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ABSTRACT

TITLE: “Investigation of the oncogenic role of the replication licensing factor CDC6 in Prostate
Cancer”

Background: Prostate cancer is a hormone-dependent type of cancer that represents a leading
cause of cancer morbidity and mortality in men around the world. Androgen deprivation therapy
(ADT) remains the mainstay of therapy for patients with prostate cancer, but has proven efficient
only in early-stage androgen-responsive disease state. Unfortunately, prostate cancer gradually
progresses into an androgen-irresponsive and metastatic disease state for a great number of
patients. Based on our previously presented oncogene-induced model for cancer progression,
senescence has been established as a very important tumor-barrier mechanism. However, the
implication of senescence in the progression of early-stage androgen-dependent to highly
aggressive and metastatic castration-resistant prostate cancer (CRPC) should be further

investigated.

Materials & Methods: In this study we implemented androgen-responsive (LNCaP) and —

irresponsive (C4-2B and PC-3) prostate cancer cells, treated or not with enzalutamide, an
Androgen Receptor (AR) inhibitor. In order to identify potential senescence regulators upon
treatment with enzalutamide we conducted RNA sequencing and pathway analyses in LNCaP
cells. Moreover, we continued with evaluation of the invasive potential of cells and senescence
status upon AR signaling inhibition via enzalutamide and/or RNAi-mediated depletion of selected

targets in all cell lines, accompanied by bioinformatics analyses on a broad range of in vitro and
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in vivo datasets. The most important findings were also confirmed in LNCaP and C4-2B mouse
xenografts. Assessment of senescence status was performed using the state-of-the-art GL13

staining by immunocytochemical staining and confocal microscopy.

Results: In this study we found that enzalutamide treatment promotes induction of senescence
in androgen-dependent cells through downregulation of the replication licensing factor CDC6.
Mechanistically, we show that enzalutamide in androgen-dependent cells activates the
endogenous levels of GATA2 transcription factor, that functions as a CDC6 repressor, thus resulting
in CDC6 downregulation. Intriguingly, in enzalutamide-resistant cells we observed a decrease in
GATA2 levels, and a consequent CDC6 stabilization followed by enhanced activation of Epithelial-
To-Mesenchymal Transition (EMT) markers and absence of senescence. We demonstrate that
CDC6 depletion can converse the oncogenic status and establish senescence irrespective of
treatment responsiveness, thereby highlighting the importance of CDC6 for the regulation of

prostate cancer progression.

Conclusions: We identify a crucial senescence-mediated GATA2-CDC6 signaling axis which is
conversely regulated in enzalutamide-responsive and -irresponsive prostate cancer
environments. Upon acquired resistance, GATA2 repression stabilizes CDC6, with harmful
consequences in prostate cancer progression through EMT worsening and senescence
abrogation. However, bypassing the GATA2-CDC6 axis by experimental silencing of CDC6 is
sufficient to reverse oncogenic characteristics and induce senescence, offering a therapeutic

window even upon acquiring therapy resistance.
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CHAPTER 1

INTRODUCTION
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1.1 PROSTATE CANCER

Prostate cancer belongs in the family of hormone-dependent cancers and represents a leading
cause of cancer morbidity and mortality in men worldwide. In 2023, prostate cancer was ranked
as the primary cancer type for the estimated new diagnosed cases and as the second most

common cause of cancer-related death, resulting in around 34,700 deaths in men in the USA (1).

Prostate is a small, about the size of a walnut, gland of the male reproductive system. It produces
semen which mixes with sperm produced by the testes. Semen is required for the transport and
survival of the sperm. Prostate needs androgens in order to grow and function normally (2).
Androgens are sex hormones that regulate the development and maintenance of the male
reproductive system as well as the secondary sexual characteristics. In men the most abundant

androgens are testosterone and its potent metabolite, dihydrotestosterone (DHT) (2).

[Estimated New Cases.

Proslate 268,300 28% Breas! 297,790 %

Lung & bronchus 117,550 12% Lung & bronchus 120,790 13%
Colon & rectum 81,860 8% Colon & rectum 71,160 8%

Urinary bladder 62,420 6% Ulering corpus 66,200 T%
Melanema of the skin 58,120 6% Metanoma of the skin 39,490 4%
Kidney & renal pelvis 52,380 5% Nen-Hodgkin lymphoma 35,670 4%
Nom-Hedgkin lymphoma 44 880 4% Thyroid 31,180 3%
Oral cavity & pharynx 39,290 4% Pancreas 30,920 3%
Leukemia 35,670 4% Kidney & renal pelvis 29,440 3%

Pancreas 33130 3% Leukemia 23,940 3%

Al Sifes 1,010,310 100% All Sites 948,000 100%

Estimated Deaths

Males  Females

Lung & bronchus 67,160 215% Lung & bronchus 59,910 21%

Prostate 34,700 11% Breast 43,170 155

Colon & rectum 28,470 4% Colon & rectum 24,080 8%

Pancreas 26,620 % Pancreas 23,930 8%

Livar & intrahepatic bile duct 19,000 6% Crary 13,270 5
Laukemia 13,500 4% Utering corpus 13,080 5%

Esophagus 12,920 4% Liver & intrahepatic bile duct 10,380 4l

Urinary bladder 12,160 4% Leukemia 9,810 3%
Non-Hodgkin lymphoma 11,780 2% Men-Hodgkin lymphoma 8,400 3%
Brain & other nervous system 11,020 3% Baain & other nervous system 7570 3%
All Sites 322,080 100% All Sites 287,740 100%

Figure 1.1: The 10 most common cancer types diagnosed in men and women in United States in 2023.
Prostate cancer is the first most common cancer type for the estimated new cases and the second most

common cause of cancer-related mortality of men in US in 2023 (1).
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1.2. CELLULAR PROGRESSION OF PROSTATE CANCER

Luminal cells of the normal prostate epithelium have been characterized as origin cells of Prostate
cancer. In early stages, premalignant alterations, known as prostatic intraepithelial neoplasia
(PIN), occur, and among them, only the ones that are characterized as high-grade PIN (HGPIN),
turn into malignant invasive prostatic adenocarcinoma and finally lead to metastasis in the lymph
nodes, bone, liver, and lung through the circulation system. A variety of molecular changes have
been identified during prostate cancer progression (Figure 1.2). For example, in HGPIN, BCL2,
GSTP1 upregulation, MYC overexpression, PTEN, NKX3.1, TMPRSS2-ERG fusion loss as well as
SPOP mutation have been reported. During HGPIN transformation into prostate adenocarcinoma,
loss of tumor suppressor genes like PTEN and RB1 and overexpression of specific oncogenes with
frequent mutations such as FOXA1, occur. Finally, during prostate adenocarcinoma progression
into metastatic prostate adenocarcinoma, many molecular changes occur like overexpression
and/or mutations in AR, ATM, ATR, RAD51, and CXCR4, as well as loss of various tumor suppressor
genes such as SMAD4 (3).

