered
with plastic film to prevent moisture loss, then incubate for 2 hours at 37°C without CO>

protected from light. After incubation, working solution was removed, then washed 3 times
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with 100 pL of PBS per well. And finally, 100 uL of PBS per well was added, to take images
using an Alexa Fluor™ 488/FITC filter set.

Table 15. Treatment arrangement in 96-well plate

Treatment hnPC04 nPC05 nPC06

Positive CNT
Transfection CNT

Negative CNT
SiRNA #1
SiIRNA #2
SiRNA #3

Protein p16, the cyclin dependent kinase inhibitor 2a, encoded by the CDKN2A gene, was
originally identified as a tumor suppressor acting as a specific inhibitor of the cyclin-
dependent kinases CDK4 and CDK®6. p16 is mainly active at the G1 phase of the cell cycle
to prevent the cell transition from the G1 to S phase, causing a subsequent proliferation
arrest. The p16 inhibitor is currently considered one of the hallmarks of senescence: in the
majority of mammalian cells, senescence occurs with the inactivation of suppressor elements
that lead to the enhanced expression of p1682183,

The expression of CDKN2A was measured in basal and p21-knockdown primary cultures by
RT-PCR using TagMan probe (assay ID: Hs00923894 m1, N°4453320).

75



Exploration of differential gene expression was performed with R2: Genomics Analysis and
Visualization Platform (http://r2.amc.nl). We searched 6 Prostate cancer datasets:
GSE50936 (Phur n=30), TCGA 2022 (n=553), GSE70768 (Dunning n=199), GSE21034
(Sawyers n=370), GSE46691 (Jenkins n=545), GSE29079 (Sueltman n=95) and were

analyzed comparing two groups: low-grade Gleason vs High-grade Gleason, benign tissue

vs tumor tissue or primary tumor vs metastasis, according to the availability in the dataset.
The analysis was restricted to metabolism genes set (steroid synthesis and steroid hormone
synthesis) corresponding to KEGG pathway annotation.

For visualization data and image analysis Circos (http://circos.ca/) and ImageJ

(https://imagej.net/software/fiji/) tools were employed. For visualization and DNA/Protein

sequence analysis, Benchling platform (https://benchling.com/editor) was used.

For the analysis of associations involving frequencies and proportions, contingency tables
and Fisher's test were employed. Similarity and correlation analyses between two or more
qualitative variables were computed using the Spearman coefficient. Gene expression data
were presented as medians (+1QR) of fold changes relative to the control and as Log?2 of the
fold changes. Differential expression analysis was conducted with a minimum of two
independent experiments and three replicates. P-values were calculated using non-
parametric tests: Wilcoxon (for two paired samples) or Kruskal-Wallis (for more than two
independent samples), followed by the Dunn test. Proliferation and drug toxicity analyses
were presented as the mean plus the standard deviation and p-values calculated by ANOVA
followed by the Dunnett method. A significance level of p < 0.05 was considered. These

analyses were conducted using GraphPad Prism 9 software.
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1.1. The TP53 SNP P72R

TP53 is a tumor suppressor gene with essential functions for the prevention of tumor

development. Thus, it is not a surprise that it has been described as the most mutated gene
in different human cancer types, including Prostate cancer (PCa)**. In PCa, TP53 mutations
appear more frequently as a later event, being a driver of aggressive and metastatic PCa 18,
however, there are several types of variations that could be inheritable through the germline,
approximately 5-20% of the cases are associated with inherited pathogenic variants in genes
such BRCA2 and ATM, whereas in PCa has been found to carry a TP53 germline variant
with a relative risk of 4.7-8.6, comparable with those genes'®. Germline variants known as
a single-nucleotide polymorphisms (SNPs) are present in >1% of the population and occur
naturally, although is considered not to have a severe impact on people health, much of these
variants can affect the structure or function of the protein in some ways. In TP53 gene there
are more than 20 different SNPs'®’, one of them, the variation rs1042522 affects the position
72 of the protein in exon 4 (Figure 19a) changing a proline (CCC) by an arginine (CGC)
encoded by an cytosine or guanin at 357 position of the cDNA (Figure 19b). As can be seen
in Figure 19c, the change implies a decrease in hydrophobicity (turquoise bars) which could
modify the interaction with other ligand (CCAR2 or HRMT1L2) in this region.

a TP53-201 (ENST00000269305) (2512 bp)
500 1,000 1,500 2,000 2,500
Protein p53 (393 aa)
TP53 Ex4 [ TP53-201 Exon 11
TP53
b C
ATGCCAGAGGCTGCTCC(CCCGTggeccctgecaccageagetecet l
TACGGTEIECGACGAGG GGGCAccggggacgtggtecgtegagega - o
M P E A A P|P|JV A P A P A A P
O o e i
R EAAPRVAPAPAA
ATGCCAGAGGCTGCTCCCCGCGTggececctgcaccagecagetcect
TACGGTCTCCGACGAGGHGCGCAccggggacgtggtcgtcgagga Disordered. /evidence=EC0:@@22256|5AM:MobiDB
I'M g RER A AL P vV EING P JARS PO UATIEAS P |
“:ERegloni3 Y HRMTIL2. /evide...:@00268|PubMed: 15186775 region
Protei (333 aa)

Interaction with CCAR2. |

Figure 19. Canonic transcript of TP53 gene and the SNP rs1042522. a) TP53 Transcript 201,
which consists of 11 exons and encodes a protein with 393 amino acids, is comprised of exons 2
through the beginning of exon 11. The SNP P72R (black arrow). b) Polymorphic variants, Proline (P)-
CCC, and Arginine (R)-CGC, at position 357. ¢) The P72R change (red arrow), Hydrophobic amino
acid P is changed by R, polar-positive amino acid. Figures from Benchling.com
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1.2. P72R and allele frequencies in primary cultures and tissues

Previously in our laboratory, primary tumor cultures were found to carry the P72R SNP in
7 out of 10 established hnPCs by using cDNA Sanger sequencing. To validate these results
in genomic DNA, we decided to carry out melting curve analysis in gDNA (Figure 20) to

determine the specific genotype of each primary cultures and radical prostatectomies.
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Figure 20. Representative melting curves from gPCR. Peaks of absorbance at different dissociation
temperatures. Top panel: Homozygous samples with cytosine in both strands show a dissociation peak at
68°C. Center panel: Homozygous samples with guanine in both strands show a dissociation peak at 60°C.
Bottom panel: Samples with each base on each strand show both peaks at two temperatures.

The results of cDNA sequencing and genotyping for both samples are shown in Table 16
In total we obtained 2 homozygotes for cytosine that expressed proline, 6 homozygotes for
guanine that expressed arginine and 4 heterozygotes that predominantly expressed arginine
aminoacid, in primary cultures. Regarding to tissues, we found 4 homozygotes for cytosine
(C) expressing proline, 5 homozygotes for guanine (G) that expressed arginine and 4
heterozygotes that predominantly expressed arginine. The total frequency of C and G were
0.33 and 0.67 in primary cultures, while in RP tissues, frequency of C was 0.45 and G 0.55.
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Table 16. P72R genotyping in primary cultures and radical prostatectomy tissues

Sanger sequencing LightSNiP assay
SAMPLE cDNA Do-mina-t gDNA
Aminoacid
hnPCO1 ccc  TCCCCCCa Proline cC Homozygote Proline
hnPC06  CCC WA Proline CcC Homozygote Proline
hnPC02 CGC Arginine GG
hnPC03 CGC TCCCCGCG Arginine GG
hnPCO08 CGC Arginine GG Homozygote
hnPC09  CGC M Arginine GG Arginine
hnPC10 CGC Arginine GG
hnPC12 CGC Arginine GG
hnpcoa  cec L CCCCECE arginine CG
hnPCO5 CGC Mﬂa Arginine CG
- Heterozygotes

hnPC11 CGC [VW\/VW\ Arginine CG
hnPCO7 N.D N.D N.D CG

RP11D CGC Arginine CG Heterozygote
RP14D CGC Arginine GG Homozygote
RP17B CGC Arginine GG Homozygote
RP18F CGC Arginine GG Homozygote
RP21D CGC Arginine GG Homozygote
RP23D Ccc Proline CcC Homozygote
RP36E Ccc Proline cC Homozygote
RP37A CGC Arginine CG Heterozygote
RP40B Ccc Proline cC Homozygote
RP63A CGC Arginine GG Homozygote
RP68C Cccc Proline cC Homozygote

1.3. P72R is associated with prostate cancer occurrence

Thus, after these findings, we aimed to examine the potential association between the P72R
and PCa. Therefore, we corroborate the presence of the SNP in 94 patients, using melting
curve analysis (LightSNiP assay). Data of allele frequency is shown in Figure 21a.

P72R is a controversial SNP, it was found to be in different frequencies according to the sub-
continental population in the world. Thus, we selected the European (non-Finnish)
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population to analyze the common frequencies in healthy (non-cancer) population from
GnomAD v2.1.1 with 134 187 samples (Figure 21b). We found 26.3% of the population

presented arginine (G) allele, whereas 74.0%, proline (C) allele. We used this proportion as

a control population to compare with the proportion found in primary cultures, tissue

samples and a small cohort of PCa patients from HVH (Figure 21c).

a
Allele frequency of PCa patients
Homozygous  Heterozygous  Total  Frequency
G 106 33 139 0.739361
C 16 33 49 0.260638
188 1

b Non-cancer population

European non-Finnish

26.0%

74.0%

C

Allele Frequencies

Frequencies SNiP rs1025422
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Figure 21. P72R Allele frequencies in Prostate cancer. a) A table displaying allele frequencies in 94
patients with PCa. b) Allele frequencies from the control European (non-Finnish) population. Yellow
fractions correspond to the G allele (arginine), while blue fractions represent the C allele (proline). c) P72R
allele frequencies in all samples. cDNA was sequenced by Sanger assay, and FASTA sequences were
aligned against the reference canonical transcript of TP53 (ENST00000269305). Genomic DNA was
genotyped with LightSNiP.

To evaluate the possible association between the presence of P72R and prostate cancer we

performed a contingency analysis with Fisher’s Test to obtain a significance value of the

association and the odds ratio for prostate cancer population, primary cultures, and tissues

(Table 17) we found a very significant association between the SNP and prostate cancer
(p<0.0001) y odds ratio of 7.937 ( IC 95% 5.37-11.00), similar results were found for hnPCs

and tissues from RP.
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Table 17. Association analysis between P72R SNP and prostate cancer

TP53 P72R Prostate Cancer GnomAD
(cDNA seq and n (%) : Non-cancer, n Odds Ratio (95% ClI) P- value
LightSnip) 0 (%)
Arginin (G allele) 139 (0.74) 31021 (0.26) 7.937 (5.73- 11.00)
Proline (C allele) 49 (0.26) 86797 (0.74) <0.0001
Total 188 117818
TP53 P72R Primary Tumor General : 0 .
Arginin (G allele) 16 (0.67) 31021 (0.26) 5.596 (2.395— 13.080)
Proline (C allele) 8 (0.33) 86797 (0.74) <0.0001
Total 24 117818

TP53 P72R Tumor Tissues General

(cDNA seq) n(%) Population, n (%) Odds Ratio (95% CI)

| Arginin (G allele) 12(0.55) 31021 (0.26) 3.358(1.451-7.772) |
Proline (C allele) 10(0.45) 86797 (0.74) 0.0058
Total 22 117818

Contingency table to analyze the association between P72R SNP and Prostate cancer. As control, a selected
European (non-Finnish) non-cancer population from GnomAD, was used . Odds ratio and p-values of the
association were calculated with Fisher’s Test.

1.4. P72R SNP may not be associated with PCa aggressiveness

R72 variant showed to be able to inactivate PGC-1a!, which is related with apoptosis, by
binding more efficiently to it'® or to stabilize SREBP1/2, promoting cell invasion and
metastasis. This led us to think of a higher R72 allele frequency would be present in
aggressive PCa tumors. Hence, we consulted the medical record to extract the Gleason score
of all the genotyped patients and we readjusted to Gleason grading (1 to 5 instead of 6 to 10)
and divided them in two different groups: Low to medium aggressive tumor (GS 1 - 3) and
to high aggressive tumor (GS 4 or 5). The data of the patients’ genotypes named as hARG,
hPRO (homozygotes) and heterozygotes (AR-PRO) was plotted in a Circos Plot
(http://circos.cal/) according to the Gleason score is shown in Figure 22a. The figure

indicates the distribution of patient’s proportion in each feature. Although a higher R72 allele
frequency was found in more aggressive tumors, this difference was not statistically
significant (p-value = 0.2772), as shown in Figure 22 a and b.
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Figure 22. Distribution of P72R variants in 94 patients according to Gleason grade. a) Circos plot
displaying the distribution of P72R genotypes for each Gleason score. b) Distribution of P72R SNPs in
low (Gleason scores 1-3) and high (Gleason scores 4-5) Gleason grades; the contingency analysis of these
proportions did not yield significant results.
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2. Steroidogenesis pathway in hormone-naive primary cultures

2.1. Identification of key steroidogenic genes in databases

In order to identify key enzymes in the steroidogenic pathway, we mined gene expression
data from publicly available prostate cancer datasets. In total, 6 datasets were consulted for

differential expression between two types of samples (Figure 23).
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Figure 23. Bar plot for differential gene expression between two groups of samples in prostate
cancer datasets. Top panel: differential gene expression between low-Gleason samples (G=6) and
high-Gleason samples (G=9) in Jenkins dataset. Bottom panel: differential gene expression between
primary tumor samples and metastatic samples in Sawyers dataset. Genes significantly different in
expression are represented by a range of color from yellow to red (up regulated),and from yellow to
blue (down regulated).
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Fold changes (Log2) of each gene and its p-value (-Log10) obtained across datasets were
compiled and plotted into a volcano analysis. Genes with a fold change >1.5 and p-value
<0.05 were selected as shown in Figure 24, a total of 46 genes were found significantly
up/down regulated in prostate cancer, of which 11 genes were available to study. Also, other
genes were selected from literature. In total 21 genes involved in steroidogenesis, 7 genes
coding for transcription factors including AR, 4 neuroendocrine genes and 3 genes in p53

pathway were studied.
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Figure 24. Volcano plot of the most significant differentially expressed genes in the steroidogenic
pathway across prostate cancer datasets. The expression difference was considered significant for a
p-value of 0.05 (-Log10P-value= 1.3) and a fold change >1.5 (Log2 FC=0.6), dashed lines.

2.2. Al and AD hnPCs show similar steroidogenic gene expression profiles and intrinsic

AR insensitivity
Androgen dependent and independent models from LNCaP and hnPCs were previously

evaluated to compare proliferation, motility capacity, drug resistance among other

characteristics. We realized that there were no substantial differences between hnPC models
with the exception of LNCaP, known to be androgen dependent. Therefore, we decided to
preliminary compare the expression of some steroidogenic genes and AR. Surprisingly, it
was found that both AD and Al models showed downregulation of AR and similar
expression profiles of steroidogenic genes (Figure 25a). This result would explain why these
primary cultures from aggressive tumors did not show significant differences in functional
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characteristics, For example, all cultures were found to have a certain intrinsic docetaxel

resistance capacity (Figure 25b)
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Figure 25 ) Exploratory characterization of primary cultures. a) Heatmap of gene expression in three
representative primary cultures. Data are the mean fold changes of control (BPH) of the three hnPCs in
triplicates. b) Previous results of initial characterization. Docetaxel resistance curves in AD and Al models
of LNCaP and representative hnPCs, cells were treated with docetaxel for 72 hours. Data are the mean *
S.D of three independent experiments in triplicates. * P<0.05, **P<0.01, ***P<0.001,****P<0.0001

Because both hnPC models were similar in behavior and expression profiles, we decided to

continue the study with AD models.

2.3. De novo steroid synthesis machinery is enhanced in hnPCs and tumorigenic tissue

In order to characterize hormone metabolism in different types of samples, we evaluated the
expression of steroidogenic genes in: (i) the cells lines Du145-DR, Dul45-DS, LNCaP-AD
and LNCaP-Al; (i) the primary hnPC cultures, and (iii) the radical prostatectomies samples.
As expected, the expression profiles from the cell cultures were different from those from
the tissues. In addition, profiles from the established cell lines differed from those from
hnPCs. However, a number of genes in the steroidogenic pathway were enhanced or
overexpressed in the three types of samples. AR was only expressed in LNCaP, both AD and
Al. Whereas ESRRA (estrogen-related receptor alpha) was enhanced in all cell cultures
(Figure 26). SQLE, a key gene in cholesterol synthesis, was also enhanced in most samples,
indicating that this cells cultures promoted aberrant cholesterol synthesis to survive and
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proliferate. Interestingly, enzymes as CYP19Al1, CYP1B1, HSD17B10/12 were only
overexpressed in hnPCs and RP tissues. CYP19A1 and CY1PB1 are key genes in estrogen
metabolism, whereas HSD17B10 is implicated in the androgen backdoor pathway. AKR1C3
and SRD5A1, enzymes that metabolized the production on Testosterone and DHT,

respectively, are also enhanced and overexpressed in primary cultures. (Figure 26)
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Figure 26. Heatmap of steroidogenic gene expression in hnPCs and radical prostatectomies.
Expression profiles of 35 genes in three types of samples. Data are expressed as Log2 of Fold change

(BPH control) in triplicates. TBP and IPO8 were used as housekeeping genes. Upregulated genes are
shown in red and downregulated genes in blue. Molecular pathways are indicated for each group of genes
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2.4. Changes in gene expression profiles in hormone naive primary cultures show

steroidogenic reprogramming

Hormone naive primary cultures (hnPCs) present a shift in gene expression compared to
non-cancer tissues. The cholesterol overproduction might be related to an unbalanced
enzyme expression (SQLE overexpression), and to a downregulation of SOAT1 in these
cultures, the enzyme in charge of cholesterol storage in the form of fatty acids. These
changes suggest the need for these cells to accumulate cholesterol for posterior catabolic
steps (Figure 27a). In addition, primary cultured cells and cancer tissues show a shift in the
expression of STAR to STARD3, both implicated in cholesterol transport inside cells (Figure
27a). Finally, the shift from SRD5A2 expression, ubiquitously expressed in the prostate and
other healthy tissues, to SRD5A1, suggest cancer cells preference for the latter. Figures 27b-
¢ show a similarity of 50% between these isoforms, pointing to differences in properties and

structure possibly related to changes in ligand affinity.
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Figure 27. Changes in normal gene expression in steroid metabolism. a) Bars plot of expression of 6
steroidogenic genes in 11 primary cultures. Data are expressed as median (+ IQR) of fold change of 11
samples in triplicates. TBP and IPO8 as housekeeping genes. p-values are result of Wilcoxon matched pair
test * P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. b) Protein-protein alignment of SRD5A1 (Uniprot
ID P18405) and SRD5A2 (Uniprot ID 31213) and c¢) percentage of identity. UniProt alignment tool3%
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2.5. De novo synthesis of Testosterone and estrogen in primary cultures

A significant reduction in AR expression is detected in hnPCs (n=11) and Du145 cell lines
in contrast to LNCaP cells (Figure 28a). However, a significant increase in the expression
of various steroidogenic genes (AKR1C3, CYP19A1, CYP1B1, PAPSS2) is observed,
probably as a respond to it . AKR1C3, key enzyme for Testosterone synthesis, is detected in
hnPCs and LNCaP resistant cells (Figure 28b). Generally, Testosterone is produced in the
Leydig cells of the testis and a small fraction in the suprarenal glands. However, in hnPCs
(of epithelial origin) the overexpression of AKR1C3 is connected to their malignant
transformation and suggests that endogen production of Testosterone is needed as a source
of DHT, the most potent form. Moreover, the upregulation of CYP19A1, leading to the
production of estrone, and of CYP1B1, that generates the active estrogen 40OH-stradiol,
suggest that hnPCs are employing alternative sources as a strategy to support their survival
and proliferation. Interestingly, hnPCs show upregulation of PAPSS2, a key enzyme for
sulfonation of compounds implicated in diverse signaling pathways that regulate cell growth,

survival, and proliferation®® (Figure 28c.)
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Figure 28. Expression of steroidogenic genes involved in de novo hormone synthesis in primary
cultures. a) Despite AR downregulation, AKR1C3 enzyme, is upregulated to synthesize de novo
testosterone. b) CYP19A1 and CYP1B1, estrogenic enzymes are upregulated. c) PAPSS2
upregulation. TBP and IPO8 as housekeeping genes. Cells lines data are expressed as median (+
IQR) of fold change in triplicates. hnPCs are shown as median +I1QR of 11 samples in triplicates. p-
values are result of Kruskal-Walli’s test with Dunn’s Test comparisons * P<0.05, **P<0.01,
***P<0.001, ****P<0.0001
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Figure 29. Map of steroid synthesis pathway and the enzyme expression profiles in primary cultures.