(j,. == Lymph node

. v

Normal Prostate Metastatic
prostate —_ HGPIN =% sdenocarcinoma prostate Bone

epithelium adonoumnoml \

Liver

Lung
Bcl-2, GSTP1 upregulation Loss of PTEN, RB1 CXCL12, CXCR4 upregulation
MYC overexpression Telomerase activation RANK-RANKL activation
Loss of PTEN, NKX3.1 FOXAI mutation EZH2 overexpression
TMPRSS2-ERG fusion helial hymal

SPOP mutation AR mutation, amplification, splice variant
Gain of AR coactivator
Loss of AR corepressor, PTEN, SMAD4
FOXAL, BRCA1/2, ATM, ATR, RAD51 mutation

Figure 1.2: Stages of Prostate Cancer progression (3).
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1.3. ANDROGEN RECEPTOR (AR): STRUCTURE AND MODEL OF ACTION

Androgen receptor (AR) is a nuclear steroid hormone receptor that functions as a transcription

factor and modulates the prostate development and growth. The AR gene is located in

chromosome Xg11.2-g12 and consists of 8 exons (4)(Figure 1.3). AR consists of four domains: the

ligand-binding domain (LBD), the DNA-binding domain (DBD), the N-terminal domain (NTD), and

the hinge region (HR) that separates the LBD from the DBD.

The N -terminal domain (NTD) which is encoded by exon 1 includes the Activating factor
1(AF1). AF1 region functions as the major effector region of NTD. Moreover, the AF1
region consists of 2 transcription activation units, Tau-1 and Tau-5 that are crucial for the
transcriptional function of the AR. Tau-1 and Tau-5 motifs, ensure the functional NTD-LBD

interaction which is indispensable for the stability of the AR dimer complex (5).

The DNA-binding domain (DBD) which is encoded by exons 2 and 3, consists of two zinc
finger motifs; the a-helix N-terminal zinc finger encoded by exon 2, which interrelates with
the nucleotides in the hormone response element in DNA and the zinc finger encoded by
exon 3. The nuclear localization signal which is located in the DBD-HR junction is required

for the nuclear transport of the AR (6, 7).

The Ligand binding domain (LBD) which is encoded by exons 4-8, is necessary for the
binding of AR to its ligands, testosterone and its metabolite dihydrotestosterone (DHT).

The LBD is the most prone domain of AR gene to AR point mutations in prostate cancer

(8).

The Hinge region (HR) which is a short amino acids sequence carries a nuclear localization

signal (NLS) required for the nuclear transport of the AR (8).
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Xp Xq11.2-Xq12 Xq

5 — Exon1 —— Exon2 — m—[‘ﬁml_mng-m_mr— ‘Exon§ —— 3'
] l SRR coon
H,N NTD DBD HR
AF-1 P-box D-box NLS AF-2
Exons —

Full length AR NTD

Figure 1.3: Structure of AR gene (3).

Almost all types of early-stage prostate cancer require androgens that activate the androgen

receptor (AR) signaling pathway, thereby promoting cell survival (9-12).

There are two models of action of AR; the canonical (Genomic) and the Non-Canonical (Non-

genomic) model.

Regarding the AR canonical model of action, before binding to androgens, AR is in a inactivated
state in the cytoplasm, where it is sequestered by many chaperone and co-chaperone proteins
such as heat-shock proteins, through its ligand-binding domain (13). When androgens bind to the
Ligand Binding Domain (LBD) of AR, AR dissociate from the chaperone proteins, undergoes
conformational changes which promote its dimerization. AR homodimer interacts with the
cytoskeletal protein Filamin A which helps AR transition into the nucleus. Nuclear AR homodimers
bind to specific regions in the promoter of downstream target genes, known as androgen

response elements (AREs) via their association with various co-regulators (14, 15). These
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complexes then, recruit and stabilize the RNA polymerase Il machinery to begin gene

transcription (3).

Moreover, it has to be mentioned that AR signaling is not only activated by the binding of
androgens but also by growth factors like EGF and cytokines such as IL-6. In the absence of
androgens, EGF can promote the transcriptional activation of AR via RAS/RAF/MAPK and PI3K/Akt
signaling pathways (16-18). Furthermore, binding of IL-6 to IL-6 receptor can transcriptionally
activate AR through MAPK and STAT3 pathways (19).

Except from the genomic model of AR action, androgens can also promote many cellular
responses independently of the AR-binding to downstream gene promoters. AR also interact with
other molecular factors located in the cytoplasm and the inner cell membrane inducing the
activation of signaling cascades (20, 21)

Regarding the non-Canonical model of AR action, AR that is either bound in cell membrane via
palmitoylation or transported to membrane via Caveolin 1, interacts through its N -terminal
domain with the SH3 domain of SRC proto-oncogene (Src). This interaction promotes the
unfolding of Src and the activation of its kinase domain and subsequently its
autophosphorylation. Activation of Src then promotes the Ras-mediated MAPK/ERK signaling
cascade (22). Membrane-bound AR can also promote cytoskeletal reorganizations through
activation of FAK/Cdc24/Racl/PI3K signaling cascade, thereby regulating the adhesion and

migration of prostate cancer cells (23, 24).
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Figure 1.4: Canonical (Genomic) and Non-Canonical (Non-genomic) AR signaling pathway (3).

1.4 TARGETING AR SIGNALING PATHWAY (3)

Since AR signaling pathway is a very crucial regulator of prostate cancer cell growth and
development, its targeting has been thoroughly studied for its therapeutic benefits in Prostate
Cancer. Targeting of AR signaling node consists of either targeting AR ligands or targeting AR
itself. Generally, androgen deprivation therapy (ADT) is applied during early-stage disease as it
decreases the levels of testosterone, performed either by surgical or medical castration (25-27).
Although ADT has been effective only for the early stages of prostate cancer when there is
dependence on androgens, prostate cancer finally progresses to an androgen-independent
disease state (28, 29). The mechanisms implicated in the acquired therapy resistance in the field
of prostate cancer still remain elusive. Moreover, AR signaling pathway can be indirectly

suppressed by targeting its interaction with co-factors.
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> Targeting AR ligands

Physiologically, hypothalamus regulates androgen biosynthesis and secretion by testes.
Hypothalamus releases Luteinizing Hormone-Releasing Hormone (LHRH), which then causes the
pituitary gland to release Follicle Stimulating Hormone (FSH) as well as Luteinizing Hormone (LH)
(3). LH modulates the conversion of cholesterol to dehydroepiandrosterone and
androstenedione on the Leydig cells of testes. Androstenedione is then converted to
testosterone through the action of 17-beta-hydroxysteroid dehydrogenase (3). It has to be
highlighted that testosterone can be further enzymatically converted to dihydrotestosterone
(DHT). On the other hand, FSH promotes the expression of LH receptors on the Sertoli cells within

the testes. As a result, LHRH targeting via agonists or antagonists reduces serum androgen levels

(3).