Map shows the steroid biosynthesis pathway, from Esqualen to Estradiol. Key enzymes are represented in red

(overexpressed) or green (underexpressed) according to expression level in primary cultures from prostate

cancer. Figures made with Biorender.com
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2.6. Expression profiles in hnPC and PCa tissues: comparison to original hnPC
biopsies.

A Spearman similarity matrix was constructed based on gene expression data. This analysis
revealed cell lines, hnPC, and tissues formed three different clusters (Figure 30a). To
validate and visualize the relationships among sample groups, we conducted a principal
component analysis (PCA). The PCA highlighted the presence of four distinct sample
clusters (Figure 30b). In the PCA plot, RP tissue samples were notably separated from cell
cultures, forming their own distinctive cluster, marked in blue. In contrast, cell cultures,
exhibited close similarities to one another (pink) are subdivided into three smaller
subclusters. Notably, hnPCO1 demonstrated a strong affinity with LNCaP cells (green),
while hnPCO03 displayed a close similarity to Dul45 cells (purple). However, it's worth
noting that the remaining hnPCs appeared to be distinct and independent from the established
cell lines. This finding aligns with prior characterizations of these primary cultures, which
had already indicated that hnPCO1 and hnPCO03 exhibit unique behaviors distinct from the
other hnPCs.
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Figure 30. Analysis of similarity between cultures and tissues from prostatectomies. a) A similarity
matrix was created using Spearman's rank correlation for cell lines (n=4), primary cultures (n=11), and RP
tissues (n=11). The correlation coefficients (R) range between -1 (indicating a strong negative correlation)
and 1 (indicating a strong positive correlation). b) Principal Component Analysis was conducted on the 26
samples based on gene expression. The results revealed the formation of two primary clusters: Blue (RP
tissues) and Pink (cell cultures). Within the pink cluster, three subclusters were observed.
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In this regard, we were interested in verifying if the established primary cultures were also
different from its original biopsy tissues (TB) from which they were derived. We performed
RNA extraction from each needle biopsy. However, from this experiment only 6 RNA
samples were suitable for gPCR, and we added two samples more (hnTB13 and hnTB14).
The expression profile obtained for some steroidogenic genes is shown in Figure 31. Both
types of samples, primary cultures and corresponding biopsies, display similar gene
expressions, although ARK1C3 was not overexpressed in the original biopsy. An explanation
might be the changes on the androgen availability, tissue receives the correct amount of
androgen, while primary cultures have experienced a dramatic change in the environmental

conditions, with limited sources of Testosterone.
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Figure 31. Heatmap of the expression profiles of primary cultures in comparison with original
biopsies. Relative expressions are shown in Log2 of fold change (BPH) and analyzed in triplicates. TBP
and IPO8 were used as housekeeping genes.

To further investigate if fetal bovine serum (FBS) might be an external source of
Testosterone and other hormones, we analyzed the FBS hormonal composition by
Chemiluminescent competitive immunoassays (CLIA) in automated analyzers (section of
M&M in CHAPTER I1). The results show that the addition of 7% FBS to the culture media
used for the hnPC, did not represent a source of hormones (of the first steps on the pathway)
comparable to the in vivo concentration (reference values in general population), instead we
observed the presence of estrone, one of the final metabolites of the hormone pathway

(Figure 29). Hormones, such as Testosterone and Androstenedione, were identified at
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concentrations that closely resembled those typically encountered in androgen deprivation
therapy (Table 18).

Table 18. Hormonal composition in Fetal Bovine Serum

Concentration Concentration Reference values

Analyte in FBS in medium in blood*

Cholesterol (mg/dL 2.38 | 50-200

Triglycerides (mg/dL) 65.0 455 | 35-150
Estradiol (pg/mL) 11.0 0.77 | 20-350
SHBG (nmol/L) 1.5 0.11 | 23-160

Testosterone total (ng/dL) 5.0 0.35 | 300-1000
Cortisol (ug/dL) 0.64 0.045 | 5.27-22.5
DHEA-S (ug/dL) 2.0 0.14 | 100-375

DHEA (ng/dL) 0.4 0.028 < 0.06-0.7
170H-Progesterone (ng/dL) 0.14 0.0098 | 0.35-3.0

Androstenedione (ng/dL) 0.2 0.014 | 0.5-3.5
IGF-1 (ng/dL) 113 791 | 180-500

170H-Pregnenolone (ng/dL) 2.97 0.21< 0.55-5.0

Estrone (pg/mL) 270 18.9 = 15-77

*Normal values in males from kit manufactures and Mayo Clinic (https://endocrinology.testcatalog.org/)
Concentration respect to normal values: | very low, < low, = Equal

2.7. CDKN1A is strongly overexpressed in hnPCs and correlates with other

steroidogenic genes
Notably, in hnPCs, with the exception of hnP01 and hnPC03, CDKN1A (p21"WAF) were
found significantly upregulated (Figure 32a) in comparison with cell lines (Kruskal-Walli’s

test p=0.011). In neoplastic cells, several genes involved in DNA repair and cell cycle
progression such cyclin-dependent kinase inhibitor p21 (CDKNZ1A) are activated. Cancer
cells are able to escape senescence through the downregulation or loss of p21WA™, However,
p21WAFL gverexpression has been shown to also promote aggressive phenotypes'®®1°2, Thus,
to understand the functional significance of the overexpression of CDKNZ1A in the aggressive
hnPCs, we studied its potential association with other known genes. For these studies
multiple correlation matrix (Spearman analysis) was performed considering the levels of
expression of all genes studied in the steroidogenic pathway (Figure 32b). The
overexpression of CDKNZ1A was positively associated with several genes, including STAR,
HSD17B12, STAR, SOAT, SRD5A1 and AKR1C3. A simple Spearman correlation was then
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used to evaluate the degree of correlations (Figure 32c). Interestingly, several genes showed
significant correlation with CDKN1A (R>0.5), p-value < 0.05.
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Figure 32. Overexpressed CDKN1A correlates with several steroidogenic genes. a) CDKN1A
expression in cell lines (triplicates) and primary cultures (n=11, in triplicates), expressed as median +IQR.
b) Multiple Spearman correlation matrix, showing the association between steroidogenic genes. c) Simple
Spearman correlation analysis between CDKN1A and steroid genes. Expression gene p-values are result
of Kruskal-Walli’s test with Dunn’s Test comparisons * P<0.05, **P<0.01, ***P<0.001, ****P<0.0001

The high degree of correlation observed of CDKN1A with AKR1C3, CYP19A, CYP1B1,
HSD17B12, and STAR suggest a potentially close functional relationship among these genes

and their products. To explore this connection, we studied the effects of the down regulation
of CDKN1A.
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3.1. CDKNI1A (p21WAFL silencing significantly affected the expression of ARK1C3
To further explore if the p21"WAF! overexpression was associated with the steroidogenic

reprogramming in PCa cells, LNCaP AD and hnPCs were treated with 3 siRNAs against
CDKN1A mRNAs. The transfection and knockdown efficiency obtained were >80% in
LNCaP cells (Figure 33a - 33b). Upon p21WAFl knockdown, a significant decrease in
AKR1C3 transcript (Figure 33c) and protein expression (Figure 33d) were observed,
suggesting an association between AKR1C3 expression and p21WAFL,
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Figure 33. p21WAF! is associated with AKR1C3 expression in LNCaP. a) Transfection efficiency in
LNCaP cells knocked down for p21WAF! by siRNAs. b) CDKN1A mRNA levels were depleted with high
efficiency. ¢) AKRC13 mRNA levels were also significantly decrease and were corroborated by Western
blotting (d). Control transfection was analyzed by fluorescence at 563nm of wavelength. All experiments
were performed in triplicate. Data are medians + IQR. p-values are result of Kruskal-Wallis test with
Dunn’s Test comparisons. ns: no significant, * P<0.05, **P<0.01, ***P<0.001,****P<0.0001
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The knockdown of p21WAFL also affected the expression of STAR and HSD3B1, although

results were not consistent using three siRNAs (Figure 34).
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Figure 34. STAR and HSD3B1 expression are affected by p21 KD in LNCaP cells. a) Knocked down
cells for p21 by siRNA showed significant decrease in STAR expression with two siRNAs. b) HSD3B1
MRNA levels were also significantly decreased with 1 siRNA, and nearly significant with 2 siRNAs.
Experiments were performed in triplicates and three independent assays. Data are medians + IQR. p-values
are result of Kruskal-Wallis test with Dunn’s Test comparisons. ns: no significant, * P<0.05, **P<0.01,
***P<(.001,****P<0.0001

MDM2 and TP53 were also evaluated. Although no consistent results were observed in the
expression of MDM2 and TP53 among the three siRNAs used (Figure 35).
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Figure 35. Bar plot of expression analysis of MDM2 and TP53 with p21-siRNAs in LNCaP
cells. Experiments were performed in triplicates and three independent assays. Data are medians +
IQR. p-values are result of Kruskal-Wallis test with Dunn’s Test comparisons. ns: no significant,
* P<0.05, **P<0.01, ***P<0.001,****P<0.0001
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Then, we explored the effects of CDKN1A silencing in primary cultures, using the same
conditions as with LNCaP AD (Figure 36a). AKR1C3 was significantly downregulated with
p21 knockdown (Kruskal-Wallis, p-value=0.0003), with all three siRNAs (Figure 36b, 36c¢).
Results were corroborated by western blot (Figure 36d). A significant decrease in AKR1C3
was observed with all three siRNAs in hnPC04 and hnPCO08, whereas in hnPC05 and
hnPCO06, a decrease in protein synthesis was observed with two siRNAs. Overall analysis of

AKR1C3 protein expression was performed quantifying bands.
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Figure 36. Description in the next page.
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Figure 36. p21C'PWAFL js associated with AKR1C3 expression in primary cultures. a) Transfection
efficiency in hnPCs knocked down for p21 by siRNAs. b) CDKN1A mRNA levels were depleted with
high efficiency. ¢) AKRC13 mRNA levels were also significantly decrease and were corroborated by
Western blotting d) Control transfection was analyzed by fluorescence at 563nm of wavelength.
Experiments were performed in triplicate in two independent assays. e) Protein levels quantification on
western blots. Data of RNA expression are medians + IQR. p-values are result of Kruskal-Wallis test with
Dunn’s Test comparisons. Data of protein quantification are the median of the bands area from each
primary culture. Protein levels were normalized to p-actin band and then compared respect to control. ns:
no significant, * P<0.05, **P<0.01, ***P<0.001,****P<0.0001

CYP19A1 was also significantly downregulated in p21-knocked down hnPCs, although only
with one sSiRNA. MDM2 was significantly upregulated (Kruskal-Wallis’s test p<0.001) with
two siRNAs (Dunn’s post-test). TP53 was not affected by p21"WAF! downregulation (Figure
37).
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Figure 37. CYP19A1 and MDM2 expression in p21-KD hnPCs. a) Cells with p21 knockdown using
siRNA exhibited a significant decrease in CYP19A1 expression with one siRNA, MDM2 mRNA levels
significantly increased with two siRNAs but TP53 not show significant differences. b) Western blots
displaying MDM2 expression in four hnPCs after p21 knockdown. Representative B-Actin bands are
shown for each sample. The experiments were performed in triplicates and across two independent assays.
RNA expression data are presented as medians with interquartile ranges (IQR). p-values were obtained
using the Kruskal-Wallis test with Dunn's Test comparisons. ¢) Protein quantification data represent the
median of the band areas from each primary culture. Protein levels were normalized to the -actin band
and then compared to the control. ns: no significant, * P<0.05, **P<0.01, ***P<0.001,****P<0.0001




3.2. p21WAFL subcellular localization in LNCaP AD cells and hnPCs
Because the p21WA™L subcellular localization was suggested to be linked to its function as

tumor suppressor (nuclear) or pro-oncogenic (cytoplasmic), a fractionation analysis was
performed in LNCaP AD cells. As it is shown by western blotting, p21"WAF was detected in
the cytoplasmic fraction (Figure 38a), Laminin A/C (70-62 kDa) and the cytoplasmic -
tubulin (55KDa) correctly localized as nuclear and cytoplasmic proteins, respectively.
Surprisingly, p21WAF was only observed in cytoplasm. To confirm these findings, an
immunofluorescence assay was conducted. In this experiment, we observed that LNCaP AD
cells (used only at passages < 20) primarily exhibited p21 expression in the cytoplasm, with
lower nuclear expression. Only a minority of cells displayed exclusive nuclear expression
(white arrow). This outcome implies that the slight overexpression observed in Figure 32a

is attributed to cytoplasmic p21"WAF! rather than nuclear expression.
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Figure 38. Subcellular localization of p21WAF in LNCaP cells. a) Representative western blot of LNCaP
cell fractions. Protein p21 is observed in cytoplasm. WCL.: whole cell lysis, Cyto: cytoplasm, Nuc: nucleus.
b) Protein quantification in cytoplasm and nucleus. Protein band areas (in triplicates) were normalized
respect to B-actin and then compared to WCL (ratio= 1). ¢) Immunofluorescence confocal microscopy
images of LNCaP cells stained for markers of p21 (Red), Nucleus (DAPI-Blue) and Actin (Phalloidin-
Green). It is observed that p21 localization (Alexa-594 red) is detected in cytoplasm in merge image.
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3.3. p21WAFL subcellular localization and senescent markers reveal senescent-like state
in hnPCs

3.3.1. Subcellular localization analysis

In parallel assessments, we conducted fractionation analysis using 5 different hnPCs, with
results closely resembling those obtained with LNCaP cells, showing the presence of
p21WA L only in cytoplasmic fractions (Figure 39). Surprisingly, using immunofluorescence
assays the hnPCs tested exhibited a higher frequency of p21WAF expression in the nucleus
compared to the cytoplasm (Figure 40). In these images, a few cells display positive p21

staining in both compartments (white arrow in Figure 40).
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Figure 39. Subcellular localization of p21WAF! in hnPCs. Representative western blot of hnPC cell
fractions. Protein p21 is observed in cytoplasm. WCL: whole cell lysis, Cyto: cytoplasm, Nuc: nucleus.

101



These contrasting findings could potentially be attributed to the inherent characteristics of
nuclear p21WA™ protein. It is well-established that under normal growth conditions, this
protein is inherently unstable and has a relatively short half-1ife!®%, In contrast,
cytoplasmic p21WAF! appears to exhibit enhanced stability, primarily due to its interaction
with Akt1/PKB!®®. This stability would allow cytoplasmic protein to persist during the
fractionation technique and be visualized in the Western blot analysis.
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Figure 40. Immunofluorescence confocal microscopy images of p21 in hnPCs. Primary cultures were
stained for markers of p21 (Red), Nucleus (DAPI-Blue) and Actin (Phalloidin-Green). It is observed that
p21 localization (red) is detected more frequently in nucleus. Some cells showed p21 in both cytoplasm
and nucleus (white arrows).
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3.3.2. Nuclear p21WAF! reveals senescence-like state in primary cultures

The pronounced overexpression of p21WAFL in the nucleus led us to speculate that primary
cultures might be entering a state of senescence. However, it's important to note that in
previous characterizations, these cells exhibited a pattern of moderate yet sustained
proliferation (Figure 41), which appears contradictory to the notion of senescence. Notably,
hnPCO1 displayed proliferation rates comparable to those of LNCaP cells, and both exhibited

relatively low levels of p21WAF! expression.
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Figure 41. Percentages of proliferation in LNCaP and primary cultures. Primary culture hnPC01
shows similar growth rate to LNCaP cells at day 7. hnPC03 shows significant higher growth rate than
p21-overexpressing primary cultures, although lower than LNCaP and hnPCOL.Primary cultures with
aberrant expression of p21WAF show significant low ratios of proliferation, although sustained along time.
Data ae the mean + S.D of three independent experiments, each performed in octuplicates- P-values
* P<0.05, **P<0.01, ***P<0.001,****P<0.0001

Therefore, additional markers were used to determine the senescence state of these cultures.
The expression levels of CDKN2A (p16), one known hallmarks of senescence, was analyzed
by real-time PCR and found upregulated in all hnPCs that overexpressed p21 (Figure 42a).
In addition, the detection of B-galactosidase activity was measured in hnPCs overexpressing
p21WAFL and in p21WAF knocked down cells. Interestingly, B-galactosidase activity was
detected in basal and control cells but not in cells transfected with p21-siRNAs (Figure 42b-
c-d). The expression of CDKN2A was not affected by the p21-knockdown (Figure 42a) ,
suggesting that the B-galactosidase activity is associated to p21'WA™! overexpression rather
than p16.
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Figure 42. Expression of senescent markers in hnPCs. a) CDKN2A mRNA overexpression in 5 primary
cultures and expression after p21-KD with siRNAs. Data are the Log2 of Fold change (BPH). b,c,d) B-
Galactosidase (B-Gal) activity detected with green fluorescence in three primary cultures. Cells treated
with siRNA control, show positive p-Gal activity, however, this activity is significant reduced in cells
treated with p21-siRNAs at 48 hours.

In summary, these findings collectively imply that hormone-naive primary cultures are
undergoing a state that resembles senescence, given their expression of senescence markers,

while simultaneously displaying sustained proliferation over time.

Current studies on cellular senescence have implied the paradoxical role of cellular
senescence in tumorigenesis, an altered senescence-associated secretory phenotype (SASP)
in cells, can contribute to the microenvironment that promotes tumor development!%1%7. One

gene, linked to senescence and tumor suppression is the well-known protein Notchl.
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Notchl is known as a tumor suppressor, but several studies have shown conflicting results,
regarding its oncogenict®1% or suppressor role?®*2%! in cancer, depending on the cell context
and tumor type. In a recent study of our laboratory, it was found that a significant
overexpression of PTOV1 (an oncogenic protein) repressed the transcription of Notchl
targets, suggesting that PTOV1 is repressor of the antitumoral activity of Notchl in prostate
cancer?®, Thus, the effects of transient p21-downregulation in the expression of Notchl
(~120 kDa), were analyzed by means of siRNAs transfection and western blot in four hnPCs
(Figure 43). The results show that, compared to control cells, p21-knocked down cells

upregulated Notchl, and this upregulation was significant in hnPC04 and hnPCO06.
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Figure 43. Notchl expression in hnPCs. a) Western blots of Notchl expression in four hnPCs after
p21-KD. B-Actin bands are representative of each sample. Experiments were performed in triplicates.
b) Data of protein quantification are the median +IQR of the bands area from each siRNA. Protein
levels were normalized to B-actin band and then compared respect to control. p-values are result of
Kruskal-Wallis test with Dunn’s Test comparisons. ns: no significant, *P<0.05, **P<0.01,
***P<(0.001,****P<0.0001

Notchl is a transmembrane receptor. When activated by ligands, its cleaved intracellular
domain (NID) participates in nuclear activation of different transcriptional programs, such
as embryonic development, cell fate decision, senescence?®®2% and cancer?®2%2%_Some
studies have highlighted the importance of Notchl expression to promote tumor suppression,
as such in cells expressing p73al-mediated tumor suppressor?®, and its implications in
secondary senescence, where Notchl is necessary to induce early-state senescence in

neighboring cells in a juxtacrine manner, provoking aberrant expression of CDKN1A and
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SASP in adjacent cells?®2%4 which are showing Notchl upregulation. Notably, in later
established senescent cells, Notchl is downregulated, allowing pro-inflammatory SASP
(Figure 44). Consequently, our results are suggesting that primary culture cancer cells,
undergoing fully secondary senescence-like state, expressed low levels of Notchl to allow
the expression of pro-inflammatory SASP. In contrast, in p21WA™ downregulated cells,
Notchl is induced to promote tumor suppression and cell-to-cell interaction for a potential

reactivation of SASP signaling
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Figure 44. Notchl signaling mediates secondary senescence. Notchl is necessary to promote
secondary senescence by juxtacrine interaction. In early steps of secondary senescence, Nocth1l is highly
activated to promote non-inflammatory SASP and maintain growing (Pink), whereas in later stablished
senescence, with CDKNZ1A high expression, Notchl is downregulated to allow pro-inflammatory SASP
(Blue) and cell arrest. Figures taken from Teo et al. 2019 and Hoare & Narita, 2017 203204,

4. Cancer stemness is promoted in all hnPCs compared to LNCaP cells

The above results have shown that the presence of elevated p21'VAF! levels is linked to a
senescence-like condition in hnPCs. These cells also showed increased expression of
ARK1C3 and other steroidogenic genes. Studies investigating the complex role of cellular
senescence have also revealed its involvement in processes like cellular reprogramming and
the acquisition of stem cell-like properties. Surprisingly, senescence can also drive the

development of more aggressive tumors and cancer stemness®.
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To evaluate the stemness capacity of hnPCs, the expression analysis of two pluripotency
genes and one main cancer stemness markers, the CD44 gene, was performed. Results show
that SOX2 was upregulated in LNCaP Al cells, indicating a more aggressive behavior in
comparison with AD cells. However, in hnPCs only hnPCO5 Al showed significant
overexpression of SOX2. In addition, hnPC03 AD, but not the Al counterpart, showed
significant upregulation of SOX2. Regarding the OCT3/4 gene, only hnPCO03 (AD and Al)
showed significant overexpression in comparison with LNCaP cells (>100-fold change).
Surprisingly, all hnPCs AD and Al, displayed an exaggerated overexpression of CD44 with
respect to LNCaP AD. Notably, hnPC03 showing OCT3/4 overexpression, was the only
primary culture that express less than < 50-fold changes respect to control cells (Figure 45).
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Figure 45. Description in next page.
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Figure 45. Expression of three stem cell markers in hnPCs. Top panel: mRNA expression of SOX2
in LNCaP and primary cultures, AD and Al models. Center panel: OCT3/4 expression, only hnPCO03
showed significant overexpression in comparison with LNCaP AD cells. Bottom panel: CD44
overexpression was observed in all primary cultures, with fold changes exceeding 100. However, the
graphs only display values up to 100. Data are the fold change respect to LNCaP AD control. TBP and
IPO8 were wused as housekeeping genes. ns: no significant, * P<0.05, **P<0.01,

***P<().001,****P<0.0001. * p-value respect to LNCaP AD. * p-value Al vs AD models.

Stem cell properties in our primary cultures would be enhancing tumor progression and
chemoresistance, also CD44 overexpression would be indicating that primary cells are
undergoing cell reprogramming which may be implicated in the potential reprogramming of

the hormonal metabolism that primary culture cells are showing in vitro.
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CHAPTER I: DISCUSION
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Prostate cancer exhibits significant heterogeneity across clinical, spatial, and morphological
dimensions, accompanied by a diverse genetic landscape®®’. This complexity poses
challenges for PCa research for the creation of meaningful pre-clinical models useful to
identify new targets, biomarkers, and novel drugs?.

Research efforts have been extensively focused on understanding the hormonal mechanisms
driving PCa. Immortalized cell lines have been highly useful tools during the second half of
the 20" century. Studies on the AR and hormone mechanism in the 80s2% led to significant
advancements in cancer treatment. However, the unavoidable emergence of resistance to
those treatments poses increased challenges to the findings of new targets and biomarkers
able to improve patient response. Current challenges entail the develop of new pre-clinical
models that can reflect disease progression, subtypes, and molecular mechanism of
resistance. Recent advances in the field, have allowed to establish of 3D organoid cultures
from cell lines, partially resembling the tumor complexity and patient derived xenografts
(PDX) that resemble the original tumor, including its heterogeneity and microenvironment.
Our group established 16 primary ex vivo cultures from hormone-naive patients (hnPCs).
Ten of such primary tumor cultures were partially characterized for common gene alteration,
proliferation rates, and resistance capacity to chemotherapy?°.

Although 2D primary cultures present some disadvantages with respect to the tumor in site,
e.g. different microenvironment and lack of immune modulation, these hnPCs are a unique
collection of established cultures obtained from prostate needle biopsies of primary tumors
from patients with inoperable, high Gleason grade (> 8) tumors. They represent a very useful
alternative to study the aggressive metastatic prostate tumors that are not operable, therefore
they fill a gap of basic necessity for research aimed to study the mechanisms of progression
in these tumors.

In this thesis, we used the hnPCs to study the changes in the steroidogenic pathway
established in aggressive PCa to identify potential biomarkers of aggressiveness and targets
for more specific therapies. We compared the gene signatures from hnPCs, LNCaP and
Du145 cell lines with those from tissues (radical prostatectomies, RP) and the original PCa
biopsies. The primary hnPCs and cell lines showed similar expression profiles that were
closer to each other than to prostate tumor tissues (RP) (Figure 30). Adaptation of cells from

in vivo to the culture conditions implies drastic changes in their microenvironment, which
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generate significant alterations in the expression of the genes functioning in those
processes? 2% Reports in this field found that gene expression patters in different
established cell lines and primary tumor cultures, were more similar to each other than to
their respective tissues, suggesting an increased similarity in cell features related to the
culture conditions, and decreasing the inherent differences originally present in each tumor
in its natural state??, In vitro environments play a significant role in modulating gene
expression. For example, it was described that the expression profiles from glioma tissues
and from the corresponding in vitro cultures were clustered separately in a microarray
analysis?®. The latter showed a marked enrichment of genes of the nucleic acid metabolism
and cell proliferation, and loss of gene expression associated to development, transporter
activity and brain specific-genes, indicating a more undifferentiated phenotype, compared
with primary tumors?!®. Despite the large evidence pointing to significant changes in gene
expression patterns associated to culture conditions, the comparison between hnPCs and
their original tissues did not reveal substantial differences in the expression of steroidogenic
genes (Figure 31). In line with other studies®’2'°, our observations suggest that hnPCs may
still reflect the clue gene patterns shown in vivo. Thus, although hnPCs and cell lines grouped
into one cluster, most hnPCs were separated from LNCaP and Dul45 cell lines, suggesting
that primary cultures have sufficiently different gene expression patterns still retained from
their original tissues.

TP53, tumor suppressor gene, is the most mutated gene in different human cancer types,
including PCa'® and it was one of the focal points of our investigation. The finding that 7
out of 10 primary cultures contained arginine (CGC), while 2 cultures displayed proline
(CCCQ) is particularly intriguing due to the unusually high frequency of this variant (Table
16). One possible explanation could be the Loss of Heterozygosity (LOH) phenomena,
particularly studied in exon 4, where P72R variant is present. In fact, the loss of Proline (C)
allele and the preferential retention of the Arginine (G) allele was described in primary
tumors and metastatic tissues of squamous cell carcinoma of vulva??°, head and neck??,

222 and lung cancer??3, A recent metanalysis study using the TCGA pan-

colorectal tumors
cancer database and patients selected for the P72R heterozygosity, 31% (127/409) of
heterozygotes had lost the P72 allele in the corresponding tumor tissue?? indicating that the

G allele is preferentially selected for tumor development, possibly due to enhanced p73-
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induced apoptosis'® and the modulation of tumor metabolism by regulating PGC-1a2?°.
Given that the 10 hnPCs analyzed came from patients predominantly European Caucasian
in which, according to 1000 Genomes Project, the G allele has a global prevalence below
50%, in most ethnic populations (Figure 46), we began to explore a potential association

between the presence of this allele and the risk of developing prostate cancer.
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Figure 46. Global allele frequency of P72R SNP rs1042522. Allele G is present in minor frequency in
all sub populations except for African population. Picture from Ensemble.org
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The prevalence of the R72 variant in the 10 hnPCs, the PCa tissues and the 94 serum samples
from prostate cancer patients was compared to a wider collection of genotypes: the European
(non-Finnish) non-cancer population selected from the GnomAD v2.1.1, containing 134,187
genomes (Figure 21b). As shown in the contingency, the P72R SNP appears significantly
associated to prostate cancer (Table 17). confirmed our findings, showing a higher
occurrence of the 72R allele compared to 72P allele significantly associated with prostate
cancer risk?26-22°. However, it is worth noting that most studies showed controversial
results®%-2%2 or failed to demonstrate significant association between polymorphism and risk
of any type of cancer?®-2%. Probably due to limited sample sizes or selection bias. For
example, in a colorectal cancer study in the North-European population, a significant
association between presence of Pro allele and risk of cancer was reported?, but the control
samples selected had a high frequency of Arg72 allele (61%) when its estimated frequency
in European population (non-cancer) from GnomAD v2.1.1 is 26% (Figure 21). Appropriate
representativeness in control samples is necessary for accurate results. In prostate cancer,
studies are more limited and several have shown conflictingresults?39-241.236.242-244

Beyond these conflicting findings about the Arg frequency at codon 72 of p53, it is crucial
to consider the potential impact of the Arg variant on cancer development, although is not
fully understood. Studies in mice revealed that Homozygosity for the R72 variant show
higher incidence of mammary tumors?*®. In addition, the R72 variant associated to increased

phosphorylation of p53 and enhanced the transactivation of CDKN1A (p21WA™1) in response
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to starving, with consequent augmented growth arrest but reduced apoptosis, a situation that
favors survival®*®. Additionally, TP53 mutations tend to preferentially occur in the R72
allele. In cases of TP53 with mutations (e.g. R175H, R273H, and A138V) and harboring the
SNP (R72 allele), an enhanced capacity for migration, invasion, and metastasis in various
cancer cell lines, including PCa, was reported®?. These observations put into evidence that
Arg at codon 72 impacts on the tumor suppression activity of p53.

Although no significant association of P72R with tumor grade (Gleason score) was found in
our study, the G allele (R72) was more frequent in patients with high Gleason scores (>8)
suggesting an association to more undifferentiated-malignant PCa lesions (Figure 22). A
few studies evaluated the association between this polymorphism and tumor grades and
found no significant association with clinical stage or Gleason grade in PCa?42243247.248 Qe
study identified a link with modest influence of the P72R SNP and shortened biochemical
recurrence (BCR) after radical prostatectomy?**. Another study in Japanese population 2%,
observed a notably high frequency of Arg allele in patients with metastases and those with
high-Gleason score (>8). However, they analyzed the association using the arginine allele as
a reference, meaning they calculated the significance level between the Pro/Pro and Pro/Arg
genotype compared to arginine. As expected, they found no significant difference, as proline
did not differ significantly from control group.

To validate and enhance our findings, further investigation with a larger sample size is
necessary, taking into account the family history of prostate cancer, which may also

influence our results.

Steroid hormone metabolism plays a key role not only in regulation of homeostasis but also
in disease development®. PCa is notably a hormonal disease that require androgens to
proliferate and survive**#4. To characterize the cellular model of hnPCs established in our
laboratory and in order and find potential biomarkers for this aggressive cancer we studied
the expression of several genes included in the steroidogenic pathway. An increase in the
expression of several genes of the steroid hormone production compared to benign prostatic
hyperplasia (BPH) was observed (Figure 26). Specifically, enzymes located earlier in the
steroidogenic pathway, such as SQLE, SOAT1, STAR, and STARDS3, showed altered
expression levels (Figure 27a). The upregulation of SQLE, is in line with previous research
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indicating its role as an oncogenic factor associated with poor survival outcomes in various
types of tumors?**-2% including prostate cancer®®. Interestingly, SOAT1 which catalyzes the
formation of fatty acid-cholesterol esters stored in cellular droplets, was found downregulated
in most primary cultures, which contradicts findings from other studies. Squalene epoxidase
(SQLE) is the second rate-limiting enzyme involved in cholesterol synthesis, an essential
component of cell membrane and vital for proliferation®®’. The concurrent upregulation of
SQLE and downregulation of SOAT1 suggest an increase of free cholesterol levels and a
reduction in lipid droplet formation. This finding is particularly significant in prostate cancer,
as excess of free cholesterol serves as the primary source for steroid hormone synthesis®® In
addition, free cholesterol maintains lipid raft stability, activating the Src/PI13K/Akt signaling
pathway?*®, and negatively regulates the infiltration levels of CD8+ T cells, follicular helper
T cells, regulatory T cells, and activated mast cells, key components of the anti-tumor
immunity?®3

The steroid hormone synthesis pathway begins with the transport of cholesterol from the
cytoplasmic compartment into mitochondria. One master protein transporter is the
Steroidogenic acute regulatory (StAR) related lipid transfer protein domain 1 (STARD1)
better known as STAR. A significant downregulation of STAR in hnPCs and RP tissues was
observed concomitantly to overexpressed STARD3. This cholesterol transporter has been
reported to be upregulated in several cancer, including prostate cancer?®2%2. Notably,
STARDS is localized in a chromosomal region (17g12-21) which is frequently amplified in
cancer, as breast and colorectal cancer. STARD3 is mainly found in endosomal vesicles and
endoplasmic reticulum (ER)?32%4, When overexpressed, STARD3 increases cholesterol
accumulation in those compartments and contribute to the mobilization of endosomal
cholesterol to mitochondria for the steroidogenic process?®°:266,

In agreement with the above findings, several enzymes of the steroid synthesis pathway are
upregulated (AKR1C3, SRD5A1, CYP1B1, CYP19A1, HSD17B6, HSD17B10 and HSD17B12) in the
majority of hnPCs indicating a change in the metabolic profile of cancerous prostate tissue
(Figure 28). Thus, these cultures would be directing hormonal synthesis towards the
production of Testosterone - Estradiol - 40H-Estradiol and Testosterone > DHT <
Androstenediol. The hormones, dihydrotestosterone (DHT) and 4OH-Estradiol, are
considered as the most potent sex steroid hormones.

40H-Estradiol exhibits a higher binding affinity for the estrogen receptor alpha (ER1) when
compared to estradiol itself. Estrogens, similar to androgens, are known to play a significant
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role in prostate cancer?®’. The enzyme CYP1B1 responsible for converting estradiol into
40H-estradiol, is upregulated in the primary cultures. This is particularly relevant in prostate
cancer because 4-hydroxyestradiol can undergo conversion into semiquinones and quinones,
compounds associated with the formation of depurination adducts, that are able to induce
mutations®®®, Additionally, semiquinones and quinones are linked to docetaxel resistance due
to their binding affinity for tubulin?6%27°,

DHT, compared to Testosterone, also shows grater binding affinity (2-folds) and lower
dissociation rate (5-fold slower) for binding to the AR?"272_ In the normal prostate, the
primary pathway for steroid hormone synthesis is known as the "classical" pathway. A crucial
step in this pathway is the conversion of Testosterone (T) to DHT, typically catalyzed by the
enzyme SRD5A2'?°, However, when T levels drop significantly, reaching castration levels,
two alternative pathways, namely the "backdoor" and the "ba-dione" pathways, gain
prominence in androgen synthesis. These pathways offer a workaround to the problem by
producing DHT without relying on T by using other enzymes for this purpose?”®. Notably,
we observed a significantly downregulation of SRD5A2 in the primary cultures, and an
upregulation of SRD5AL, typically overexpressed in PCa, especially in CRPC. The
upregulation of several genes involved in the "backdoor” pathway of androgen synthesis,
including SRD5A1, HSD17B6, and HSD17B10'21:27427 also was observed. These results
support the hypothesis that hnPC cells exhibit a preference for androstenedione and 17-OH
progesterone over testosterone as sources for DHT production!?. Notably, we also observed
an upregulation of AKR1C3 an enzyme that in healthy conditions is mainly expressed in the
adrenal gland and the testis, where it plays a role in catalyzing the synthesis of testosterone,
but is not detected in the normal prostate gland?’®2’’. The increased levels of AKR1C3 in
hnPCs would direct testosterone production through the “classical” pathway, indicating that,
DHT may be synthesized through both the classical and backdoor pathways in aggressive
PCa cells.

Very interestingly, we found the upregulation of the Estrogen-related receptor alpha (ERRa),
better known as ESRRA (Figure 26), a ligand-independent orphan member of the nuclear
receptor superfamily shown to be associated with development and poor prognosis of various
hormone-dependent tumors as endometrial, ovarian, breast and prostate cancer?’®28!, In a
recent study, ESRRA was shown to play pro-steroidogenic role in CRPC, transactivating
steroidogenic enzyme genes AKR1C3 and CYP11A1%%, It was found that ESRRA can
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exclusively stimulate DHT biosynthesis via the secondary backdoor pathway by directly
targeting the steroidogenic enzyme AKR1C3.

These findings support the possibility that hnPCs may direct the steroidogenic pathway
towards the production of more potent hormones, as DHT using the backdoor pathway to
promote survival and proliferation.

Surprisingly, AR, was found significantly downregulated in our models (Figure 28a),
similarly to the androgen-independent Du145 cell lines?®17328 The AR is a transcription
factor that holds significant relevance in the Castration Resistance, where is frequently
overexpressed or amplified. This phenomenon enables the tumor to adapt and survive in
conditions of androgen deprivation, contributing to the development of resistance to anti-
androgen therapies®®. However, in patients undergoing long-term androgen deprivation
therapy (ADT), AR tends to diminish. This reduced expression is associated with poor
prognosis to which also contribute several factors, including the decreased sensitivity of the
tumor to AR inhibitors. In addition, the decrease in AR is linked to cellular de-differentiation,

286 In cell lines, such as LNCaP, a

that further complicates the management of the disease
prolonged androgen deprivation in culture leaded to downregulation of AR?®. Interestingly,
AD hnPC models, downregulate AR without undergoing androgen deprivation: although the
growth media used, containing 7%FBS exhibited low concentrations of androgens, similar to
ADT conditions in vivo, is it noteworthy that tissue biopsies also showed low levels of AR.
The downregulation of AR has been attributed to a strong DNA methylation in AR promoter
in Du145 cells?®. In the context of very low levels of AR, DHT may still interact and activate
AR responses. However, another possibility by which steroid hormones bypass the low levels
of AR is by activating alternative pathways. In fact, androgen can activate non-genomic
pathways, through the interaction with membrane ARs (MARs), such ZIP9%° and
PI3K/AKt/Erk pathways?®®?%'. ZIP9 receptors and PI3K/Akt signaling activation can be
localized in intracellular compartments?®22% which could facilitate the interaction with the

de novo-synthesized hormones in the primary cultures.