LHRH Agonists (3)

LHRH agonists (also known as LHRH analogs) has been a treatment option for Prostate Cancer in
the United States since 1984 (30). LHRH agonists are synthetic peptides with structural similarity
with LHRH. LHRH agonists bind to LHRH receptor on the pituitary gland, block the release of LH,
resulting in reduced stimulation of Leydig cells and consequently decreased androgen synthesis.
Leuprolide (Lupron) is one of the currently used LHRH agonists for the treatment of Prostate
Cancer. Lupron promotes a continual stimulation of the anterior pituitary that desensitizes the
LHRH receptor, leading to an extended reduced release of FSH and LH and therefore suppresses
androgen synthesis (31). However, the first administration of LHRH agonists triggers an increase
in testosterone levels that can drive a tumor flare reaction in many patients with advanced-stage
Prostate Cancer (32, 33). In order to avoid these harmful adverse reactions, one treatment option
that has been tested in the field of Prostate Cancer, is the combination of Leuprolide with other

agents that also target the AR signaling pathway, such as bicalutamide(34).
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LHRH Antagonists (3)

LHRH antagonists regulate more efficiently the testosterone levels compared with LHRH agonists
(35). LHRH antagonists directly impede the binding of LHRH to its receptor, leading to immediate
LH blocking and as a result in suppressed testosterone and DHT levels (36, 37). Abarelix, which
was the first used LHRH antagonist against advanced Prostate Cancer, based on findings from
clinical trials, did not promote an increase in testosterone levels like LHRH agonists did (38).
However, in some patients, Abarelix was found to cause systemic allergic reaction due to release
of histamine that Abarelix tiggered (39). Degarelix is a new generation FDA-approved for the
treatment of advanced Prostate Cancer LHRH antagonist (40). Degarelix can effectively reduce
testosterone levels without harmful side effects such as testosterone surge or allergic

reactions(36, 41).

Androgen Synthesis Inhibitors (3)

One of the reasons that castration therapy can fail is the intra-tumoral synthesis of androgens as
well as the adrenal androgens (42, 43). Consequently, during the years, it has been unmet need
to develop new therapeutic strategies that would target the biosynthetic enzymes involved in
androgen synthesis. Ketokonazole, is a second-line therapeutic agent against mCRPC, which
suppresses gonadal and adrenal androgen synthesis through inhibition of the cytochrome P450
(CYP450) (44-46). Abiraterone acetate is the first FDA-approved drug with remarkable antitumor
activity in patients with CRPC. Abiraterone acetate suppresses both adrenal and intra-tumoral
steroidogenesis through inhibiting the action of Cytochrome P450 (CYP) 17a-hydroxylase and
17,20-lyase (47). Orteronel (TAK-700) is a new drug that inhibits human CYP17A1 (48) and
Finasteride, inhibits the action of 5-reductase enzyme and consequently blocks the conversion of

testosterone to its metabolite DHT, resulting in reduced DHT synthesis (49).

> Targeting the Receptor

Taking into consideration the drawbacks of the ligand-targeted therapeutic options for Prostate

Cancers, the development of new therapeutic strategies that directly target AR, was necessary.
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These strategies mostly include steroidal or non-steroidal anti-androgens that inhibit the binding

of the ligand to the AR.

Steroidal Anti-Androgens (3)

Cyproterone Acetate (CPA) is the most widely used steroidal antiandrogen for the treatment of
Prostate Cancer. CPA derives from hydroxyprogesterone, which has stronger binding affinity for
the AR compared to the first-generation non-steroidal antiandrogens (50, 51). Moreover, it has
to be stressed that steroidal antiandrogens were also associated with harmful side effects such

as hepatotoxicity and cardiovascular diseases (52).

Non-Steroidal Anti-Androgens (3)

Non-steroidal agents have shown to have fewer adverse effects compared to the steroidal anti-
androgens. Bicalutamide is a first-generation non-steroidal anti-androgen that binds to AR
promoting a conformational change in the co-activator binding site and therefore mediates its
transcriptional activity (53). Flutamide blocks the ligand binding to the AR (54). Nilutamide
antagonizes with testosterone and DHT for binding to the AR (55). Enzalutamide and Apalutamide
are second-generation FDA-approved for mCRPC non-steroidal antiandrogens with very strong
AR affinity that inhibit AR nuclear translocation. Some of the harmful effects of Enzalutamide are

fatigue and diarrhea (56-58).

> Targeting AR Interaction with Co-Regulators

AR signaling node can also be modulated indirectly through targeting AR co-receptors or
chaperon proteins. The family of Steroid receptor coactivators (SRCs/p160/NCOA) includes three
transcriptional coregulators that associate with steroid receptors in a ligand-dependent manner
inducing their transactivation (59, 60). Pharmacological inhibition of SRC is shown to suppress
tumor growth (61). Heat shock proteins (HSPs), as it was mentioned above, have a crucial role in

AR signaling pathway (62). HSP90 is a part of a multi-chaperone protein assembly that stabilizes
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AR in the cytoplasm. After ligand binding to AR, HSP90 dissociates from AR promoting its nuclear
translocation (63, 64). A variety of inhibitors that target either HSPs or their co-chaperones, have

been developed through years, and regulate the transcriptional activity of AR (65).

1.5 CELLULAR SENESCENCE AND ITS ROLE IN PROSTATE CANCER

Senescence is defined as a cellular state, characterized by stable cell-cycle arrest that can be
induced by a variety of stimuli and different mechanisms, not only in vitro but also in vivo, and
this is the reason why senescence has been established as an anti-tumor barrier (66). There are

different types of cellular senescence and each type is induced by a different type of stressors.

The first type of cellular senescence that was described is the replicative senescence, due to
telomere length restriction. Telomeres are protein-bound 5'-TTAGGG-3' repeat sequences that
cap the ends of chromosomes protecting them from the effects of the DDR pathway and
degradation (67). In each round of replication DNA polymerase cannot fully copy the DNA at the
ends of chromosomes resulting in their gradual shortening to such an extent that they are no

longer protected (68).

These dysfunctional telomeres mimic double strand breaks (DSBs) and trigger the activation of
the DDR pathway leading to replicative senescence (67, 69, 70). Cancer cells bypass this barrier
through activation of the hTERT enzyme. However, it has to be mentioned that telomerase does

not inhibit telomere-independent mechanisms of cellular senescence (71).

Another type of cellular senescence induced by chemotherapeutic drugs is the therapy-induced
senescence. Radiation therapy and various anti-cancer agents promote DNA damage, mainly DNA
double strand breaks (DSBs), driving to senescence in many cell types mainly through activation
of p53 pathway with subsequent increase of p21WAFY/CIP1 protein (70, 72) or through increase of

p16'NK4A protein (73, 74). Activation of p16'N**A js necessary for a permanent cell cycle arrest (73).
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Normal cells respond to oncogene activation with induction of senescence (oncogene-induced
senescence). The phenomenon was first observed in the RAS gene (75) and later extended to
other factors of the signaling pathway, such as RAF, MEK, MOS, BRAF (76, 77), as well as other
factors associated with proliferation such as E2F1 (78). Oncogenes and the subsequent increase
in mitotic potential, trigger DNA damage leading to replicative stress and activation of the DDR
pathway (79-81). Furthermore, based on in vivo studies, oncogene-induced cellular senescence
that is evident in precancerous lesions, functions as an antitumor barrier (77, 79, 81-85).
Additional mutations, often in the TP53 (p53) or CDKN2A (p16'N*A) genes, are required in the

carcinogenesis process to reverse the growth inhibition (82, 83, 85).

Stress induced by reactive oxygen species or prolonged signaling of cytokines that inhibit cell
proliferation, such as interferon B or TGF-B, have been shown to induce cellular senescence
(stress-induced senescence) (86-88). Similarly, stress that is generated during epithelial cell
culture in vitro, induces cellular senescence through the p16™*** pathway, making p16'NK4A

inactivation necessary for immortalization of normal epithelial cells (89-91).

Finally, alterations in chromatin structure are able to induce cellular senescence. The state of
chromatin that determines which genes are active (euchromatin) and which are inactive
(heterochromatin) is regulated by histone modifications. Agents that affect histone conformation,
such as deacetylase inhibitors, can alter the expression of a variety of genes resulting in cellular

senescence(86).

As it was mentioned above, in the field of cancer therapy, radiation therapy and many anti-cancer
agents can promote senescence induction in cancer cells (92). Although senescent cells are
characterized by an irreversible cell cycle arrest, they often remain metabolically active in vivo for
months and even for years. Once these cancer cells reenter the cell cycle, cancer can relapse with
detrimental effects (66). Moreover, senescent cells that remain dormant can affect their adjacent
cells since they secrete high levels of inflammatory cytokines, immune modulators, growth

factors, and proteases, which are conjointly termed as senescence associated secretory
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phenotype (SASP) (66). In the field of Prostate Cancer, ADT was proven to promote the induction
of senescence in prostate cancer cells not only in vitro but also in vivo (93, 94). Androgen
deprivation-induced senescence is characterized by a G1/S cell-cycle arrest, decreased cyclin-
dependent kinase activity and hypophosphorylated Rb (95). However, the growth arrest induced
by androgen deprivation therapy is not permanent, as cells recover their proliferative ability,
when the levels of androgens are restored to normal levels, progressing finally to a state of
androgen independence. As a result, androgen deprivation- induced senescence is a temporary
cell state that promotes the emergence of CRPC populations supporting the role of senescence
as a possible driver of cancer progression (93, 95). The exact involvement of senescence in this

process of transformation remains unclear and needs further investigation.

1.6 Cell Division Cycle 6 (CDC6): A CARDINAL FACTOR OF REPLICATION LICENSING MACHINERY

DNA replication is a crucial process in each cell cycle, as it is a necessary condition for the accurate
chromosome segregation so that each daughter cell receives a complete and accurate copy of the
organism's genome. It is the process by which genetic information is preserved and transmitted
as unchanged as possible from cell to cell and from generation to generation. DNA replication of

eukaryotic cells occurs only once during S phase of the cell cycle (96).

DNA replication is a tightly controlled process, carried out by huge variety of enzymes that ensure
its accuracy and speed. DNA replication is mediated by a dynamic protein complex, termed as

replisome, and it consists three stages; initiation, elongation, and termination (97).

The initiation stage of DNA Replication process does not occur randomly within the genome, but
in specific regions called origins of replication (ORI). The number of ORI depends on the size of
the genome and varies between different species. This stage is the first important step in the

sequence of events that responds to mitogenic signals and it is divided into two stages, origin
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licensing and origin firing, which take place at different times. These are carefully controlled

events determined by periodic fluctuations of CDKs (98).

Replication licensing occurs at the end of M phase and throughout the G1 phase of cell cycle,
when pre-replicative complexes (pre-RCs) are formed. Firstly, the hexameric origin recognition
complex (ORC) binds to DNA at the ORI and attracts the replication licensing factors (RLFs), CDC6
and CDT1. Then, the RLFs cooperate to recruit to the double-stranded DNA, sequentially, two
hexameric minichromosome maintenance 2-7 helicase complexes (MCM 2-7) in an inactive state.
It is worth noting that DNA-bound MCMs are always in excess of those that are triggered

physiologically in order to be used in case of replicative stress (99).

CDC6 belongs to the family of AAA+ ATP hydrolases (ATPases associated with a variety of cellular
activities) and it is related to the protein ORC1 and the proteins ORC4, ORC5 and MCM2-7 (100).
Regulation of CDC6 activity plays a key role in the assembly of the pre-replicative complex (pre-
RC), during the cell cycle. Studies support that its function depends on its ability to bind and
hydrolyze nucleotides. Its binding to nucleotides is associated with morphological changes. In
cases of CDC6 inability to bind to ATP, the entry into S phase of cell cycle is affected, while the

inability of hydrolysis does not allow the completion of S phase (101).

CDC6 phosphorylation by CDKs in S phase leads to its translocation from the nucleus to the
cytoplasm, while CDC6 is degraded by the APC/CCDH1 complex during mitosis (102). More recent
data show that CDC6 is also degraded via the CUL4-DDB1-CDT2 axis following its interaction with
the proliferating cell nuclear antigen (PCNA) (103), as well as through its binding with the SCFCvelinf
protein (104). With these mechanisms, a cell avoids its DNA re-replication (104, 105).

At the C-terminal domain of CDC6 is the Winged-Helix domain, which is common in transcription
factors. Possibly, this domain is related to CDC6 binding to ORI or even other regions on DNA.
Studies have shown that this specific region mediates interprotein interactions between CDC6
and other AAA+ ATPases of the pre-RC complex forming the substrate for the binding of the
MCM2-7 complex (106).
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1.7 REPLICATION LICENSING FACTORS AND CANCER

Tight regulation of transcription is crucial for the normal development of multicellular organisms,
and its dysregulation has been linked to more than 40 human diseases, including cancer (107). As
the transcriptional licensing factors, RLFs, are the first molecules to detect and respond to the
mitogenic/oncogenic signals, their deregulation should be one of the most common hallmarks of
cancer and may occur from the earliest stages of cancer development, when oncogene

overexpression prevails (98).