The CDKN1A gene, encodes the cyclin-dependent kinase inhibitor 1 (p21'"VAF) protein was
the first discovered transcriptional target of p532%42%°, p21WAF originally has been described
as tumor suppressor, that induce cell cycle arrest by blocking DNA replication through the

binding to proliferating cell nuclear antigen (PCNA) and inhibits the activity of cyclin-CDKs
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complexes?®2%7, As a result, the cell cycle is arrested in the G1/S or G2/M checkpoints.
Interestingly, several studies have reported a paradoxical role of p21"VAF in promoting tumor

growth and proliferation?%-301,

In line with those results, CDKN1A was overexpressed
~15-folds in hnPCs with respect to BHP and showed significantly higher levels in
comparison with LNCaP and Du145 cells (Figure 32). The strong expression of CDKN1A
has been reported in cancerous cells showing proliferation features, independently of p53.
These cells showed genomic alterations, aggressiveness and chemoresistance!® In prostate
tumors, CDKNZ1A upregulation has been observed in comparison with normal adjacent

tissues (Anova, p-value=0.016) (Figure 47)

Tumor Prostate
Sawyers - 370 - rma_sketch - huex10t
disease_status~normal_adjacent_benign_prostate prostate_cancer
disease_status (2005169)
p=0.016 (anova)

11.0 q

10.5 A

10.0 A

8.5 A

8.0 A

2log of CDKN1A

8.5

8.0 A

7.5

d

199UBD” 9)BIS0U

{"ubluag usoelpe |ewliou
(00g)

Figure 47. CDKN1A expression in prostate cancer and normal tissue. Box plot representing
CDKN1A mRNA expression in prostate cancer tissues (n=300) in comparison with normal
adjacent tissue (n=70). Anova comparison show significant difference (p<0.016). Data was
obtained from Sawyers dataset published and GenomicR2.

The strong overexpression of CDKN1A in hnPCs cells, which display sustained proliferation
and chemoresistance (Figure 25b), led us to hypothesize that CDKN1A might be associated
to the steroidogenic reprogramming observed in these cells. After analysis of the correlation
between CDKNZ1A and steroidogenic gene expression, a significant strong association was
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found with AKR1C3 (R=0.54), CYP19Al (R=0.58), CYP1B1 (R=0.62), HSD17B12
(R=0.69) and STAR (R=0.77). Using siRNA-mediated knockdown of CDKN1A in primary
cultures and LNCaP AD, as expected AKR1C3 mRNA and protein expression, were
significantly reduced in both LNCaP and primary cultures. This result aligns with the
positive correlation between AKR1C3 and CDKN1A expression observed in untreated
hnPCO01 and hnPCO03 cells, that showed no overexpression of CDKN1A and downregulation
of AKRC13 (Figure 26). A similar positive correlation was observed in Dul45 DS and DR
cells,

Conversely, LNCaP AD and Al displayed a negative correlation between CDKN1A and
AKR1C3 expression levels, possibly associated to the presence of the AR in these cells. In
these cells, AKR1C3 appears to be regulated by other mechanisms. LNCaP AD and Al are
AR+ and sensitive to androgen stimulation, independently of androgens in the medium?3%.

AR has been shown to be activated by IGF-1 to potentiate androgen signaling3%.

Thus, LNCaP AD, might be expressing some steroidogenic genes stimulated by IGF-1
present in the culture media (Table 18), On the other hand, CDKN1A was shown to be
upregulated by IGF-1 in MCF-7 cells through ERK1/2 pathway?® (Figure 48a). However,
not substantial CDKN1A overexpression was shown in LNCaP AD (~1.6 folds), possibly
because AR negatively regulates CDKN1A 3%43% (Figure 48a). Probably, those levels of
CDKN1A might be no sufficient to cause upregulation of AKR1C3 (Figure 48a).

In LNCaP Al cells, the AR is expressed but IGF-1 has been removed from the serum (FBS-
charcoal treated). This condition causes a significant upregulation of AR in comparison to
AD? to overcome the lack of some steroidogenic genes. F potentially to overcome the lack
of certain steroidogenic genes. Furthermore, ESRRA is highly overexpressed (6.8 folds)
which might result in the transactivation of AKR1C3 expression®?. Likewise, the lack of
IGF-1 plus inhibitory action of AR3*3% could be the reason of CDKN1A downregulation

in these cells.
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Figure 48. Negative correlation between CDKN1A and AKR1C3 observed in LNCaP AD and Al
models. Up/downregulation of CDKN1A and AKR1C3 depends on the LNCaP model. a) In AD model,
LNCaP cells are growing in conventional media containing hormones, i.e., IGF-1. In presence of IGF-1
CDKNZ1A is upregulated but downregulated in presence of elevated AR levels. In presence of hormones
and low expression of CDKN1A, probably AKR1C3 is not upregulated. b) In Al model, LNCaP cells are
growing in hormone-depleted media. In absence of IGF-1 CDKNI1A is not activated and also is
downregulated by AR, leading to strong downregulation. Stressing conditions leads to aggressive
phenotype that promote AKR1C3 upregulation induced by ESRRA.

Other genes significantly altered by the knockdown of p21"WAFL were CYP19A1 and MDM2
(Figure 37). CYP19A1, coding for the aromatase enzyme that catabolizes the synthesis of
Estradiol (E2)3°, was shown to be significantly downregulated with p21-siRNA#2, although
we were not able to corroborate this result by western blot due to the impossibility to detect
this protein. However, CYP19Al showed a significant positive correlation with the
expression of CDKN1A, in (i) hnPCs that co-overexpress p21WA™ and CYP19A1; and in (ii)
hnPCO01 and hnPCO03, which under express both CDKN1A and CYP19A1.

MDM2 was significantly upregulated in hnPCs after knockdown of p21WAFl MDM2
encodes an E3 Ubiquitin Ligase, which mediates the ubiquitination and subsequent
degradation of several proteins, including p53, ARB1, DAXX, and others®?7%®, MDM2 and
CDKN1A are regulated under p53-dependent manner?®>307309310 |n one study was
demonstrated that p21"WAF! acts as negative regulator of p53%!!, also MDMZ2, can also
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downregulate p53 through proteasomal degradation in a ubiquitination dependent and
independent manners®!2, Thus, the inhibition of MDM2, typically increases p53 protein
levels. Following CDKN1A inhibition by siRNAs, TP53 did not display changes in mRNA
expression as a response (Figure 37a). Our findings suggest that CDKN1A and MDM2 are
mutually regulated in p53-independent manner.

Extensive studies have demonstrated that MDM2 represses p21"WAF! independently of p53
action®, MDM2 regulates proteasomal degradation of several target proteins, both via
ubiquitination dependent and independent pathways®'2. However, the degradation of
p21"WAFL ysually occurs in a ubiquitin-independent manner: MDM2 regulates the interaction
between the protein 14-3-3t and proteasome 20S that degrade p21 at the G1 phase of the cell
cycle®** and inducing conformational change in p21"WA™ to make it accessible to C8 subunit
of the proteosome®®. Furthermore, free MDM2 interacts with hnRNP K and promotes its
degradation. When hnRNP K is degraded, a reduction of CDKNZ1A transcription, and
expression of apoptotic genes are observed. However, when MDM2 is inhibited by nutlin3a,
hnRNP K is activated and p21WA™! expression is promoted, resulting in inhibition of
apoptotic genes and upregulation of growth arrest and survival*® (Figure 49). These
observations suggest that free MDM2, favors p53 action on apoptosis induction, by the
inactivation of p21"WAF! and hnRNP K. However, the report provides no information about
the action of p21WAF1 on MDM2. In our study, the inhibition of CDKN1A by knockdown,
caused a significant upregulation of MDM2 both at transcript and protein levels. Similarly,
one study reported that in p21~/~ HCT116 fibrosarcoma cells MDM2 was upregulated in
comparison with parental p21"WT cells, although they attributed this upregulation to high
levels of p53 present in those cells®!!. These findings provide evidence of a mutual regulation

between MDM2 and p21 proteins.

121



(53 jMDM2) (p53jMDM2)

l/— RITA l/— nutlin3a
Apoptotic R Apoptotic N
Target <€—— @ — | MDM2 Target €— MDM2

Genes Genes

o =

degradation

— (v2)) | B:I
APOPTOSIS [:l

Figure 49. Model for the preferential induction of apoptosis by RITA. Left panel: RITA induces
dissociation of active MDM2 from p53. Released MDM2 is free to promote degradation of its other
targets such as p21 and hnRNP K. p53 transactivates expression of proapoptotic target genes, but
transactivation of p21 is deficient because of hnRNP K deficiency. p21 protein levels are thus kept low
by both direct degradation by MDM2 and inefficient transcriptional induction. Therefore, p21 can
exercise neither its growth-suppressing activity nor its antiapoptotic activity, and the cell undergoes
programmed cell death. Right panel: nutlin3a binds MDM2 and inhibits the p53/MDM2 interaction.
Nutlin3a does not facilitate the binding of MDM2 to other substrates, including p21 and hnRNP K.
hnRNP K facilitates transactivation of cell-cycle arrest genes by p53, including p21. High levels of p21
promote a potent cell-cycle arrest response as well as antagonizing apoptosis induction. Figure from
Enge et al. 2009

Although there's limited information available on the mechanisms regulating the interplay
between p21WAF and MDM2, the cross talk between the TGF-B and NF-kB signaling
pathways, may play a crucial role. Several studies have shown the pro-oncogenic role of the
NF-kB pathway in the regulation of cell proliferation, survival and malignant
progression®"318 Activin, member of the superfamily of TGF-B, was shown to induced the
activation of NF-kB and increase MDM2 expression in colorectal cancer®'®. In fact, NF-kB
subunits were found to interact with the P1 promoter of MDM2, and induce its expression in
activated T cells®2°32, On the other hand , the expression of CDKN1A has been shown to be
induced by TGF-B canonical pathway, in a p53-independent way32224, Interestingly, the
TGF-B and NF-kB pathways can cross-interact each other®?. In head and neck squamous
cell carcinoma (HNSCC), the interaction between TGF-p and the NF-kB pathways was
described to occur through the activation of TAK1 (TGF-B-activated kinase 1) protein. In
the scenario where the canonical TGF-f SMAD2/3 pathway is inhibited (i.e., CDKN1A
downregulation) TAK1 becomes activated (non-canonical TGF-B) leading to nuclear

122



translocation of NF-kB subunits, promoting the overexpression of genes such MDM2 and
SMAD7, which preferentially suppress canonic pathway (Figure 50)
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Figure 50. Proposed model for attenuation of canonical TGF-b SMAD and activation of non-
canonical TGF-b-NF-kB signaling pathways in HNSCC. TGF-b activates NF-kB signaling through
a sequential regulation of TAK1 and IKK kinases leading to phosphorylation of IkBa, nuclear
translocation and phosphorylation of NF-kB subunit p65 and activation of NF-kB downstream targets
(MDM2). Both TGF-b and NF-kB signaling induce expression of SMAD7, which in turn preferentially
suppresses TGF-b-induced canonical and NF-kB signaling (CDKN1A), relative to TNF-a-induced NF-
kB signaling. Figure modified from Freudlsperger et al, 2013.

Although we have not evaluated the NFkB pathway in our primary cultures, it is important
to note that IGF-1, present in the FBS-supplemented media, can activate and regulate this
pathway326327 Interestingly, one study demonstrated the induction of AKR1C3 expression
in LNCaP cells by stimulation with activin A (member of the TGF-p superfamily)®?. More
studies are necessary to elucidate the mechanism by which the CDKN1A downregulation
promoted MDM2 upregulation in hnPCs cells, and whether the TGF-3 pathway is implicated
in the CDKNZ1A high expression observed in these cultures.

To investigate whether the oncogenic effect of p21"WA™ is primarily influenced by its
overexpression, or it is driven by its subcellular localization, the experiments in LNCaP AD
cells showed that cells predominantly expressed in the cytoplasm with few cells showing
p21WAFL exclusively in nucleus (Figure 38b) . Our results are in line with other studies
where, after drug treatment, p21"A"! was observed in both cytoplasm and nucleus, or
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exclusively in the cytoplasm, in drug-resistant LNCaP or other cancer cells3?3%2, AKT-
mediated NLS phosphorylation is essential for the cytoplasmic localization of p21, its
stability and inhibition of degradation®**3%®, Although we have not evaluated the
phosphorylation state of LNCaP-p21, we observed that only the cytoplasmic fraction
preserved the detection of p21 after the fractionation analysis, suggesting that nuclear
p21WAFL might have undergone a degradation processes. The results regarding hnPCs, were
unexpected. In the immunofluorescence assay, most cells expressed p21WAF exclusively in
the nucleus, with only a small fraction expressed in both compartments (Figure 40). It is
widely accepted that p21 acts as tumor suppressor or oncogene depending on the subcellular
localization®3¢3%", Its cytoplasmic localization was associated to chemoresistance
induction®2°331:334 and prevention of apoptosis®®3>3% |n turn, the nuclear p21"A™ inhibit
cell proliferation, by arresting cell cycle®®34 and it is associated to induction of
apoptosis3#2-344, Because primary cultures exhibited an intrinsic chemoresistance, sustained
proliferation and de novo activation of steroid hormone synthesis, compatible with a
hormone metabolism reprograming, we expected to be detected in the cytoplasm fraction,
not in the nucleus. In LNCaP AD cells, the cytoplasmic localization of p21WA™ is not
inhibiting cell proliferation, supported by the high proliferation ratio observed in these cells
(Figure 41). However, LNCaP AD cells do not display a high chemoresistance capacity in
comparison with LNCaP Al, or hnPCs. Considering that p21'VA™ in LNCaP AD cells is only
slightly upregulated, those results suggest that the p21-associated oncogenic properties may
be context-dependent, not only on its subcellular localization but also on the degree of
overexpression'®!. Interestingly, similar behavior is observed in for TGF-p signaling, that
can display a tumor suppressor phenotype at early stages of tumorigenesis, but it is pro-
oncogenic at later stages of cancer progression®*.

Contrariwise, hnPCs markedly overexpress p21WA and show a higher frequency of
p21WAFL in the nucleus. Although nuclear p21'WA is associated to cell arrest, DNA synthesis
inhibition, and apoptosis activation®*®, we observed that hnPCs displayed sustained
proliferation and chemoresistance. The exaggerated expression of nuclear p21"WA" would be
in line with previous reports describing its nuclear localization acting deregulating the
replication licensing machinery, inducing replication stress and DNA damage in a p53-
independent manner®:3#  events that promoted chemoresistance and cancer progression.

Galanos et al. proposed a model for the nuclear-p21 oncogenic effect observed in cancer
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cells: these cells initially displayed senescence traits, and then escaped senescence re-enter
to cell cycle but overexpressing p21WA™ (Figure 51).
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Figure 51. The oncogenic model of nuclear p21 proposed by Galanos et al. Chronic p53-independent
expression of p21 leads to re-replication, DNA damage, error-prone repair, genomic alterations and
eventually cancerous evolution. Figure from Romanov and Rudolph, 2016

To evaluate this scenario in hnPCs, the senescence status was verified by analysis of p16'k42
(CDKN2A) and B-Galactosidase (B-Gal) activity. In the common accepted model, p21WAFL
is transiently activated to initiate the proliferation suppression process which later result in
G1 arrest, however, when the cell cycle arrest is established, p21"WAF! is downregulated and
protein levels decrease®*"-34, Conversely, p16™“? is upregulated and maintains the cell cycle
arrest in senescent cells***2°2_ 1t is currently accepted that senescence is primarily activated
by TP53 and CDKN2A/p16 whereas CDKN1A/p21 and Rb1 acts as downstream effectors®®2,
In addition, the B-Gal activity, is a known indicator of perturbation of the autophagy-
lysosomal system, that results in the pathogenic production of senescence-associated
secretory phenotype (SASP)®33% SASP is known as a hallmark of senescence mediating
many of its patho-physiological effects®®°,

Our results in hnPCs showed a high overexpression of MRNA CDKN2A (similar to CDKN1A
levels), and B-Gal activity, indicating that these cells are undergoing a cellular senescence-
like state: they show (i) expression of senescence markers, together with (ii) sustained
proliferation and (iii) chemoresistance. To confirm the activation of proliferation and
consequent escape from senescence in these cells, it would be interesting to assess the
expression of Ki67, a proliferation marker that has been observed to be co-expressed with
p21 in certain aggressive cancer cells!®1:3%3% although both are generally found mutually
exclusive®73%8,

Interestingly, the downregulation of p21"WA™ in hnPCs had no effect on p16 overexpression,
supporting that p21 is a downstream effector of p16'"“2%%_On the other hand, f-Gal activity
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was significantly suppressed in p21-knocked down hnPCs, indicating that the SASP
phenotype is mainly associated to overexpression of CDKN1A.

SASP, also known as senescence messaging secretome, can mediate several effects. For
example, it can reinforce senescence in autocrine and paracrine manners'®®%7 put it is also
implicated in secondary senescence induction by juxtacrine communication?®32%, These
contribute not only to healthy physiological responses, but also to the pathogenesis of
various diseases, including cancer®®®. Juxtacrine induction of secondary senescence is
mainly mediated by Notchl. In early steps of secondary senescence, Notchl is highly
activated in cells adjacent to senescent cells, to receive SASP signals and provoke aberrant
expression of CDKN1A and SASP in adjacent cells?®32% Notably, in later senescent cells,
Notchl is downregulated, allowing pro-inflammatory SASP (Figure 44). In addition,
Notchl is recognized by its anti-tumoral function®®. In two p21 knockdown hnPCs we
observed significant upregulation of Notchl in comparison with the control siRNA. That
means that in p21-knocked down cells with B-galactosidase inactivation, Notchl is
upregulated to promote tumor suppression and cell-to-cell interaction for a potential
reactivation of SASP signaling. Therefore, this suggests that these cells (no treated) are
undergoing fully secondary senescence-like state, expressing low levels of Notchl to allow
the expression of pro-inflammatory SASP and suppress its anti-tumoral function. Although
primary and secondary senescence display distinct gene expression profiles?®, currently it
remains challenging to completely understand the extent of the differences between
secondary and primary senescent cells>.

Currently, increasing evidences support the paradoxical role of senescence that promotes
tumor suppression but also contributes to oncogenesis may be due, at least in part, to the
effects of SASP*3. Vascularization, tissue remodeling, immunosuppression or drug
resistance are some of the effect induced by altered SASP in cancer cells**® In addition, the
induction of cancer stemness properties and reprogramming are a very promising fields of
study.

In our study we have observed that primary cells show significant changes in the expression
of several steroids hormones enzymes, display p21-associated senescence, and aggressive
phenotypes, such as chemoresistance. Because the presence of CSCs could potentially be
induced by senescence, we evaluated two pluripotency genes and CD44, a critical regulator
of cancer stemness, including self-renewal, tumor initiation, and metastasis®®*. All primary

cultures overexpressed CD44 in an aberrant manner. It has been shown that CD44 can
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promote reprogramming in colon cancer towards stem cell properties, and CD44 together
with CD24 can coordinate cellular reprogramming in nasopharyngeal carcinoma cells®¢?,
Interaction between CD44 variants (CD44v) and its ligand, hyaluronan, can fuel tumor
growth, enhance the ability of cancer cells to move out of blood vessels, and contribute to
metastasis. The alternative splicing process (AS) is found under the regulation of TAR DNA-
binding protein-43 (TDP43) and Epithelial splicing regulatory protein 1 (ESRP1), and it has
been shown that the loss of any of these splicing factors lead to inhibition of stemness by
reducing the abundance of CD44v in breast cancer stem cells®®, inhibition of pluripotency

and efficient reprogramming of human somatic cells towards iPSCs*%,

In summary, our results suggest that the prostate cancer primary cultures derived from
hormone-naive patients with aggressive tumors (hnPCs) are an excellent model to study the
steroid metabolism reprogramming and the specific characteristics of the original tumors.
Here we have shown that these cultures have overcome the senescence through “bypassing”
the barriers but no “escaping” from senescence (Figure 52), since they still proliferate in
presence of senescence markers®®, here denoted as senescence-like state. In this context,
hnPCs are exploiting the role oncogenic of senescence, promoting cell and metabolic
reprograming®®=¢7 which in turn lead to increase of aggressiveness chemoresistance and

survival (Figure 53).

b Re-entering cell cycle C Cellcycle slowdown
d Cell cycle arrest Growth activation Moderate proliferation

Growth inhibition .
- o = == == | Barrier R 9/_\— = 1 Barrier R q/-\- = 1 Barrier

po3
functional

p53 No
functional

p16T p21T SASPT p16 ? pZTT SASP ? me p2‘ITSASPT

Figure 52. Dual role of p2l-associated senescence. a) p21 transient overexpression in p-53
dependent manner. Cancer cells cannot overcome senescence barrier and display growth
inhibition. b) Cancer cells escape from senescence but overexpressing p21, no display senescence
features. c) Cancer cells bypass senescence, they display senescence features but not its
consequences (i.e., cell arrest). Instead, maintain moderate growth. Based on: p21: A two-faced
genome guardian from Georgakilas et al. 2017
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Figure 53. Senescence-associated reprogramming in prostate primary cultures. Normal epithelial
cell undergoes oncogenic transformation, which leads to stress response: p16'NK42 p21WAFLCIPL among
others. This results in cellular senescence , which in turn, is bypassed for a subset of cells exhibiting more
aggressive phenotype, apoptosis and drug resistance which finally promote metabolic reprogramming.
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Primary cultures derived from hormone-naive tumors (hnPCs) retained gene expression
patterns from their original tissues and represent a useful alternative to study resistance

mechanisms in prostate cancer.