Based on in vivo studies, increased levels of the RLFs, CDC6 and CDT1, have been observed in
several types of cancer (108-110). More specifically, high levels of CDC6 occur in 55% of brain
cancers, in 50% of malignancies in non-small cell lung cancer, where it is associated with a poor
prognosis when there is p53 loss (108), in lymphomas, in cervical cancer, but also in colon,

stomach and head and neck cancer (110).

In further analysis of precancerous lesions, it was shown that in all types of cancer studied (lung,
colon, head and neck) CDC6 increases from the initial stages of carcinogenesis, specifically at the
level of dysplasia (Figure 1.5) (109). However, high levels of CDC6 protein does not necessarily
mean an increase in the proliferation of cancer cells, since no such connection was observed in

non-small cell lung cancer (108).
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Figure 1.5: Elevation of CDC6 levels from the early stages of carcinogenesis, to the level of dysplasia
(109).

1.8 MECHANISMS THAT DYSREGULATE CDC6 EXPRESSION

Since CDC6 is a cardinal molecule of the replication licensing machinery, its overexpression in
precancerous and cancerous lesions could be attributed to the increased needs of cells for

proliferation.

However, the fact that no correlation between CDC6 and the proliferation marker Ki67 has been
found, nor it is detected in hyperplasias and normally dividing tissues (109), indicates CDC6

disturbed expression and/or regulation.

Many molecular events acting either independently or in combination, contribute to CDC6

overexpression in cancer.

a) Overexpression of E2F1/2 transcription factors, that is common in several malignancies
due to deregulation of the pRB-E2F pathway, leads to overexpression of CDC6 and CDT1
(111-114).

b) CDC6 and CDT1 gene amplification frequently leads to increased gene expression (109). It

is worth noting that CDC6 is located at the 17921.3 locus in close proximity to the ERBB2
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gene locus (encoding HER2) which is amplified in cancer (115-117). Thus, CDC6

amplification could be an independent event or a consequence of ERBB2 amplification.

c) The production of a shorter mRNA isoform due to application of an alternative poly-
adenylation site may lead to the accumulation of CDC6 in tumors. This isoform lacks part
of the 3' untranslated region, which is the target of several micro-RNAs (miR25, miR541,
miR92a/b) responsible for CDC6 degradation, leading to increased transcript stability and

higher protein levels (98, 118).

d) The E3 ubiquitin ligase complex CUL4-DDB1-CDT2 leads to degradation of the chromatin-
bound RLFs, CDC6 and CDT1, p21WAFL/CP1 hrotein, as well as other factors during S phase.
Under conditions of sustained accumulation of p21WAFY/CP1 degradation is inhibited due

to enzyme saturation, resulting in an increase in CDC6 and CDT1 (Figure 1.6) (119).

Potential CDC6 deregulating mechanisms
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Figure 1.6. Summary of molecular events leading to increased CDC6 expression levels in cancer (Komseli

E-S, PhD Thesis, 2018).
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With the above mechanisms acting either individually or synergistically, the tight regulation of
CDCE6 levels, that exhibit characteristic fluctuations during the cell cycle, is disrupted, resulting in

abnormal CDC6 accumulation with adverse pathophysiological consequences (98).

1.9 CDC6 ONCOGENIC ACTIVITY

In normal cells, overexpression of CDC6 leads to replication stress, resulting in the induction of
the antitumor barrier of senescence, through activation of DDR pathway (79). Experiments in
cancerous and precancerous cell lines showed that prolonged overexpression of CDC6 induces
re-replication, replicative stress and activation of DDR mechanisms, resulting in genomic
instability and selective loss of p53 (109, 110). Corresponding findings were also detected in the
case of an indirect increase in RLFs due to the p21WAFY/CIP1 gyerexpression in the absence of p53

(119), while the silencing of RLFs results in DNA re-replication (104).

In summary, deregulated expression of CDC6 has oncogenic characteristics. According to the
oncogene-induced model of cancer development, overexpression of oncogenes, such as CDC6,
leads to the activation of antitumor barriers of apoptosis or cellular senescence, through
induction of the DDR pathway (79, 120). This mechanism is activated by replication stress and by
re-replication in the case of CDC6. Prolonged replication stress leads to genomic instability with
consequent loss of tumor suppressor genes, such as TP53, bypass of anti-tumor barriers and

finally cancer progression (120).

Moreover, CDC6 overexpression in precancerous and cancerous epithelial cells with RAS gene
mutations induces the acquisition of mesenchymal cell (EMT) characteristics, with subsequent
loss of E-cadherin expression which is a key feature of EMT phenotype (109, 110). Repression of
E-cadherin (CDH1) gene transcription is achieved through CDC6 binding to the promoter at
specific regions called E-boxes. This binding leads to the removal of the transcriptional regulator

CTCF and histone H2A.Z from the promoter resulting in heterochromatinization and silencing of



Page |32

the gene. At the same time activation of a neighboring origin of replication takes place (Figure

1.7) (110).
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Normal CDC6 expression Oncogenic CDCG6 expression

CDH1locus e
@( o E-Cadnarin .@/ Eom
1 mn exprosien i ql CDHT
L] W u

hromatia [I——

— —

Figure 1.7: Proposed model for the involvement of CDC6 in transcriptional regulation of CDH1 (110).

1.10 CDC6 AND PROSTATE CANCER

Cell Division Cycle 6 (CDC6) constitutes an AR transcriptional target gene. AR binds at specific
regions in the promoter of Cdc6, named androgen-response element (ARE) sites, and this binding
is necessary for androgen-dependent Cdc6 transcription. The peak of AR occupancy at the ARE
sites happens during the G1/S phase of cell cycle similar with the peak of Cdcé mRNA expression.
Moreover, silencing of AR in prostate cancer cells leads to decreased Cdc6 expression as well as
decreased androgen-dependent cellular proliferation. Conjointly, it is clear that Cdc6 is a crucial
mediator of AR signaling that facilitates the comprehension of the mechanisms involved in

prostate cancer cell proliferation (121).

Moreover, as it was mentioned again, prolonged CDC6 activation finally leads to “escape” from
cellular senescence, and a bulk of senescent cells re-initiate proliferation through distinct genetic
and epigenetic events, caused by the accumulated genomic instability (119, 122, 123). However,
the role of CDC6 in prostate cancer as well as the implication of CDC6 in the regulation of
senescence in the context of prostate cancer have not been thoroughly addressed and need

further investigation.
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CHAPTER 2

MATERIALS AND METHODS
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2.1 CELL LINES

For this work we used the human prostate cancer cell lines LNCaP, C4-2B and PC3. The LNCaP and
the enzalutamide-resistant C4-2B cell line were generously donated by MDAnderson Cancer
Center in Houston, Texas of USA. Moreover, the enzalutamide-resistant PC-3 cell line was
obtained by ATCC. The culture conditions of all cell lines included cell culture in RPMI medium
(10% fetal bovine serum (FBS), 1% penicillin/streptomycin), maintenance at 37 °C and 5% CO> and

growth to 70% confluency.