The P72R polymorphism studied in hnPCs and a cohort of prostate cancer patients, show
significant association with the risk for prostate cancer development in European

Caucasian population.

hnPCs exhibit metabolic reprogramming within the steroidogenic pathway,
demonstrating changes in the expression pattern and de novo activation of hormone

synthesis enzymes.
hnPCs demonstrate a senescence-like state characterized by p21WA™L overexpression,

which is strongly associated with steroidogenic reprogramming, chemoresistance, and

enhanced survival in these cells.
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CHAPTER II

ANDROGEN METABOLISM AND COVID-19
Study of the association between Testosterone
and COVID-19
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2) C1 esterase inhibitor and the contact system in COVID-19. Thomson T; Toscano-Guerra E;
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CHAPTER Il - INTRODUCTION
1. Coronavirus Disease-19 (COVID-19)

1.1. COVID-19 epidemiology

The COVID-19 emerged at the end of 2019, as a result of infections by the new coronavirus 2019
named as Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-COV-2). This disease is

characterized by different clinical outcomes from asymptomatic infections to severe pneumonia and
death. COVID-19 has affected millions of people and has been estimated over 767 million cases and
6.9 million of death around the world according to the World Health Organization®® (Figure 54)
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Figure 54. Description in the next page.
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Figure 54. New COVID-19 cases and deaths confirmed up to July 2023. Stock graphs display daily
confirmed cases or deaths, with WHO regions represented in different colors. Donut charts illustrate the
percentages of the total cases or deaths in each region. Source: WHO COVID-19 Dashboard

1.2. SARS-COV-2
The Severe acute respiratory syndrome coronavirus 2 (SARS-COV-2) was discovered for
first time in December 2019, in Wuhan, China, after a few firsts cases were reported
symptoms of severe pneumonia®®3%, SARS-CoV-2 belongs to the Coronaviridae family,
which encompasses a diverse group of enveloped viruses containing a positive, single-
stranded RNA genome. The genome of SARS-CoV-2 consists of approximately 30,000
nucleotides and is composed of 13-15 open reading frames (ORFs), 12 of which are
functional. It contains 11 protein-coding genes, resulting in the expression of 12 proteins
(Figure 55a). This nucleic acid is enclosed within a capsid, formed by the nucleocapsid
protein N, and surrounded by a lipid membrane. Embedded within the membrane are three

proteins: the membrane protein (M), the envelope protein (E), and the glycoprotein Spike

(S). Spike is essential for binding to host receptors and facilitating virus entry into host cells.
871372 (Figure 55b).
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Figure 55. SARS-CoV-2 structure. a) Genomic organization of SARS-CoV-2, the genome encodes two
large genes ORF1a (purple), ORF1b (blue) (which encode 16 non-structural proteins) and for structural
genes encoding spike (S), envelope (E), membrane (M), and nucleocapsid (N). b) Schematic diagram of
the structural features of SARS-CoV-2 and its primary structural proteins. Figure a) from Zhang et al.
2021. Figure b) developed with Biorender.com

1.2.1. Structural proteins

The structural proteins are particularly important as they form the virus's outer shell and

facilitate its entry into host cells. The four main structural proteins of SARS-CoV-2 are:

A. Spike (S) Protein: The spike protein is perhaps the most well-known protein of
SARS-CoV-2 because it plays a key role in viral entry into host cells. It is anchored
in the virus's surface in a characteristic "corona" shape, which is why the virus is
named "coronavirus." The spike protein binds to the ACE2 receptor on the surface
of human cells, initiating the process of viral attachment and fusion. This protein is

a target for many vaccines and therapeutic interventions.

B. Envelope (E) Protein: The envelope protein is a small protein that is involved in the
assembly and release of new virus particles. It plays a role in the virus's ability to

infect host cells and contributes to the formation of the viral envelope.

C. Membrane (M) Protein: The membrane protein is another integral component of
the viral envelope. It plays a critical role in maintaining the virus's structure and
shape. It interacts with other viral proteins, including the nucleocapsid protein, and

helps shape the viral membrane.

D. Nucleocapsid (N) Protein: The nucleocapsid protein encapsulates the viral RNA
genome, forming a complex known as the nucleocapsid. This protein is essential for
maintaining the RNA genome's stability and plays a role in the virus's replication and

packaging.
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1.2.2. Non-structural proteins

SARS-CoV-2 also encodes a set of non-structural proteins (NSPs) that play role in the virus's
replication, transcription, translation, and evasion of the host immune response.

A. NSP1: This protein inhibits host gene expression and interferes with the host cell's
antiviral defenses, inhibiting host translation by blocking the mRNA entry tunnel on
the ribosome; this interferes with the binding of cellular mRNAs to the ribosome.

B. NSP2: NSP2 is believed to interact with other host proteins as Prohibitins (PHBs) 1
and 2, which potentially impact the host cell environment to facilitate its replication
and survival.

C. NSP3: PLpro, Responsible for cleaving of NSP1, NSP2, and NSP3 from the N-
terminal region of ppla and lab.

D. NSP4: is thought to Potential transmembrane scaffold protein which helps modify
ER membranes.

E. NSP5 (Main Protease, Mpro): Also known as the 3C-like protease (3CLpro), this
enzyme is essential for cleaving the viral polyprotein into individual functional
proteins. It is a target for some antiviral drug development efforts.

F. NSP6: is implicated in the formation of DMVs (double-membrane vesicles) and is
involved in the induction of autophagosomes from host ER.

G. NSP7 and NSP8: These proteins form a complex that acts as a cofactor for the viral
RNA-dependent RNA polymerase (RdRp), enhancing its activity in viral genome
replication.

H. NSP9: is a single-stranded RNA-binding protein that likely plays a role in viral RNA
synthesis and genome replication.

I. NSP10: is a cofactor that enhances the enzymatic activities of NSP14 (exonuclease)
and NSP16 (2'-O-methyltransferase), both of which are involved in viral RNA
modification.

J. NSP12 (RdRp): The RNA-dependent RNA polymerase is a crucial enzyme
responsible for copying the viral RNA genome and synthesizing new RNA strands.
It is a prime target for antiviral drug development.

K. NSP13: is a helicase that unwinds viral RNA during replication, facilitating RNA

synthesis and genome replication.
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L. NSP14: NSP14 is a multifunctional protein with exonuclease activity that assists in
proofreading and editing the viral RNA genome.

M. NSP15: NSP15 is an endoribonuclease that likely plays a role in viral RNA
processing and evasion of the host immune response.

N. NSP16 and NSP10 (2'-O-Methyltransferase Complex): This complex is responsible
for adding a methyl group to the 2'-O position of viral RNA, which helps the virus

evade host immune detection.

1.3. SARS-CoV-2 mechanism of host entry
The entry of SARS-CoV-2 into host cells involves a multi-step process that allows the virus

to attach to the cell surface, fuse with the host cell membrane, and release its genetic material
into the cell (Figure 56).

Process: Attachment: The virus attaches to host cells using the Spike (S) protein. The S
protein is composed of two subunits: S1 and S2. The receptor-binding domain (RBD) within
the S1 subunit specifically interacts with the ACE2 (Angiotensin-converting enzyme 2)
receptor on the surface of the host cell. Conformational Changes: Virus binding to ACE2
induces conformational changes in the S1 subunit and exposes the S2' cleavage site in the
S2 subunit. Depending on the entry route taken by SARS-CoV-2, the S2’ site is cleaved by
different proteases, TMPRSS2 or Cathepsin. S1-S2 junction cleavage: before acting fusion
proteases, a prerequisite is the previous cleavage of the S1-S2 boundary by Furin protein.
TMPRSS2-mediated entry: In the presence of TMPRSS2, S2' cleavage occurs at the cell
surface. Internalization-mediated entry: process via clathrin-endocytosis, where S2’
cleavage is performed by cathepsins, inside of the lysosome because require an acidic
environment for their activity. Membrane Fusion: In both entry pathways, cleavage of the
S2' site exposes the fusion peptide (FP). This fusion allows the virus to release its genetic

material, including RNA, into the host cell.
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Figure 56. SARS-CoV-2 entry pathways. SARS-CoV-2 can use two entry mechanism to infect cells.
Endosomal entry: The virus-ACE2 complex is internalized by endocytosis into endolysosomes. Cell
surface entry: Fusion between viral and cellular membranes forms a fusion pore through which viral RNA
is released into the host cell cytoplasm for uncoating and replication

1.4. Clades and variant D614G during the first wave of pandemic

Coronaviruses are RNA-viruses with a high-rate mutation capacity, adapting to new
environments through mutation and recombination with relative ease®’33’*. Due to the
genetic variations of the virus, it has been developed classification methods to group and
study similarities and differences between SARS-CoV-2 viruses and improve the
management. According to NextClade classification (https://nextstrain.org), SARS-CoV-2
is divided in clades, being the first emerging clades: 19A, 19B, 20A, 20B, followed by the
new variants known as Alpha (20 1), Beta (20H), Delta (21A), among others. During the first

wave of the pandemic, the most spread and frequent variants were 20A and 20B, also called

D614G variant, because this variation in the RBD, was the first identified mutation3">376,
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Figure 57. Phylogenetic tree of SARS-CoV-2 in 2020. The phylogeny is represented as a root-to-tip
plot. X axis represents the dates of detection, and the Y axis represents the number of genomewide
mutations. Top panel represents the predominant variant by period of time.

2. COVID-19 characteristics and symptoms

COVID-19 is characterized for being principally a respiratory illness. The disease primarily
spreads through respiratory droplets from coughs, sneezes, or close contact with infected
individuals. The incubation period for COVID-19, which is the time from exposure to the
virus to the onset of symptoms, ranges from 2 to 14 days, with an average of around 5-6
days. Similarly to patients with SARS and MERS, these patients showed symptoms of viral
pneumonia, including fever, cough and chest discomfort, and in severe cases dyspnea and

bilateral lung infiltration"’,
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2.1. Clinical features of a mild disease: COVID-19 symptoms vary widely. Some
individuals may be asymptomatic (showing no symptoms). However, the most
common symptom is cough, followed by hyposmia and sputum, nasal congestion,
fever (>37.5°C). In general, these patients do not need hospitalization and are
discharged from hospital in a few days®’®. Regarding to immune markers, they
present mild lymphocytopenia, does not experience a noticeable decrease in total
number of T cells or B cells, although they show high plasma concentrations of
cytokines/chemokines, this increase is of rapid resolution®’®.

2.2. Clinical features of severe disease:

COVID-19 primarily affects the respiratory system, causing symptoms such as
fever, cough, and shortness of breath. It can progress to severe pneumonia, acute
respiratory distress syndrome (ARDS), and respiratory failure, especially in
vulnerable populations.

Systemic Effects: In addition to respiratory symptoms, COVID-19 can affect
multiple organ systems, including the cardiovascular system (causing heart
inflammation), gastrointestinal system (leading to nausea, diarrhea), and
neurological system (loss of taste and smell, headaches).

Cytokine Storm: Severe cases of COVID-19 can lead to an excessive immune
response known as a cytokine storm. This hyperinflammatory state can damage

organs and contribute to severe complications.

In hospitalized COVID-19 patients, the mortality rate for males was 75% higher than that
for females®®°. In Europe, data showed that the ratio of male to female COVID-19
hospitalizations was 1.5, and the case fatality rates for males were 1.7 to 1.8 times higher
than for females®!. Among individuals with severe disease, males exhibited significantly
higher levels of pro-inflammatory cytokines like IL-6, IL-8, and MCP-1 compared to
females. Conversely, females had notably higher levels of the anti-inflammatory cytokine
IL-10 at 14 days compared to males®®2. Male patients also had elevated plasma levels of
innate immune cytokines such as IL-8 and IL-18 and showed a more robust induction of
non-classical monocytes. In contrast, female patients displayed more robust T cell activation
during SARS-CoV-2 infection. Importantly, a weaker T cell response was associated with

older age and worse disease outcomes in male patients but not in female patients333,
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Androgens regulate downstream genes by binding to the androgen receptor (AR), which acts
as a hormonal transcription factor. Once liganded, AR-androgen complex translocates into
the nucleus. Within the nucleus, AR forms homodimers and directly attaches to specific
DNA sequences called Androgen Response Elements (AREs). The consensus AR-binding
motif (i.e., canonical AREs, AGAACANnNnTGTTCT) consists of two hexameric half-sites
(5'-AGAACA-3') often arranged as inverted repeats with 3bp of separating nucleotide. AR
recognizes and interacts with AREs through its DNA-binding domain (DBD)®**. One gene
of interest that is regulated by AR and has been studied in the context of COVID-19 is the
TMPRSS2 (Transmembrane Serine Protease 2), involved in the entry of SARS-CoV-2 into
host cells. The expression of TMPRSS2 in respiratory cells is a factor that can influence
susceptibility to COVID-19 and the severity of the disease.

TMPRSS2 (transmembrane protease, serine 2) is a member of the type Il transmembrane
serine proteases, a family of 17 serine proteases that are characterized by a short cytoplasmic
N-terminal domain, a single transmembrane domain, and an extracellular C-terminal domain
containing the serine protease domain. TMPRSS?2 is predominantly expressed in the luminal
cells of the prostate epithelium, where its expression is positively regulated by androgens
(4-7). However, It is widely expressed across several human tissues: stomach, pancreas,
lungs, kidney, liver, breast, testis among others®°. TMPRSS2 gene possess two AR-binding
sites at -13kb and -60b upstream of the gene, and its predicted sequences are
AGAGTGcacTGTCCT and GGAACGttgTGAAAC , respectively®®387 Due to a genomic
translocation present in at least 50% of prostate cancers (CaP), the androgen-regulated
promoter of TMPRSS?2 is fused to the coding sequences of ERG (v-ets erythroblastosis virus
E26 oncogene-related gene). This results in androgen-regulated overexpression of ERG and
explains why this oncogene is the most frequently overexpressed oncogene in CaP (8-13).
TMPRSS2 was identified for the first time in 2010 to be essential for Spike protein priming
facilitating SARS-CoV entry into host cell®®-3°, During pandemic for SARS-CoV?2, the role
of TMPRSS?2 in virus cell entry was more elucidated®® and several studies have pointed out
the essential role of TMPRSS2 in infection. However, despite the fact that TMPRSS2 is

regulated by Testosterone, men and women show comparable risks of infection3:3%
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The COVID-19 pandemic, caused by SARS-CoV-2, is characterized by a diversity of
clinical manifestations, including exacerbated inflammatory states*®* accompanied with
tissue and organ destruction beyond direct viral cytopathic effects®*. From the outset of the
pandemic, it was observed that men presented a higher risk of severe disease and death3%>3%,
The association between risk of severe disease and male sex was also observed in other
coronavirus infections, such SARS-CoV and MERS-CoV3’. In addition to male sex, other
risk factors have been considered to explain gender differences in the development of severe
COVID-19, including different impacts of age, comorbidities such as cardiovascular
diseases, high blood pressure, diabetes, or cancer and the ethnicity®®. However, the
mechanisms that may account for the differences between men and women in the
development of severe COVID-19 are not completely understood.

Previously, it has been described that hormones are crucial in regulating the immune
system's response to infection®>* contributing to the differential immune response between
sexes®®®, pointing to women having stronger antiviral mechanisms, stronger T regulatory
cells, higher numbers of group 2 innate lymphoid cells (ILC2), and superior immune-
mediated tissue repair capacities as compared to men*%4% Nonetheless, hormones also
regulate other hundreds of genes involving a diverse cellular functions across human
tissues*®2. In this regard, during pandemic, androgens as testosterone, were described to
transcriptionally regulate ACE2, the main cellular receptor for SARS-CoV-2 and
TMPRSS2, the major viral fusogenic membrane-associated protease*®®, indicating that men
would present a higher propensity of infection by SARS-CoV-2 and to develop more severe
disease due to high concentration of testosterone, however, men and women show
comparable risks of infection®*! and early pandemic studies showed that COVID-19 in male
patients was accompanied with diminished levels of circulating testosterone at hospital
admission?04405,

Taken together these findings and evidence, suggest that androgens would be having a
critical role in immune response leading to development of a severe disease, but it is still not
clear the relationship between testosterone status (low or high), COVID-19 progress and

immune response.
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Serum levels of Testosterone could be associated with severity in COVID-19 in male

patients and could be represent a powerful biomarker of survival.

Study the relationship between serum testosterone concentration and COVI-19 severity in

male patients.

Compare clinical parameter between male and female patients to determine the worse
response to SARAS-COV2

Determine serum testosterone levels in male patients upon admission at hospital
(admission-point)

Determine serum testosterone in male patients throughout hospitalization
(longitudinal points)

Analyze the power of serum testosterone levels as a biomarker of severity in male
patients with COVID-19

Evaluate the association between serum testosterone levels and the immune response
to SARS-COV-2 infection in male patients.
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CHAPTER Il - MATERIAL AND METHODS
1. Study design

This study was retrospective, longitudinal observational study, with the aim of exploring

factors that may underlie worse progression of COVID-19 in men. The number of recruited

patients was 497, where 249 were males and 248 females. All patients were admitted to the
Vall d’Hebron Hospital (HVH) between May1st and June 30th, 2020, and were positive to
SARS-CoV-2 infection, diagnosed with RT-PCR method.

Patients were first studied for serum biochemical and hematological variables in all samples

collected at or near admission (Entry point or Sample 1), for baseline assessment.

Subsequently, a subcohort of 115 male patients was studied for the progression of the disease

by analyzing the same variables longitudinally, and samples from this subcohort were further

analyzed for serum luteinizing hormone (LH) and androstenedione levels, as well as an

extensive phenotyping of circulating immune cells (Figure 58).
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Figure 58. Schematic representation of the study design.
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2. Patient selection

Patients included in the study were consecutive patients admitted to the HVH, with the
following  exclusion criteria:  previously hospitalized, recently transplanted,
immunosuppressed, and hormonally depleted. The subcohort, one hundred fifteen male
patients for study longitudinal analyses were chosen based on serum sample availability.
Within this subcohort, a group of 24 patients, for whom matched serum and peripheral blood
mononuclear cells were available, was studied for immune phenotyping.

3. Patient classification

Patients were classified in 4-point scale adapted from the 6-point ordinary scale used by
Grein et al. 4%, as follows: mild, moderate, severe-survivor, and severe-deceased, (Table
19 ): Mild: symptomatic patients with PCR-diagnosed SARS-CoV-2 infection that were in
emergency unit or required hospitalization for less than 2 weeks; Moderate: hospitalized
patients requiring low flow oxygen (mask or nasal prongs) or high-flow oxygen, not
requiring ICU admission; Severe-survivor: patients admitted to the ICU requiring non-
invasive or invasive mechanical ventilation, then discharged; and Severe deceased: ICU
patients with a fatal outcome.

Table 19. WHO classification of disease outcome (adapted from Grein et al.")

Group Outcome Definition Stay Type |

Discharge from

Not hospitalized or hospitalized without
emergency to home or

1 Mild

oxygen Ward
Hospitalized with low flow oxygen by
2 Moderate mask or nasal prongs or with high flow Ward
oxygen
Hospitalized with non-invasive
3 Severe-Survivor ventilation or with invasive mechanical ICU
ventilation
4 Severe-Deceased Death Exitus
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4. Data and sample collection

4.1. Data collection

The final dataset for this study was compiled using as a resource the Vall d’Hebron
prospective COVID-19 cohort database, which was collected prospectively from medical
doctors during the first and second wave of the pandemic using a case report form (CRF)
designed by the Infection Disease Department in RedCAP web-based platform. The data
collected from this resource, included Clinical data, demographics, co-morbidities, hospital
admission, discharge, death dates, time from symptoms onset to hospitalization, length of
hospital stay, treatments, requirement for oxygen support, and ICU requirement.
Comorbidities considered were chronic lung disease, cardiovascular disease, diabetes,
chronic kidney disease, liver disease, HIV infection with good adherence, obesity (BMI >
30), and cancer.

For the entry-point analyses: data were obtained on (or near) hospital admission date. For
longitudinal analyses: data were collected throughout hospitalization with serial time-point

sample collection every 7 days in average (Table 20).

4.2. Samples collection

For patients in the severe outcome groups, up to five time-point samples were analyzed.
Patients in the combined mild-moderate outcome groups were discharged in average, after
2 weeks of admission, and a maximum of three time-point samples were procured from them.
For immune phenotyping analyses, at least two independent samples (Sample 1 and Sample
2) were collected, separated by 5 to 20 days.

Table 20. Timetable of sample collection

Entry point Longitudinal analysis

Moderate

Severe survivor
Severe deceased

Immnunephonotyping
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During first wave of the pandemic, blood samples were collected by medical staff to evaluate
the principal biochemical and hematological parameters, Two or three Vacutainer tubes
containing ethylene-diamine-tetra-acetic acid (EDTA) as anticoagulant (BD Plymouth), or
Serum separator gel (SST) were obtained and were processed within 4h after collection to
evaluate patient status. One SST tube was processed to obtain serum and were stored in the

biobank or the serum library of HVH.

4.3. Principal biochemical and hematological parameters measured throughout

hospitalization

Table 21. Biochemical parameters

Parameter Units Normal range
x10E12/L 4.00-5.20
g/dL 12-15
% 0.0-2.0
x10E9/L 4.00-11.00
% 20-50
% 40-80
% 2.0-11.0
% 0.0-5.0
% 0.0-2.0
x10E9/L 140-400
% 65-120
g/L 2.39-6.1
ng/mL 0-243
ng/mL 25-250
mg/dL 74-110
mg/dL 17-43
mg/dL 0.51-0.95
mg/dL 0.30-1.20
mmol/L 136-146/3.5-5.10
Ul/L 10-35
Ul/L 7-35
ul/L 0-248
mg/dL 43-200
g/dL 6.6-8.3
mg/dL 0.03-0.50
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4.4. Serum sample processing and storage

SST tubes containing blood samples, were processing according to the scientific and ethical
guidelines approved by biomedical research law (Decret 1716/2011) at the Vall d’Hebron
Hospital Biobank. Briefly, samples collected in yellow tubes containing the separator gels,
were centrifugated 3500rpm for 15 minutes at 4°C. The resulting serum was collected in
2mL serum tubes, properly labeled, and codified in the biobank system, then were storage
at -80°C for further studies.

Serum biochemical variables were measured by automated analyzers at the Biochemistry
Service Core Laboratory Facility at HVH. All determinations were compared to internal

controls used for reference ranges at the Core Facility.

5.1. Hormones guantification by Chemiluminescent competitive immunoassays

(CLIA)

Hormones were quantified with CLIA method which is the combination between

Chemiluminescence and immunoassay with antibodies. Chemiluminescence (CL) is defined
as the emission of electromagnetic radiation caused by a chemical reaction to produce light.
Similar with other labeled immunoassays (RIA, FIA, ELISA), CLIA utilize antibodies
bound to a solid phase (nanoparticles coated with streptavidin or similar). The analyte
(hormone) competes with a conjugate labeled with a luminescent probe for binding with
anti-hormone antibody. The conjugate could be an hapten labeled with acridinium ester or a
polymer linked to an isoluminol derivative. After the incubation between analyte and
conjugate competitor, a reaction initiator reactive or trigger solution activator is added to
start the chemiluminescent reaction. The intensity of the emitting light is inversely

proportional to the hormone concentration in the sample.

5.2. Total Serum Testosterone (TST) levels

Total Serum Testosterone was measured by chemiluminiscent competitive immunoassays
(CLIA) on an AtellicaTM IM Analyzer (Siemens Inc., NY), using testosterone TSTII Kit
(Siemens ref. 10995707). This assay measures the total (bound and unbound) testosterone

in human serum. Briefly, the Atellica system automatically perform the following steps: 20
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pL of sample and 90pL of releasing agent (reactive to unbound testosterone from proteins)
are dispensed in a tube, the mixture is incubated about 9 minutes at 37°C. After that, 50pL
of Lite reactive (Hapten labeled and antibodies with biotin) and 150uL of solid phase
(particles with streptavidine) are added into the sample mixture, and are incubated during
3minutes at 37°C. After this, the mixture is separated and washed and added 300pL of both
Atellica Acid and Base to start the chemiluminescent reaction. Finally, the system reports

the results.

5.3. Luteinizing hormone (LH) levels

Luteinizing hormone was also measured by CLIA on an AtellicaTM IM Analyzer (Siemens
Inc., NY), (Siemens ref. 10995634) kits. The same steps performed for Testosterone were

followed for LH level determination.

5.4. Androstenedione hormone levels

Androstenedione was measured on a LIASON XL Analyzer (DiaSorin, Saluggia, Italy),
using the LiasonR androstenedione (ref. 318870) CLIA assay. In brief, LIASON system,
transfer the sample ( or control) into reaction module, then add the magnetic nanoparticles
and the assay buffer. Then incubate for 10 minutes and add the conjugate (polymer bound
to androstenedione derivate and isoluminol) incubate again 10 minutes. Finally, the sample

is washed and added the trigger solution.

5.5. Interleukine-6 (IL-6) levels

Measurements of IL-6 levels in plasma were performed using a fluorescence immunoassay

with microfluidic technology (ELLA Proteinsimple, Bio Techne). Samples were 1:2 diluted
with sample diluent provided by the manufacturer and loaded onto multiplex cartridges
according to manufacturer's instructions prior to their analysis. Results were expressed as

pg/mL.

5.6. Hormone references
As references for healthy men, we used median TST levels of 409.72 ng/dL (90% CI1 197.44—
669.58) for < 50-year-old individuals and 377.46 ng/dL (90% CI 187.72-684.19) for > 50-

year-old individuals (FDA-approved protocol, https:// www. acces sdata. fda. gov/ cdrh_

docs/ pdf19/ K1915 33. pdf). For luteinizing hormone (LH), the reference median values
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were 2.8 mIU/mL (90% CI 1.5-9.3) for < 70-year-old individuals and 8.0 mlU/mL (90% ClI
3.1-34.6) for > 70-year-old individuals. For androstenedione, the reference median value
was 1.80 ng/mL (90% CI 0.5-3.5).

5.7. Bioavailable-free testosterone calculation

Bioavailable-free testosterone was determined using the formula developed by Vermeulen
et al.*%’, This calculation estimates how testosterone is distributed among the SHBG-bound,
albumin-bound, and free components based on association constants governing the
interactions between testosterone and these compartments. The equation, illustrated in
Figure 59, relies on values for total testosterone, SHBG concentration, and albumin
concentration. For this study we used the online calculator developed at the Hormonology

department, University Hospital of Ghent, Belgium (https://www.issam.ch/freetesto.htm)

mol\ —b+ /b*®+ 4a[T]
T (T)=
L 2a

Where

a= kg + k; + (kg X k. )([SHBG] + [albumin] — [T])
b=1+ k.[SHBG] + kg.[albumin] — (k. + k.)[T]

Figure 59. The Vermeulen equation for calculated free testosterone.

Blood samples were collected in Vacutainer tubes containing ethylene-diamine-tetra-acetic
acid (EDTA) as anticoagulant (BD-Plymouth, PL6 7BP, UK) and processed within 4 h after
collection. Absolute counts and relative numbers of peripheral blood lymphocytes were
determined for all study participants using tetra CHROME Tube 1 (CD45-FITC/CDA4-
PE/CD8-ECD/

CD3-PC5) and tetra CHROME Tube 2 (CD45-FITC/ CD56-PE/CD19-ECD/CD3-PC5)
panels (Beckman Coulter). Samples were fixed in 1X lysing solution (BC) and acquired on
a BC Navios EX instrument. For multicolor staining and analysis, extended lymphocyte
subpopulations were assessed with 5 different flow cytometry panels designed according to
the HIPC protocol*®, Two additional panels were added to analyze basic lymphocyte

populations and RTE. Compensation controls were used in each panel to avoid overlapping
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of the different fluorochromes. Gating strategies were as described*®®, and the antibody

panels were summarized as follows and in Table 22.

e Panel 1: Panel 1: General immune phenotype for T, B, and natural killer (NK)

lymphocyte subpopulations, gating by CD45 versus SSC.

® Panel 2: Gating strategy for differentiated CD4+ and CD8+ T cell subsets, based on
CD45RA and CCR7 expression defining: CD45RA+/CCR7+ (naive),
CD45RA—/CCR7+ (central memory [TCM]), CD45RA—/ CCR7— (effector memory
[TEM]), and CD45RA+/ CCR7— (terminal effector memory [TEMRA]). CD4+ T
helper (Th) populations (Th1,Th2, Thl7, Th1-17), based on CCR6 and CXCR3
expression, were analyzed by gating on CD45RA—TCM and TEM cells.

e Panel 3: T regulatory (Treg) cell populations: CD3+CD4+CD25+, CDI127-,
CCRA4+, and CD45R0O+.

e Panel 4: B cell populations (naive, pre-switched, switched memory, and exhausted)
depending on expression of IgD and CD27. The differing pattern of CD24+ and
CD38+ expression identified transitional cells and plasmablasts. CD27 and CD21
enabled study of the CD21low population.

e Panel 5: Dendritic cells (DC), natural killer (NK) cells, and monocyte populations
were analyzed in the CD3—CD19—gate. NK subpopulations (NKdim and NKbright)
were studied using CD56 and CD16 expression. CD16 and CD14 were used to
identify classical monocytes (CD14+CD16—) and non-classical monocytes
(CD16+CD14-). DCs were studied selecting for populations negative for the
following markers: CD3, CD14, CD16, CD19, CD20, and CD56. High expression
of HLA-DR and CD11c and CD123 was used to identify plasmacytoid DCs (HLA-
DR+CD123+) and myeloid DCs (HLA-DR+CD11c+).

e Panel 6: Recent thymic emigrant cells (RTESs) were studied using CD3, CD4, CD27,
CD31, CD45RA, and CD62L expression.

Data were acquired on a NAVIOS EX (BC) flow cytometer. At least 100,000 events were
acquired for each sample. Flow cytometry data were analyzed with Kaluza Software.
Absolute values were calculated from the absolute number of leucocytes and lymphocytes

as determined on a hematological analyzer (XN-2000; Sysmex, Japan).
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Lymphocyte populations Fluorophore Isotype Clone

CD45/CD8/CD4/CD3 FITC/PE/ECD/PC5 19G2b/19G1/19G1/lgG1l B3821F4A/SFCI12T4AD11/SFCI21Thy2D3/UCHT1

CD45/CD56/CD19/CD3 FITC/PE/EDC/PC5 19G2b/19G1/19G1/lgG1l B3821F4A/SFCI12T4AD11/SFCI21Thy2D3/UCHT1

T-cell populations

CXCR3/CD183 AF488 19G1 GO25H7
CCR7/CD197 PE lgG2a GO043H7
CD45RA ECD 1gG1 ALB11
CCR6/CD196 PC7 19G2a B-R35
CD4 APC 1gG1 13B8.2
CD8 APC700 19G1 SFCI21Thy2D3 (T8)
CD3 APC750 1gG1 UCHT1
HLA-DR PB 1gG1 Immu-357
CD45 KRO IgG1 133

Recent Thymic Emigrant

CD31 FITC 1gG1 5.6E
CD62L PE 1gG1 DREG56
CD3 ECD 1gG1 UCHT1
CD27 PC7 1gG1 1A4CD27
CDh4 APC 1gG1 13B8.2
CD45RA PB 1gG1 2HALDH11LDB9 (2H4)
CD45 KRO 1gG1 J.33

T regulatory cell population

CD45RO FITC 1gG2a UCHL1
CD25 PE lgG2a B1.49.9
CD3 ECD 1gG1 UCHT1

CCR4/ CD19%4 PC7 1gG1 161
CD4 APC 1gG1 13B8.2
CD127 APC700 1gG1 R34.34
HLA-DR PB 1gG1 Immu-357
CD45 KRO 1gG1 J.33
DC/Monocytes/NK
CD16 FITC 1gG1 3G8
CD11c PE 1gG1 BU15
CD3 ECD 1gG1 UCHT1
CD19 ECD 1gG1 J3-119
CD20 ECD IgG2a B9E9(HRC20)
CD56 PC7 IgG1 N901 (NKH-1)
CD123 APC 1gG1 SSDCLY107D2
CD14 APC750 1gG1 RMO52
HLA-DR PB 1gG1 Immu-357

B-cell populations

IgD FITC 19G2a 1A6-2
cD21 PE IgG1 BL13
CD19 ECD IgG1 J3.119
cD27 PC7 IgG1 1A4CD27
CD24 APC IgG1 ALB9
CD38 APCT750 IgG1 LS198-4-3

IgM PB IgG1 SA-DA4
CD45 KRO IgG1 133

Table 22. Panels and antibodies used for immunophenotyping
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Continuous variables were expressed as mean £ SD or median and interquartile range (IQR).
Simple and multiple comparisons were performed using parametric (two sided Student’s t
test or ANOVA) and non-parametric (Mann-Whitney U test or Kruskal-Wallis) statistical
tests with Dunn’s and Tukey’s post hoc tests. Categorical variables were presented as
numbers and percentages and compared using the 2-sided Fisher’s exact test as appropriate.
Correlation between variables were assessed using simple linear regression. ROC curves
were calculated with the univariate logistic regression model implemented in GraphPad and
the EasyROC web tool (http:// www. bioso ft. hacet tepe. edu. tr/ easyROC/). The groups
classified by the model were used in 2 x 2 contingency analyses to calculate odds ratios (OR)
and significance determined by Fisher’s exact test. For longitudinal analyses, trajectories
were plotted for each patient and average values for each parameter calculated for each time-
point, followed by linear regression. The resulting linear regression slope values were used
in univariate logistic regression analysis to assess the outcome predictive power of the
trajectories. P values < 0.05 were considered significant. For principal component analysis
(PCA), the variables analyzed included all the biochemical parameters and immune
subpopulations, including numerical assignments for outcome (1, mild—-moderate; 2, severe;
3, deceased) and selecting for > 3 components, of which the 2 summarizing the highest
variance were used for the 2-dimensional representations. PCA, multivariate correlation
analysis, and other calculations, as well as graphic representations, were performed with
GraphPad Prism 9.0.2.

The present study was performed with surplus serum samples from routinely tested
hospitalized COVID-19 patients, following protocols reviewed and approved by the HVH
Institutional Review Board (Medical Research Ethics Committee, protocol number
PR(AG)329-2020). Immunophenotyping studies of the peripheral blood cells underwent a
separate review and approval process (protocol number PR(AG)242/2020). For the final
dataset from the Vall d’Hebron prospective COVID-19 cohort database, clearance from the
Institutional Review Board was obtained. To minimize risks of infection to the health staff,
a written informed consent was waved, although all patients received proper study

information and gave oral consent.
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CHAPTER Il - RESULTS

1. Baseline characteristics of the male and female study populations
As gender differences in response to infectious diseases are known and androgens are related
to stress and critical illness, the baseline characteristics at entry-point were evaluated in both

males and females to compare the severity of the disease.

Table 23. Baseline clinical characteristics of the male study population

Mild-Moderate Severe-recovered Severe-deceased 1- 1- 2-
N=114 N=97 N=38 p-value p-value p-value

Age (y), median (IQR) 59(56-63) 56(53-59) 68(67-71) 0.1096 0.0001 <0.0001

2 3 3

Lisimeili €6 giiey fe2us), 8(7-9) 30.5(27-34) 19(9-26) <0.0001 <0.0001 0.0009
median (IQR

35 (30.70) 31 (31.96) 21 (55.26) 0.8822 0.0109 0.0178

20 (17.54) 15 (16.46) 11 (28.95) 0.7143 0.1630 0.0908
6 (5.26) 3(3.09) 3(7.89) 0.5115 0.6915 0.3497

Ca:jd.""’ascu'ar 9 (7.89) 12 (12.37) 3(7.89) 0.3573 0.9999 0.5560
ISeases

Chdr.on'c i 10 (8.77) 6 (6.19) 5 (13.16) 0.6046 0.5297 0.2912
ISeases

Comorbidity, n° (%) 54 (47.36) 57 (58.76) 28 (73.68) 0.1279 0.0051 0.1175

Clezsiiy 16 (14.03) 33(34.02) 11 (28.95) 0.0009 0.0497 0.6842
Dyslipidaemia

Chronic Kidney

i 6 (5.26) 2 (2.06) 1(2.63) 0.2927 0.6808 0.6727
9 (7.89) 13 (13.4) 7 (18.42) 0.2586 0.1220 0.5903

Biochemical
parameters, median
IQR

144.3 (112.3-189.3)  52.91 (45.03-66.73)  58.48 (46.83-81.94) <0.0001 <0.0001 0.9999

6.32(5.78-6.88) 7.80(6.83-8.80) 8.70 (7.20-9.65) <0.0001 0.0051 0.9999
Lymphocytes n° 1.20 (1.0 -1.4) 0.77 (0.70- 0.82) 0.8(0.65-0.90) <0.0001 0.0001 0.9999

B e | 18.55(16.15— 1.57) 9.20 (8.18- 11.28) 10.89 (7.95 -13.38) <0.0001 <0.0001 0.9999

4.57 (3.92-4.90) 6.26 (5.53 — 7.38) 6.39 (5.53-8.34) <0.0001 0.0007 0.9999

42.30(25.33-53.46) 130.8(112.10-160.6) 215.30(117.6-996.4) <0.0001 <0.0001 0.9999

9.57 (6.76-10.88) 17.47(12.17-0.72) 14.56(9.84 — 24.019) <0.0001 0.0069 0.9999

324 (296.0-369.0) 472.5(440.0-506.0) 493.0(429.0-583.0) <0.0001 <0.0001 0.9999
236 (213.0-311.0)  529.0 (361.0-711.0)  421.5 (260.0-684.0) <0.0001 0.0210 0.9999

934 (679.0-1089.0) 1289 (1100.0-1574.0)  1443.0(554.9-1919.0) 0.0022 0.7403 0.6783

Mild-moderate group, 2Severe-recovered group, 3Severe-deceased group. The Fisher’s exact test was used to compare comorbidities.
The Kruskal-Wallis test with Dunn’s Multiple comparison was used to analyze the length of stay and biochemical parameters.
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Table 24. Baseline clinical characteristics of the female study population