2.2 INHIBITION OF AR SIGNALING

The pharmacological inhibition of AR signaling node in all cell lines was carried out via 5-day
treatment with Enzalutamide at a final concentration of 10 uM (stock concentration 10 mM). We
replenished every 2 days enzalutamide in the cell culture medium and as control, we added DMSO
in the cell culture medium at 0.1% final concentration. Enzalutamide (MDV3100) was purchased

from Selleckchem (Catalog No. $1250).

2.3 RNA INTERFERENCE (RNAi) EXPERIMENTS

For siRNA-mediated silencing in LNCaP, C4-2B and PC-3 cell lines, we used Lipofectamine 2000
(Invitrogen) following the manufacturer instructions. The oligonucleotides that were used for
these RNAi experiments are the following: non-targeting (CTRL): UAAGGUAUGAAGAGAUAC
(Dharmacon) and siRNAs to GATA2 (GS2624, set of 4) that were obtained from Qiagen (stock
concentration 10uM, used concentration 100 nM) and CDC6 Stealth siRNAs (HSS101647,
HSS101648, HSS101649; set of 3) that were obtained from ThermoFischer Scientific (#1299001)

(stock concentration 20uM, used concentration 150 nM).
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2.4 PROTEIN EXTRACTION AND WESTERN BLOT ANALYSIS

In order to extract total protein from cells and tissue samples, we washed them with cold PBS
before their lysis with Laemmli Lysis Buffer (50 mM Tris-HCI pH 6.8, 2% SDS, 50 mM NaF, 10 mM
B-glycerophosphate, 0.5 mM Na3VOsand 1xEDTA free protease inhibitors) and then we
normalized the cell lysates using the NanoDrop (Thermo Scientific). Western blotting was carried
out as previously described by Papasyropoulos et al. (124). In brief, samples after their loading on
8-10% acrylamide/bis-acrylamide gels were transferred onto PVDF membrane (Millipore)and
then were immunoblotted with the relevant primary antibodies overnight at 4°C. Primary
antibodies that were used in this study are the following; AR (1:000 dilution, Cell Signaling #5153),
PSA (1:1000 dilution, Cell Signaling #2475), CDC6 (1:200 dilution, Santa Cruz #9964),
p21WAF1/Cipl (1:500 dilution, Cell Signaling #2947), E-Cadherin (CDH1; 1:500 dilution, Cell Signaling
#3195) and GAPDH (:2000 dilution 1, Cell Signaling #5174). The HRP-linked secondary antibodies
anti-mouse (Cell Signaling #7076) and anti-rabbit (Cell Signaling #7074) were used at a dilution of
1:1000.

2.5 CELL PROLIFERATION ASSAY

In order to investigate potential effects of Enzalutamide in the proliferation of LNCaP and C4-2B
cells we performed the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
(CellTiter 96° Non-radioactive Cell Proliferation Assay, Promega). For this assay, we seeded 8000
cells from each cell line into a 96-well plate in octuplicate, and then cells were incubated at 37 °C
and 5% CO,. Then, we treated the cells either with Enzalutamide or DMSO as control. The process
of the samples was achieved following the manufacturer’s instructions. After we added the MTT
solution in the culture medium, cells were maintained in the incubator for 2-4 h. Then we

measured their absorbance at 570 nm using a 96-well plate reader (Anthos 2010 Microplate
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Reader, Biochrom). We used as blanks of absorbance three control wells with only culture

medium.

2.6 IN VITRO MIGRATION AND INVASION ASSAYS

For these assays, PC-3 cells were cultured in DMEM medium containing 10% FCS in 6-well dishes.
When cells reached a 90% confluency, we changed the medium with fresh one containing or not
enzalutamide at a final concentration of 10 uM. To evaluate cell migration, three days later we
scraped the cell layer in a straight line using a 200 pl pipette tip. After removing the floating cells,
we washed the remaining ones with PBS and then we added again fresh medium (with or without
enzalutamide). We photographed the cell cultures under a Nikon Eclipse TS2 microscope
immediately after scratching (O hours) and after 24 hours. To evaluate the invasive potential of
PC-3 cells (before and after enzalutamide treatment), we used a cell invasion assay kit

(Chemicon), following the manufacturer’s instructions.

2.7 RNA EXTRACTION, cDNA PREPARATION and gRT-PCR

In order to isolate total RNA from cells and tissue samples we used Nucleospin RNA extraction kit
(Macherey-Nagel #740955) accordingly to the manufacturer’s instructions. For the cDNA
synthesis was we used the GoScript Reverse Transcriptase kit (Promega; A5000). Quantitative
Real-Time PCR was carried out as previously described (124, 125) using the Power SYBR Green
Cells-to-Ct kit protocol (Applied Biosystems). After we prepared the cDNA, we diluted it down 4
times in Nuclease-free water. Then, we produced the PCR Cocktail mix including the forward and
reverse primers. PCR reactions were performed in 96-well plates (Life Technologies) and the PCR
instrument (Applied Biosystems) was programmed as follows: Stage 1; Enzyme activation (hold),

repeats 1, temperature 95 °C, time 10 min, Stage 2; PCR (cycle), repeats 40, Step 1; Temperature
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95 °C, time 155, Step 2; Temperature 60 °C, time 1 min, Stage 3. Dissociation curve Step 1;
Temperature 95 °C, time 15 s. Step 2; Temperature 60 °C, time 1 min, Step 3; Temperature 95 °C,
time 30s, Step 4; Temperature 60 °C, time 15s. The primer sequences that we used are the
following: E-CADHERIN (CDH1) forward: 5’-GCCTCCTGAAAAGAGAGTGGAAG-3’ and reverse 5’-
TGGCAGTGTCTCTCCAAATCCG-3’, SNAIL (SNAI1) forward 5’- TGCCCTCAAGATGCACATCCGA-3’ and
reverse 5’- GGGACAGGAGAAGGGCTTCTC-3’, ZEB1 forward 5- GGCATACACCTACTCAACTACGG-3’
and reverse 5'-TGGGCGGTGTAGAATCAGAGTC-3, GATA2 forward 5’-
CAGCAAGGCTCGTTCCTGTTCA-3’ and reverse 5'- ATGAGTGGTCGGTTCTGCCCAT-3’, GAPDH forward
5’- TGCACCACCAACTGCTTAGC-3’ and reverse 5'- GGCATGGACTGTGGTCATGAG-3'. We performed
three independent experiments to average our results and we quantified them using the relative

the 2~A-AACt method.

2.8 IMMUNOFLUORESCENCE

For Immunofluorescence staining, we seeded cells at 70% confluency on coverslips, we fixed
them applying 4% PFA in PBS for 10 min in 4°C and then we permeabilized them applying Triton-
X 0.3%/PBS for 15 min. Blocking of non-specific binding of antibodies was carried out by applying
normal goat serum for 1 h at RT (dilution 1:40, Abcam ab138478). Then, in order to detect the
lipofuscin, we stained the cells using SenTraGor™ reagent as described in the SenTraGor™
staining section below. The visualization of senescent cells was carried out using primary anti-
biotin conjugated fluorescent antibody (dilution 1:100, Biotium BNC610400-100) for 1h at RT.
Then, we washed the cells with PBS and we stained them with primary antibody anti-p21WAF1/Cip1
(dilution 1:200, Cell Signaling #2947) for 1h at RT. After washing with PBS, we applied secondary
antibody (Goat Anti-Rabbit: dilution 1:500, Abcam ab150077) for 1h at RT. We washed the cells

with PBS and and we counterstained their nuclei with DAPI. Mounting of cells was performed



Page |38

after washing them with dH0 for 30 sec. In the end, we observed the cells under the Leica TCS-

SP8 confocal microscope on the 10x Objective (100x magnification).

2.9 IMMUNOCYTOCHEMISTRY

Cells were seeded, fixed, permeabilized and blocked as previously reported in the
Immunofluorescence section. Then we applied the SenTraGor™ reagent as will be described in
the SenTraGor™ staining section below. We continued applying primary antibodies for 1h at RT
(anti-biotin antibody (dilution 1:300, Abcam ab201341), anti-Ki67 (dilution 1:200, Abcam
ab16667), anti-cleaved Caspase-3 (dilution 1:300, Cell Signaling #9664)). The development of
positive signal was achieved using the Dako REAL EnVision Detection System, (Cat.no: K5007)
following the manufacturer’s instructions. Then, we stained the cells with Hematoxylin and we
mounted them. In the end, we observed the cells under a ZEISS Axiolab5 microscope on the 10x,

20x or 40x Objectives (100x, 200x and 400x magnification, respectively).

2.10 IMMUNOHISTOCHEMISTRY

For Immunohistochemistry staining, we obtained 4 um sections from formalin-fixed paraffin
embedded (FFPE) mouse tumors. Tumor sections were deparaffinized, hydrated and antigen
retrieval was performed by heating them in 10 mM citric acid (pH 6.0) for 10 minutes. Then we
applied SenTraGor™ reagent as will be described in the SenTraGor™ staining section below.
Blocking of non-specific binding of antibodies was carried out by applying normal goat serum for
1 h at RT (dilution 1:40, Abcam ab138478). Then we applied primary antibodies (anti-biotin
antibody (dilution 1:300, Abcam ab201341), primary anti-Ki67 (dilution 1:200, Abcam ab16667))
and we incubated the sections overnight at 4 °C. Development of positive signal was achieved

using the Dako REAL EnVision Detection System, (Cat.no: K5007) following the manufacturer’s
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instructions. In the end, we observed the tumor sections under a ZEISS Axiolab5 microscope on

a 20x Objective (200x magnification).

2.11 SenTraGor™ (GL13) STAINING

SenTraGor™ staining was performed as previously described (126, 127). More specifically, we
seeded cells on coverslips and we obtained tissue sections and after their blocking we applied in
the beginning 50% ethanol for 5 min, 70% ethanol for 5 min and then SenTraGor™ for 10 min at
37°C. Then we washed the cells/tissue sections with 50% ethanol for 2 min and then with 1X PBS.
We removed excess amount of SenTraGor™ with a 3-min wash with Triton-X 0.3%/PBS. After
washing cells/tissue sections with PBS we applied primary anti- biotin antibodies for 1 h at RT
(dilution 1:300, Abcam ab201341 in the <case of immunocytochemistry and
immunohistochemistry; dilution 1:100, Biotium BNC610400-100 in the case of

immunofluorescence).

2.12 TRANSMISSION ELECTRON MICROSCOPY

For this assay, we cultured LNCaP and C4-2B cells up to 80% confluence and then we fixed them
applying 2.5% glutaraldehyde in 0.01M PBS for 30 min at room temperature (RT). Then, we
harvested the cells using a scraper, collected them into a tube and centrifuged them at 800 x g
for 5 min at RT. Then we aspirated the supernatant, while cells were resuspended in warmed 4%
gelatin aquatic solution followed by centrifugation at 800 x g for 5 min at RT and cooled on ice.
Under a stereoscope we extracted he solidified cell pellet with gelatin, we cut it into small
fragments (1-2 mm?3) and then we transferred the fragments into PBS at 4 °C. The cell-gelatin
fragments were then dehydrated in graded series of ethyl alcohol, followed by propylene oxide

(PO) treatment, infiltrated gradually in a mixture of Epon/Araldite resins diluted in PO, and finally



Page |40

embedded in fresh epoxy resin mixture. Then we cut ultrathin sections (70-90 nm thickness)
using a Leica Ultracut R ultramicrotome, equipped with a Diatome diamond knife, and we
mounted them onto 200-mesh copper grids. The sections were then counterstained with
ethanolic uranyl acetate followed by lead citrate and observed on a Philips 420 transmission

electron microscope equipped with an Olympus Megaview G2 CCD camera.

2.13 IN VIVO EXPERIMENTS

All animal studies were approved by the National Hellenic Research Foundation (NHRF) Animal
Care and Use Committee. The study protocol was approved by the local ethics committee (Athens
Prefecture Veterinarian Service; (315856/15-03-2023)). The in vivo study was conducted in the
ISO 9001: 2015 operating (registration number 1-030-02-100-01430) animal model unit of the
Institute of Chemical Biology of the NHRF. Briefly, we subcutaneously inoculated male C.B-Igh-
1°/lcrTac-Prkdcscd (SCID) mice (n=6 per condition) with 5x10° LNCaP or C4-2B cells resuspended
in BME (R&D Systems). When the size of tumor was around 50 mm3, we treated the mice with
10 mg/kg enzalutamide diluted in DMSO and resuspended in corn oil/saline solution (final DMSO
concentration at 0.001% w/v). Enzalutamide was administrated by oral gavage for 8 consecutive
days. In order to avoid the adverse effect of enzalutamide, mice were monitored daily for any
signs of illness or discomfort. At the end of the experiment, the mice were euthanized and the
we surgically excised the tumors to procced with downstream molecular analysis and

immunohistochemistry.

2.14 RNA SEQUENCING, BIOINFORMATICS AND STATISTICAL ANALYSIS

RNA sequencing, bioinformatics and statistical analysis were carried out as previously described

(128).
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CHAPTER 3

RESULTS
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3.1 A GATA2-CDC6 AXIS MODULATES SENESCENCE IN RESPONSE TO AR SIGNALING INHIBITION.