Mild-Moderate Severe-recovered Severe-deceased pvaluel™?  p-value!®  p-value®®
N=145 N=76 N=27
Age (y), median (IQR) 57(54-60) 55(53-62) 74(68-81) 0.9999 <0.0001  <0.0001
Lz o Stay(gays)' 7(6-7) 25 (20.0- 33.0) 15 (8 — 19) <0.0001  0.0033 0.0003
Comorbidity, n° (%) 89 (61.38) 47 (61.84) 22 (81.48) 0.9999 0.0503 0.0942
Hypertension 43 (29.65) 20 (26.31) 14 (51.85) 0.6408 0.0431 0.0190
Diabetes 20 (13.79) 6 (7.89) 2 (7.41) 0.2719 0.5343 >0.9999
9 (6.21) 5 (6.58) 4(14.81) 0.9999 0.1259 0.2366
Ca:jd.'o"ascu'ar 11 (7.58) 5 (6.58) 3(11.11) 0.9999 0.4637 0.4290
ISeases
Chdr.on'c — 12 (8.27) 8 (10.53) 6 (22.22) 0.6249 0.0413 0.1877
ISeases
Obesity- 43 (29.65) 28 (36.84) 8 (29.63) 0.2916 0.9999 0.6396
Dyslipidaemia
Chfgr“c itz 5 (3.49) 2 (2.63) 2 (7.41) 0.9999 0.3024 0.2805
ISease
20 (13.79) 11 (14.47) 5 (18.52) 0.9999 0.5453 0.5461
Biochemical
parameters, median
IOR
5.95 (5.40-6.81) 6.28 (5.46- 7.02) 7.29 (5.74 - 9.07) 0.9999 0.2849 0.6427
Lymphocytes n° 1.18 (1.04-1.27) 1.00 (0.84-1.12) 0.89 (0.74 -1.21) 0.0008 0.0349 0.9999
Bl | 19.76 (17.96 —22.16)  15.65 (16.62- 18.58) 13.40 (9.59- 19.18) 0.0009 0.0025 0.9999
4.02 (3.6-4.78) 4.88 (4.23 - 5.43) 5.83 (4.37- 7.66) 0.2125 0.0649 0.9426
34.21 (26.81-38.60)  75.30 (50.26- 86.23)  65.36 (45.03 - 154.6) <0.0001  <0.0001 0.9999
C'rﬁ)"’;gf'r‘]’e 8.38 (4.78-10.44) 12.67 (10.44- 14.99) 14.47 (6.43 -21.89) 0.0042 0.0846 0.9999
304 (289.0-345.0) 420.0 (380.0 -486.0) 415.0 (283.0-539.0) <0.0001 0.0855 0.9999
258.0 (228.0 -275.0)  334.0 (258.0 - 422.0) 269.0 (207.0-424.0) 0.0379 0.7287 0.9999
378.0 (284.0 -437.0)  528.0 (445.0-729.0)  445.0 (387.0 — 730.0) 0.0023 0.3007 0.9999

!Mild-moderate group, 2Severe-recovered group, 3Severe-deceased group. The Fisher’s exact test was used to compare
comorbidities. The Kruskal-Wallis test with Dunn’s Multiple comparison was used to analyse the length of stay and biochemical

parameters.

Tables 23 and 24 show the baseline characteristics in males and females, in order to ensure

equal comparisons, patients were stratified by age (Figure 60a), no significant differences

were observed, albeit a higher proportion of females older than 70 years was observed. It

was observed a higher proportion of females developing a mild/moderate COVID-19 disease

than males and on the other hand, there are more males with a severe (survivor or deceased)

outcome (Figure 60b) and these differences were significant (p=0.0054, Fisher’s test)

(Figure 60c)
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Figure 60. Baseline characteristics of COVID-19 patients. a) Patient distributions by age and b)
distribution by outcome. (c) and comorbidities and outcome c). Significant association between male
sex and severe outcome (Fisher’ test p<0.0054)

In both male and female patients, the median age in severe-deceased outcome groups was
significantly older than those in mild or moderate outcome groups, as expected*'®. However,
women in the severe-deceased group were significantly older than males in the same
outcome group (Figure 61a). To assess if differences between males and females were
related to presence of comorbidities, we compared the proportions of comorbidities by
outcome in both groups, however there were no significant differences (Figure 61b ). Also,
the treatment received in both groups by outcome was evaluated. In both groups, Corticoids,
immunomodulators and anticoagulants were higher in patients with severe outcome than

those with mild/moderate outcomes (Table 25 and 26).
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Figure 61. Distribution of COVID-19 patients. a)Patients distribution by age, b) patients distribution
by comorbidities and outcome.

Table 25. Comparison between Mild-moderate and Severe outcomes in males

Total Mild-Moderate Severe

Treatments 249 (%) 114 (%) 135 (%) p-value*
Hydroxychloroquine 241 (96.79) 112 (98.24) 129 (95.55) 0.2953
Antibiotics 238 (95.58) 104 (91.23) 134 (99.26) 0.0031
Antivirals 196 (78.71) 93 (81.58) 103 (76.30) 0.3528
Corticoids 66 (26.5) 13 (11.40) 53 (39.26) <0.0001
Immunomodulators 130 (52.21) 23(20.17) 107 (79.26) <0.0001
Anticoagulants 123 (49.40) 34 (29.82) 89 (65.92) <0.0001
Analgesics 28 (11.24) 13 (11.40) 15 (11.11) 0.9999

Table 26. Comparison between Mild-moderate and Severe outcomes in females

Total Mild-Moderate Severe
248 (%) 145 (%) 103 (%)

228 (91.94) 133 (91.72) 95 (92.23) 0.9999
231 (93.15) 128 (88.28) 103 (100.00) 0.0001
215 (86.69) 129 (88.97) 86 (83.5) 0.2557
41(1653) 11 (7.59) 30 (29.13) <0.0001
95 (38.31) 23 (15.86) 72 (69.90) <0.0001
70 (28.23) 10 (6.90) 60 (58.25) <0.0001

Treatments P-value*
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2.1. Severe outcomes correlate with high neutrophils counts, IL-6, D-dimer and

LDH in both males and females but are m

As an approach to capture global patterns of association between biochemical parameters
and outcomes, a principal component analysis (PCA), was applied followed by Spearman
multivariate correlation analysis (Figure 62). In male patients (Figure 62a), both PCA and
multivariate analysis showed a clear correlation between mild or moderate outcomes with
known predictors of good outcome, such as higher lymphocyte counts or hemoglobin levels,
while severe outcome groups correlated with high neutrophil counts, and high IL-6, CRP,
D-dimer, ferritin, or LDH levels, confirming prior evidence3*419411 Fyrthermore, older age
presented a stronger correlation with a severe-deceased outcome than biochemical
parameters predictive of poor outcome, such as D-dimer, ferritin, LDH, or IL-6. In female
patients, PCA and multivariate analysis also highlight significant differences between mild-
moderate and severe outcomes (Figure 62b). Similar to male patients, the mild outcome
group of female patients showed strong correlations to lymphocyte counts and hemoglobin
levels, while the severe outcome groups are correlated with high IL-6, CRP, D-dimer,
ferritin, and LDH. Like in male patients, older age showed the strongest correlation to a
severe-deceased group in female patients. Age, platelet counts, and fibrinogen levels

significantly discriminated severe-survivor from severe-deceased female patients.
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Figure 62. Association analyses between biochemical parameters and outcomes. Clinical
biochemistry values were determined for samples collected at patient admission. Top panels: Principal
component analysis (PCA) illustrating correlations between elevated levels of the indicated parameters
and mild, moderate, severe survivor or severe deceased outcomes in male (a) or female (b) patients.
Bottom panels: Heatmap of correlation coefficients between elevated levels of biochemical parameters
and outcomes. Spearman multivariant correlation analyses were performed for all parameters vs.
outcomes, the resulting coefficients normalized for each column (range, 0 to 1) and used to build heatmaps

Biochemical parameters collected at admission also were plotted according to outcomes,
with separate plots for males (Figure 63a) and females (Figure 63b). In both genders,
significant differences were observed between patients who developed mild to moderate
disease and those who experienced severe outcomes. Notably, when we compared the
biochemical values between males and females, we discovered that inflammatory markers
such as Neutrophils, IL-6, D-dimer, and C-Reactive Protein were significantly elevated in
males compared to females. Conversely, lymphocyte levels, which play a crucial role in

adaptive immune responses, were significantly lower in males (Figure 63c).
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Figure 63. Clinical biochemistry features of male and female COVID-19 patients, associated with
outcomes. Values of relevant clinical biochemistry parameters assessed for admission samples and grouped by
eventual outcome for male (a) and female (b) patients. c) Relevant parameters grouped by sex Asterisks denote
significance of pairwise comparisons between samples grouped by outcome and between males and females.:

and ****p <0.0001. Non-significant comparisons (p > 0.05) are not shown.

***p<0.001

*p <0.05, **p <0.01
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2.2. Serum testosterone at admission point is significantly lower in severe patients

and significantly correlates with lymphocytes

Patients with moderate or severe outcomes had significantly lower TST levels (p < 0.0001)
compared to those with mild outcomes (Table 22, Figure 64a), in agreement with other
studies. Notably, the low TST levels observed in the initial assessments at admission did not
show significant differences between survivors and non-survivors (Figure 64a).
Furthermore, a notable correlation emerged between TST levels and lymphocyte counts
(both absolute counts, r = 0.3122, and fraction of white blood cells, r = 0.4187), as well as
neutrophil counts (r = -0.3586), suggesting a potential interrelationship among these three
parameters (Figure 64c). Interestingly, TST levels upon admission did not display a

significant association with the occurrence of comorbidities in older men (Figure 64c)
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2.3. IL-6 is the best risk predictors for severe disease at admission point in both

females and males, whereas Testosterone and % lymphocytes are the best

predictors for mild-moderate outcomes

The risk of ICU admission for patients with mild-moderate outcomes was assessed by odds
ratio (OR) estimates and logistic regression analysis. In male patients, the most significant
OR of ICU admission were found for IL-6 (OR 10.53, 95% CI 5.42 to 20.67), LDH (OR
6.62, 95% CI 3.62 to 11.79), lymphocyte fraction of WBC (OR 0.14, 95% CI 0.08 to 0.25)
and neutrophilia (OR 3.95, 95% CI 2.30 to 6.78) (Figure 65a), in agreement with previous
studies*1 %2, A significant OR was also found for testosterone (0.17, 95% CI 0.09 to 0.31)
also in line with other studies®34%44%_In female patients, the most significant OR of ICU
admission were for IL-6 (OR 7.77, 95% CI 3.48 to 16.9), LDH (OR 6.26, 95% CI 2.88 to
13.34), ferritin (OR 3.17, 95% CI 1.50 to 6.74), and lymphocyte fraction of WBC (OR 0.33,
95% C1 0.20 to 0.57) (Figure 65a). The power of these parameters to predict severe disease
was corroborated by logistic regression analysis. The resulting receiver operating
characteristic (ROC) curves yielded areas under the curve (AUC), which, in male patients,
were > 0.7 (p < 0.0001) for IL-6, LDH, and neutrophilia, and < 0.23 for lymphopenia and
testosterone. In females, AUC of ROC curves were > 0.7 (p < 0.0001) for IL-6 and LDH
(Figure 65c).

The same parameters showed a weaker power to predict the risk of death from COVID-19
when comparing all survivors, including severe survivors, versus deceased patients, with the
exception of serum IL-6 levels, in both male and female patients (OR 4.45, 95% CI 2.14 to
10.71 and AUC of ROC 0.7189, p = 0.0002 for males; and females had OR 4.21 and AUC
of ROC 0.7123, p = 0.0014) (Figure 65b, 65d).

177



Male Patients

Testosterone- s 0O Female i Dependent variable: Severe Dependent variable: Mild-moderate
O Male
Lymphocytes= o P *
0.
—_ - Rl
Lymphocytes % _o .
Qe NS %0-
Neutrophils+ o i g
Q
e Q— «»
IL-6+ o
— e
% ween v
_ O= * s
3 CRP O a4 02 _J = IL-6 (AUC: 0.8409) +wse
n ’ == LDH (AUC: 0.7896) se=+ —_IFymphocytes %LSAUC: 0.7684) ==
@ Pl O ns Neutrophils (AUC: 0.7060) s ~Testosterone (AUC: 0.7605) swe
S O ns i == D-dimer (AUC: 0.6894) vees Lymphocytes count (AUC: 0.7237) ssee
3 ns o T T T T 1 T T T T 1
© D-dimer+ o
5 B i Female Patients
3 Fibrinogen- O ns 16 Dependent variable: Severe = Dep variable: Mild
£ —Q NS
B pemoalobid —o—— =
5 g ns 0.8 &
Ferritin- o«
— 2
LDH+ o - g
. —0- NS ? 04 -
ALT: ——— 1S
Qe NS - :
AST- IL-6 (AUC: 0.7656) sees
o=+ 0 — LDH (AUC: 0.7313) s 1
. . o= ns = D-dimer (AUC 0.6007) ==Lymphocytes % (AUC: 0.6627) ewe
Triglycerides~ e & ool Neutrophils (AUC: 0.5872) * Lymphocytes counts (AUC: 0.6511) ses
00 02 04 06 08 10 5 10 15 20 25 00 02 04 08 08 10 00 02 04 06 08 10
Odds ratio (95% Cl) 1 - Specificity 1 - Specificity
Testosterone= . o D Male Patients
o O Female Dependent variable: Deceased Dependent variable: Survivor
—— 10 -
Lymphocytes o s e O Male
e —————
Lymphocytes %= o oy Ll 1 11
s Qe 5
Leucocytes e Qe 15 g 05+ 1
. B 2
Neutrophils- ° o §
04+ 4
—— Laiid
b IL-61 e e—
7]
e wQp— S 02 e ¥ . E
3 CRP+ — Qe DS {L:9(0C. 0.7196) — Lymphocytes % (AUC: 0.6323) »
o —LDH (AUC: 0.6700) = Lymphocytes count (AUC: 0.6210) *
8 c—— S . Neutrophils (AUC: 0.6055) « — Testosterone (AUC: 0.6199) «
% Platelets=} —e— T T T T 1 T T T T 1
>
" O NS
g D-dimer o— ns Female Patients
2 - —_—O— : :
E Fibrinogen- ns L - Dependent variable: Deceased Dependent variable: Survivor
@
. ———
— Hemoglobin o -ns‘
2 08w
Ferritin- e
E 2z
Qs 1S 2
LDH o “ g
——- 1§ o
ALTH e Qe . IS
— Qe NS
AST+ — Qe S 02+
) ! ——— — == |L-6 (AUC:0.7123) « — Lymphocytes % (AUC:0.6510) «
Triglycerides 0-- "f]s ( ) e )
00 02 04 08 08 10 1 5 00 02 04 06 08 10 00 02 04 06 08 10
0Odds ratio (95% CI) 1 - Specificity 1 - Specificity

Figure 65 Assessment of clinical biochemistry parameters as predictors of risk of severe disease or
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under the curve (AUC) values of risk of severe disease (c) or death (d). Shown are only those parameters

with significant AUC values (p < 0.053).
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3.1. Evolutionary trajectories of biochemical parameters in males

To explore whether determinations in longitudinal samples could yield improved predictors

of lethal disease, the trajectories for all biochemical and hematological parameters were

evaluated and plotted for all patients grouped into mild-moderate, severe survivor, and

severe deceased outcomes (Figure 66a y 66b). Trajectories of only three parameters:

testosterone (p = 0.0038), lymphocyte counts (or fractions of WBC) (p = 0.01), and

neutrophil counts (p = 0.0023), were significantly different (two-way ANOVA), comparing

trajectories between the severe survivor and severe deceased groups (Figure 66a). No

significant differences for any of these variables were observed between severe survivor and

mild-moderate outcomes. None of the other parameters showed statistically significant

different trajectories in comparisons between severe survivor vs. severe deceased outcomes
(Figure 65b).
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Figure 66. Longitudinal trajectories of biochemical parameters. a) longitudinal determinations (> 3 samples
per patient collected on separate dates) of biochemical parameters were performed, and trajectories for individual
patients (grey lines) and average values (red lines) plotted. A given time-point corresponds to a cluster of days
post-admission (z 3 days). Linear regression was applied to average trajectories and the resulting slopes compared
for significance between outcome groups by means of two-way ANOVA. b) Longitudinal analysis in male patients
of serum levels of IL-6, C-reactive protein (CRP), ferritin and lactate dehydrogenase (LDH). For severe survivor
and severe deceased outcomes, the trajectories of longitudinal determinations were submitted to linear regression
analysis, and the resulting slopes compared for significance by two-way ANOVA. ns denotes not significant.
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3.2. Recovery of serum testosterone levels accurately predicts survival in male
COVID-19 patients

From the trajectories of each patient, a linear regression analysis was performed, and the

slopes the resulting slope values were used in univariate logistic regression analysis to assess

the outcome predictive power of the trajectories.

The resulting ROC curves and AUC values, calculated from the slopes of the trajectories,

indicated that TST trajectories are remarkably accurate predictors of survival from COVID-
19, both in all-survivor vs. deceased (AUC = 0.9281, 95% CI 0.8801 to 0.9761, p < 0.0001)
and severe survivor vs. deceased (AUC = 0.9205, 95% CI 0.8664 to 0.9747, p< 0.0001)
(Figure 67). Lymphocyte counts (or fractions of WBCs) were also highly accurate predictors

of outcome, as were neutrophil counts (Figure 67). Interestingly, the trajectories of IL-6 or

LDH, whose values on admission were predictive of severity and death from COVID-19 in

male patients, were not significantly different in these longitudinal comparisons. These

results suggest a role for testosterone in deregulation of the immune response in deceased

patients, for the observed lymphopenia and neutrophilia.
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Figure 67. Recovery of serum testosterone levels and blood lymphocyte counts predict survival in
male COVID-19 patients. ROC curves and AUC values for longitudinal trajectories (linear regression
slopes) of serum testosterone, blood lymphocyte counts (number per mL and % of white blood cells), and
blood neutrophils as predictors of survival in comparisons of all surviving vs. deceased.

3.3. TST trajectory slopes correlate with age in severe survivor patients

Age is a predictor of COVID-19 severity. In our cohort of male patients, the testosterone

trajectory slopes significantly and inversely correlated with age (r = —0.3801, p < 0.001)

(Figure 67). Consistently, most patients with severe deceased outcomes had low or negative

testosterone trajectory slopes (Figure 67). However, and interestingly, the median age of
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Testosterone trajectory slope

patients with severe deceased outcomes was not significantly different from the median age

of patients with mild-moderate outcomes, and a substantial proportion of patients with severe

survivor outcomes were aged older than 60 (Figure 68). Likewise, while the frequency of

comorbidities was higher among patients with fatal outcomes as compared with those who

survived severe disease, it was not significantly different from the frequency of the moderate

outcome group (Table 22, Figure 61b).

Figure 68. Correlations of age with testosterone trajectory slopes. In all patients with longitudinal
analyses (leftmost panel) and in different outcome groups.

Since total serum testosterone (TST) was measure in this study, we asked if the available
testosterone (free T) also had the same behavior of TST. Therefore, we were able to calculate
the Free T using the Vermeulen method*’. Similar to TST, free testosterone levels were
significantly decreased in severe patients in comparison to the mild-moderate group (Figure
69). In addition, serum levels of sex hormone-binding globulin (SHBG), the most abundant
circulating testosterone binding protein, showed a significant association of with older age
in mild-moderate patients (p = 0.0237), but not in severe patients.

These observations suggests that old age, with or without accompanying comorbidities, may
impact the ability of a subset of COVID-19 patients to reinstate testosterone production,

coupled to a failure to recover from the disease.

182

[oMid-moderate  @Severe sunvivor _ @Severe deceased
400
r(Pearson) = -0.3388 r (Pearson) = -0.4329 r(Pearson) = --0.2398 r (Pearson) = --0.02455
o © p=0.002 ° p=0.0939 o p= 0.0410 p= 0.9073
300
o o
< o
200 e 4 °
°
[*]
® 8
o e %@ 8
o L]
° < o B o °
od e 8 0 8 0@ Ge® | bt e e o 2.2 ° oo %o .
o °
e
Median age Median age Median age
62.5 525 N 64.5
-100 T T T T T T T T T T T T T T T T T T T T
20 30 40 50 60 70 80 30 40 50 60 70 80 30 40 50 60 70 80 30 40 50 60 70 80
Age Age Age Age



300+

)

(.}

(=]
1

| O Mild-moderate W Severe |

Mild-moderate

_| 7 (Pearson) = 0.2532

p = 00237

Severe

r {Pearson) = 0.0332
7 p =0.1432

n

o

o
1

of—c

1504

SHBG (nmollL)
N
(=]

1004

w
o
1

>

Bioavailable Testosterone ng/dL

0

Figure 69. Bioavailable testosterone serum levels and correlation between Age and sex-hormone
binding globulin (SHBG) . (a) bioavailable testosterone levelsl, inferred from SHBG and albumin
levels. There is a significant difference (p = 0.0002, Mann-Whitney test) between severe and mild-
moderate outcomes.) . (b) Values for serum SHBG levels from 86 male patients were plotted against age.
Significant correlation was observed for patients with mild-moderate (r2=0.2532 p=0.0237) but not
severe outcomes

3.4. The LH-androstenedione axis is not significantly perturbed in male COVID-19

patients
Testosterone is synthesized from androstenedione in the Leydig cells of the testis under the

stimulus of luteinizing hormone (LH), secreted from the anterior portion of the pituitary
gland. The observed critical decline in circulating testosterone levels in male COVID-19
patients suggests the occurrence of a transient (survivor outcomes) or sustained (fatal
outcomes) hypogonadism following the onset of COVID-19. To address potential
mechanisms explaining the observed failure to recover circulating testosterone levels in fatal
COVID-19, we determined circulating LH and androstenedione levels in a longitudinal
series of samples in a patient subcohort for which the testosterone trajectories had been
concomitantly determined. The median levels of LH fell within normal ranges, independent
of patient outcome (Figure 70a). Similarly, longitudinal LH trajectories were not
significantly different between patients in the survivor vs. deceased outcomes, in stark
contrast with the strongly divergent testosterone trajectories (Figure 70b). Nevertheless, LH
levels determined in the last of the longitudinal samples showed a decline in the deceased
outcome group as compared to the severe survivor group, although without reaching the
statistical significance. On the other hand, although androstenedione levels fell within
normal ranges in the majority of patients in all outcome groups and throughout the
longitudinal analysis (Figure 70a, b), deceased patients showed increased levels as

compared to the survivor outcome groups, without a concomitant increase in testosterone
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levels (Figure 70a). As such, the failure to recover physiological levels of testosterone in

patients with fatal outcomes, in spite of LH and androstenedione levels within normal ranges,

and the lack of rise in LH expected with low circulating testosterone, suggest the

development of a combined central and peripheral (Leydig cell failure) malfunction in the

biosynthesis of testosterone in these patients.
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Figure 70. The luteinizing hormone (LH)-androstenedione axis is not significantly perturbed in male
COVID-19 patients. a) Determinations of serum LH and androstenedione levels in samples collected at
admission, grouped by eventual outcomes. Pair-way between-group comparisons were performed by t
test. b) Longitudinal determinations (> 3 samples) of serum LH, androstenedione, and testosterone levels,
analyzed as in Fig. 3. Comparisons of trajectories (linear regression slopes) were performed by two-way
ANOVA

4.1. Lethal male COVID-19 is associated with a depletion of circulating T helper

cells
Several studies have found substantial differences in immune responses to SARS-CoV-2
between male and female patients*3414 although the mechanisms underlying these
differences are still unclear. In order to address the relationship between testosterone
trajectories, outcome, and immune status in male patients, we analyzed circulating immune
subpopulation repertoires in a subset of our patient cohort, in at least two independent
determinations, separated by 5-20 days. These analyses point to a correlation between
immune subpopulations, outcome, and testosterone levels both in a first determination near
admission date (Sample 1) and a subsequent analysis of samples near discharge or death
(Sample 2), with some subpopulations showing remarkable shifts between Sample 1 and
Sample 2 in their correlations with outcome (Figure 7l1a-b). As such, Sample 1
determinations demonstrated relatively few changes in immune cell repertoires between
surviving and deceased patients. In stark contrast, a subsequent determination (Sample 2)
showed a coordinated depletion of T helper subpopulations in association with death, along
with changes in natural killer ( CD56+brightCD16- and CD56+dimCD16+) and monocyte
subpopulations (Figure 71a). The subpopulations with the most significant changes in
relative abundance as a function of outcome tended to correlate with serum testosterone
levels sampled in the same period (1-3 days from sampling for immune repertoire analyses)
(Figure 71a). These correlations were more evident in multivariate correlation analyses,
particularly for Sample 2 (Figure 71b). These analyses show a generalized loss of
representation of circulating differentiated and polarized T helper subpopulations in
deceased patients (Thl, Thl7, Thl- Th17, Th2, central memory CDA4+, effector memory
CD4+, CD4+ TEMRA) compared to surviving patients, accompanied with a reciprocal
increased representation of undifferentiated CD4+ cells (recent thymus emigrant CD4+,

naive CD4+) (Figure 71b-d). They also point to an association of monocyte differentiation
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with outcome, with a predominant correlation with non-classical monocytes in moderate and

severe survivor patients and, conversely, with significantly more pro-inflammatory*®
classical monocytes in deceased patients (Figure 71b-d).
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Figure 71. Immune switch during the course of disease in severe and deceased patients, as
determined by multiparameter profiling of circulating immune cells. A) PCA of samples analyzed
near admission (Sample 1, left panel) and near discharge or death (Sample 2, right panel). Mild, moderate,
severe survivor, and severe deceased outcomes were assigned values 1, 2, 3, and 4, respectively. Serum
testosterone values of samples collected in the same or nearby dates (+ 3 days) were included in the
analysis. The indicated immune subpopulations are defined by cell-surface markers and determined by
spectral flow cytometry (Materials and methods). B) Heatmap of correlation coefficients between immune
subpopulation values and outcomes, for near-admission (Sample 1, left Heatmap) and near-
discharge/death (Sample 2, right Heatmap) samples. Spearman multivariant correlation analyses were
performed for all parameters vs. outcomes, the resulting coefficients normalized for each column (range,
0 to 1) and used to build heatmaps. C—F) Between-outcome comparisons of immune cell subpopulation:
CD4+ (C); natural Killer, dendritic, and monocyte (D); CD8+ (E); and B (F) cell subpopulations. G)
Survivor (mild, moderate, severe survivor) vs. deceased patient comparisons for T cell (CD4+ and CD8+)
and dendritic cells and monocytes. Such comparisons were not significant for other immune
subpopulations (B cells, NK cells)

There are additional associations of cytotoxic T cell or B cell subpopulations with lethal
COVID-19 (Figure 71d-f), albeit without reaching statistical significance. These
correlations were made more evident when comparing all surviving patients (moderate and
severe survivor) with deceased patients (Figure 71g) and further illustrated by flow

cytometry histograms of representative cases (Figure 72).
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Figure 72. Flow cytometry of representative cases of male patients with COVID-19. For each case,
Sample 1 corresponds to the first available analysis post-admission, and Sample 2 corresponds to a
subsequent analysis, separated from Sample 1 by 6-12 days. CD4+ and CD8+ subpopulations were further
segmented into the indicated subpopulations by analyzing for CD45RA and CCR7 expression. CD3+
subpopulations were further segmented into subpopulations by analyzing the expression of the polarization
markers CXCR3 and CCR6. Recent thymic emigrant (RTE) populations were identified and scored
through the expression of CD3, CD45RA and CD31. Natural killer (NK) cell subpopulations were
segmented by analyzing the expression of CD56 and CD16. Monocyte subpopulations were segmented by
analyzing the expression of CD14 and CD16. Not shown are B cell and dendritic cell subpopulations,
which did not show significant shifts in repertoire between outcomes and longitudinal sampling. 4TEFF,
4TCM, 4TEMRA, 8TEFF, 8TCM, 8TEMRA: CD4+ or CD8+ effector, central memory or T effector
memory re- expressing CD45RA, respectively.
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Numerous studies have identified prognostic markers able to discern severe COVID-19
patients, including older age, male sex, co-morbidities such as obesity, diabetes, or
cardiovascular disease, elevated circulating markers of inflammation, lymphopenia,
neutrophilia 391410-412416 o the presence of autoantibodies to class-1 interferons 4.
Nomograms or scores that combine several independent parameters have been proposed as
predictors of COVID-19 outcome®¥241° However, relatively few studies have addressed sex
differences in predictive markers of disease outcome 404410:418-420

Interestingly, inflammation markers, but not co-morbidities, BMI, or age, have been found
to be associated with outcome differences between male and female COVID-19 patients “%°.
Our comparative analysis of biochemical and hematological parameters has revealed that
both sexes share markers with significant predictive power of disease outcome,

including IL-6, LDH, D-dimer, lymphopenia, and neutrophilia. Nevertheless, the levels of
these markers, and the strength of their predictive power, are consistently higher in male
patients as compared to female patients. This becomes more evident when evaluating
predictive markers of lethal COVID-19, which yields IL-6 and lymphocyte (percentage of
total WBC) as the only two significantly predictive markers shared in both male and female
patients. Other significant markers predictive of lethal COVID-19 in male but not female
patients are LDH levels, neutrophilia, and absolute lymphocyte counts, in addition to
testosterone levels, which are exclusively masculine in our patient cohorts. Furthermore, we
found significant and direct correlations between testosterone levels, lymphocytes, and
neutrophils, suggesting a role for testosterone in aberrant immune responses in deceased
patients. These observations suggest that male COVID-19 patients with severe and lethal
disease suffer from more deleterious underlying pathogenic and inflammatory processes
than female patients with comparable clinical severity®®?, a situation also observed in other
respiratory viral infections®*7421, Our baseline analysis reveals that critically low serum
testosterone levels in male patients are a risk factor for severe COVID-19, along with other
factors predictive of severity that are in line with prior evidence #1412, We have also found
that male COVID-19 patients with a higher risk of progression to a severe critical disease
present higher level of inflammatory markers (serum IL-6, blood neutrophil counts) and

tissue damage (LDH), and more marked lymphopenia®®

, as compared to age-matched
female patients. Interestingly, markers of inflammation (IL-6, CRP) or tissue damage

(LDH), with good outcome predictive power in admission sample determinations, lost their
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predictive power in longitudinal analyses in male patients, collected up to the time of
discharge or death. In contrast, testosterone levels, whose determinations on admission
provided a relatively modest outcome predictive power, corroborating other studies*04405422,
gained remarkable levels of significance when analyzed longitudinally. The AUC values of
ROC curves in logistic regression analyses (mild-moderate vs. severe: 0.9281, 95% CI
0.7216 to 0.9252, p < 0.0001; severe survivor vs. deceased: 0.9205, 95% CI 0.8664 to
0.9747, p < 0.0001) indicate that serum testosterone trajectories in longitudinal
determinations constitute, to the best of our knowledge, the most accurate independent
predictors of disease outcome in male COVID-19 patients described thus far. Furthermore,
longitudinal trajectories of lymphocyte and neutrophil counts also yield highly significant
predictions of disease outcome. Other biochemical parameters indicative of pathological
inflammatory or pro-coagulant states, such as elevated IL-6, CRP, or D-dimer levels,
eventually return to near-physiological levels in both survivors and patients with fatal
outcomes. This has been observed in other studies*?*#2 and suggests that the normalization
of these factors is insufficient, per se, to abate the pathological hyperinflammation and
hypercoagulation accompanying severe COVID-19 with a fatal outcome, which might
require the concomitant alleviation of lymphopenia and neutrophilia. On the other hand,
although different stimuli and conditions such as mechanical ventilation, muscle
immobilization, severe sepsis, and multiple organ dysfunction as well as neuro/myotoxic
agents may contribute to a critical status among patients admitted to ICU**, all severe
patients in our study, with either survivor or deceased outcomes, were under comparable
pharmacological and physical management (Tables T3 A and B), and thus, these factors are
unlikely to contribute to the differential outcomes in this study.

We have found that testosterone trajectories are not paralleled by changes in circulating LH
or androstenedione trajectories expected in the presence of functioning physiological
feedback loops. This could be explained by an inhibition of the LH-androstenedione axis,
which has been associated with non-specific critical illness® and the deleterious action on
the hypophysis of inflammatory cytokines*?. A second possible mechanism may involve
infection and damage by SARS-CoV-2 of ACE2- expressing testicular cells, mainly Leydig
cells*?6427 In the first scenario, acute declines in LH and androstenedione levels would be
expected, while in the latter scenario, they would be either unaffected or increased for LH
due to a negative feedback loop with testosterone®. However, we observed that LH levels
showed a slight decline in deceased patients, while androstenedione levels were
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increased. It should be noted that circulating androstenedione is produced mostly by adrenal
glands?®® and its synthesis might be affected by the corticosteroids used to treat these patients
(Table T3B), which may block the endogenous production of cortisol, corticosterone, and
aldosterone®, Therefore, a likely mechanism to explain the failure of patients with fatal
outcomes to recover their physiological levels of testosterone, combined with normal
androstenedione levels and a lack of rise in LH, suggests a malfunction of the testosterone-

LH feedback loop. As such, an irreversible damage of Leydig cells*?

in patients with fatal
outcomes could explain these observations, while a resolution of viral infection would
explain the recovery of a normal production of testosterone in survivors. Another relevant
factor associated with late-onset hypogonadism??®, as well as with an irreversible failure to
reinstate testosterone production after critical situations that may compromise the LH-
androstenedione axis, is old age*®, which has been linked to senescent dysfunction of Leydig
cells*®!. The fact that a majority of non-survivor patients in our study who failed to reinstate
testosterone levels are older than 60 years of age would be consistent with the senescence
hypothesis. However, our cohort has more patients older than 60 who reinstated their
testosterone levels and survived severe COVID-19. Therefore, either Leydig cell senescence
only affects a small subset of older patients or other mechanisms may be invoked to explain
failure to restore testosterone production. Conversely, these observations also suggest that
while the reinstatement of physiological testosterone levels may be mechanistically linked
to a return to lymphocyte and neutrophil homeostasis, it may not be required for the relative
normalization of other inflammatory pathways, arguably driven by an unmitigated
production of IL-6 and other pro-inflammatory cytokines triggered by acute viral
infection*32. Our observations suggest that sufficient and timely resolution of pathogenic
hyperinflammation to prevent a lethal outcome may require the additional return to
homeostasis of innate and/or adaptive immune cell dynamics and function, possibly assisted
in male patients by the reinstatement of testosterone production.

There is now a wealth of studies describing the dynamics of immune responses to acute and
subacute infection with SARS-CoV-2, including multiparameter and functional analyses of
circulating and tissue-associated innate and adaptive immune subpopulations**343. Some of
these studies have addressed sex differences in such responses®®3422, Qur analysis in male
patients indicates an association of specific immune subpopulations with COVID-19
outcome and a shift of such associations from early (Sample 1) to late (Sample 2) time-points
in the course of the disease. For example, the relative representation of differentiated (CD8+
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TEMRA, CD4+TEMRA) and activated (HLA-DR+ on CD4+and onCD8+) T cell
subpopulations and differentiating B cells modestly correlated with all outcomes except mild
disease in Sample 1. This indicates an ongoing early immune response of similar nature and
magnitude, regardless of final outcome, as reported by others*®, In this phase, non-classical
monocytes are more prevalent than classical monocytes in patients with a moderate outcome,
while patients with severe survivor and severe deceased outcomes show a predominance of

more inflammatory classical monocytes**®

, in support of a more inflammatory state of these
patients, as also evidenced by the clinical biochemical and hematological parameters
discussed above. However, later in the course of disease (Sample 2), a remarkable shift takes
place, in particular regarding correlations with severe survivor as compared to severe
deceased patients. As such, while patients with severe survivor outcomes show positive
correlations with differentiated (CD4+TEMRA, CD8+TEMRA), activated (HLA-DR+ on
CD4+ and on CD8+), and memory (CD4+ central memory, CD8+ central memory) T cell
subpopulations, patients with eventual fatal outcomes evidence a depletion of these
subpopulations, along with an accumulation of undifferentiated T helper cells (recent thymic
emigrant CD4+ and naive CD4+).

This late shift also affects innate immune populations, as severe survivor patients correlate
with non-classical monocytes over classical monocytes, while the reverse is the case for
severe deceased patients. Similar observations have been made by others in studies
correlating innate**® and adaptive**® immune cell subpopulations to COVID-19 outcome.
Importantly, our study additionally correlates relative representations of immune
subpopulations to testosterone levels. Thus, higher testosterone levels in Sample 1 are
correlated to polarized (Thl, Th17, Th1-17, Th2) and differentiated (effector memory CD4+,
central memory CD4+, CD8+ TEMRA) T cell subpopulations. In Sample 2, testosterone
levels correlate to a similar range of subpopulations, along with plasmablasts and mature
NK cells (CD16+dimCD16+). These temporal switches in the differentiation profiles of
distinct immune subpopulations may suggest that in patients with lethal outcomes, there may
be a defective differentiation of T helper cells**” and monocytes. A second possible
explanation of the apparent depletion of circulating differentiated and polarized cells may
be an enhanced clearance or migration from circulation to peripheral tissues**. Finally,
specific subpopulations may become exhausted in late stages of the disease*3®#41. These
three putative mechanisms are not mutually exclusive and may take place either

simultaneously or dynamically at different time points along the clinical course of the
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patients. Notably, very recent studies recognize T cell apoptosis and depletion as a feature
defining severe COVID-19%'. The observed concordance of lethal outcome in male
COVID-19 patients with (i) persistent lymphopenia and neutrophilia, (ii) depletion of
circulating differentiated T helper and T cytotoxic cells and non-classical monocytes, (iii)
accumulation of undifferentiated immune counterparts, and (iv) failure to reinstate
physiological levels of testosterone, mirrored by converse phenotypes in severe survivor
patients who have undergone equivalent critical illness and management, makes it appealing
to hypothesize a mechanistic relationship bonding these coincident phenotypes. Relevantly,
sex hormones have a profound influence on innate and adaptive immune system
development, differentiation, and response to challenge383442413436414 “More specifically,
androgens have a global anti-inflammatory effect*43444, reflected in higher frequencies of
autoimmune diseases in women or in acquired or genetically determined hypogonadism3®,
as compared to men with a normal XY chromosome complement. On the other hand,
testosterone replacement therapy in hypogonadal men attenuates inflammation®* and
androgens suppress thymic precursor development**® and promote the terminal
differentiation of T cell subpopulations**” and monocyte precursors**. Conversely,
androgen deprivation through surgical or pharmacological castration in animal models
prompts the regeneration of the thymus in aged mice, leading to a relative accumulation of
undifferentiated T cell populations (RTE and naive T cells)*® and classical monocytes**°. A
similar effect of androgen deprivation on T cell development and differentiation has been
observed in prostate cancer patients, with an expansion of RTE and naive T cells, particularly

among CD4+ cells*™1449,
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CHAPTER II: CONCLUSIONS
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The recovery of serum testosterone in male patients with COVID-19 strongly associates

with patient survival, making it an accurate predictor of COVID-19 progression.

Lethal outcome in males correlates with (i) lymphopenia and neutrophilia (ii) depletion
of circulating differentiated T helper - T cytotoxic cells and non-classical monocytes

(iii) accumulation of undifferentiated immune counterparts.
The tight association observed between reinstatement of testosterone and survival from

COVID-19 in male patients, along with a reversal of signs of excessive inflammation

and immune dysfunction, suggests potential functional role for testosterone
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