To elucidate the molecular mechanisms underlying the sensitivity to AR inhibition, we initially
implemented the LNCaP prostate cancer cell line, that represents androgen-sensitive localized
cancer. Based on literature, AR was shown to directly promote the transcription of CDC6 (121).
Furthermore, androgen deprivation was found to cause induction of senescence in LNCaP cells,
however with temporary effects, driving finally CRPC development (93-95). For that reason, we
initially wanted to ascertain whether inhibition of AR may induce senescence and if CDC6 is
involved in this process. We found that treating LNCaP cells with the AR inhibitor enzalutamide
led to complete abrogation of CDC6 expression. This result is in accordance with the previously
reported role of AR in CDC6 transcription (Figure 3.1). Intriguingly, although senescence as a
stress response was previously found to be provoked by CDC6 upregulation (79), CDC6
downregulation in LNCaP cells came along with p21WAF/CiPl ypregulation, a p53 downstream

target that participates in senescence induction (66, 129) (Figure 3.1).
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Figure 3.1: Western blotting of LNCaP control and LNCaP enzalutamide-treated cell lysates with the
indicated antibodies. We verified the responsiveness of LNCaP cells to enzalutamide with the complete

absence of PSA expression upon treatment. We used GAPDH as endogenous control (128).
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Induction of senescence in LNCaP cells upon enzalutamide treatment was further confirmed by
immunocytochemical GL13 staining that identifies the accumulation of lipofuscin in the
cytoplasm of senescent cells. As previously reported, lipofuscin accumulation is one of the most

distinguished hallmarks of senescence phenotype (Figure 3.2) (127).
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Figure 3.2: GL13 immunocytochemical staining of LNCaP control and LNCaP enzalutamide-treated cells
(top) and quantification of GL13 positive cells (bottom). Lipofuscin mostly accumulates in the cytoplasm

of LNCaP enzalutamide-treated cells. Magnification: 200x (Objective 20x), scale bars: 30 um (128).
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In agreement with the senescent phenotype, cellular proliferation was reduced in LNCaP cells

receiving treatment (Figure 3.3).

MTS Proliferation Assay
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Figure 3.3: MTS proliferation assay confirmed that proliferation of LNCaP cells was decreased upon

treatment with enzalutamide (128).

In order to investigate the molecular basis and the most important regulators of senescence
induction in LNCaP cells upon CDC6 reduction, we performed RNA sequencing in LNCaP control
and LNCaP enzalutamide-treated cells. Intriguingly, we found that the transcription factor GATA2
was one of the most significantly upregulated genes in response to therapy (Figure 3.4). GATA
elements, according to previous studies, are located in the CDC6 promoter, in specific regions
named Androgen Response Element (ARE) sites (Figure 3.4) (121), implying that may GATA factors

may directly modulate CDC6 transcription.
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Figure 3.4: RNA sequencing analysis in LNCaP control and LNCaP enzalutamide-treated cells revealed
GATA2 as one of the most predominantly upregulated factors (P<0.01). GATA elements have been found

in the CDC6 promoter in specific regions named Androgen Response Element (ARE) sites (121, 128).

To investigate if CDC6 is regulated by GATA2, we silenced GATA2 in LNCaP control and LNCaP
enzalutamide-treated cells, and we found that CDC6 was stabilized upon GATA2 loss regardless of
treatment (Figure 3.5, 3.6). It is of note that, silencing of GATA2 didn’t increase
p21WAFL/Cipl expression even upon treatment with enzalutamide (Figure 3.5, 3.6). Interestingly,
endogenous GATA2 levels were shown to be remarkably upregulated in response to
enzalutamide, followed by CDC6 loss, p21WAF/Cirljncrease and induction of senescence

phenotype (Fig. 3.5-3.7).
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Figure 3.5: Western blotting of LNCaP cells transfected with the siCTRL (indicating non-targeting siRNA)
or siGATA2 s and/or treated with DMSO or enzalutamide. CDC6 expression levels are shown to be

increased upon GATA2 silencing regardless of treatment (128).
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Figure 3.6: gPCR for GATA2 mRNA levels confirming successful GATA2 knock-down in Figure 3.5.

Endogenous GATA2 mRNA levels are shown to be upregulated in response to enzalutamide (128).
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Figure 3.7: Double GL13/p21WAF/CP Immunofluorescence staining (top) and quantification (bottom) of
stained cells, validates senescence induction in LNCaP cells only upon enzalutamide treatment.

Maghnification: 100x (Objective 10x), scale bars: 60 um (128)

These results indicate that AR signaling inhibition in androgen-dependent LNCaP cells triggers the
natural activation of GATA2, which may directly repress CDC6, thereby establishing senescence

phenotype.
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We next wanted to elucidate the effect of the potential GATA2-CDC6 axis on LNCaP oncogenic
characteristics. As expected, and in line with the senescence phenotype, cellular proliferation of

LNCaP cells was significantly increased upon siGATA2-mediated CDC6 stabilization (Figure 3.8).
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Figure 3.8: Ki67 immunocytochemical staining (top) and quantification (bottom) of LNCaP cells in Figure
3.5, reveal that LNCaP proliferation levels are in proportion with CDC6 expression levels. Magnification:

100x (Objective 10x), scale bars: 60 um. Inset magnification: 400x (Objective 40x) (128).
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Furthermore, silencing of GATA2 activated EMT, as shown by decreased levels of E-cadherin

(CDH1) and increased levels of ZEB1 and SNAI1 (Figure 3.9).
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Figure 3.9: qPCR for EMT markers CDH1, ZEB1 and SNAI1 in the indicated conditions of LNCaP cells from

Figure 3.5. GATA2 loss is followed by an EMT profile regardless of treatment with enzalutamide. Data are

normalized to GAPDH expression (128).

These results point out that GATA2 loss promotes CDC6 upregulation that may be adequate to

increase the invasiveness of localized prostate cancer cells,

transformation.

driving their metastatic
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3.2 SILENCING OF CDC6 INDUCES SENESCENCE IN ENZALUTAMIDE-RESISTANT PROSTATE

CANCER CELLS.

We next tried to investigate if AR inhibition in a CRPC setting may again depend on regulation
of CDC6 expression, as shown in androgen-sensitive cells. For that aim, we implemented
androgen-independent C4-2B and PC-3 cells. C4-2B cells are isolated from bone metastases that
are formed in nude mice after their inoculation with LNCaP-derived, androgen-independent C4-
2 cells (130). Since C4-2B are enzalutamide-resistant prostate cancer cells, in conjunction with
LNCaP cells, they compose an exceptional preclinical model for the investigation of progression
of localized androgen-dependent prostate cancer into metastatic and androgen-independent
disease (131). PC-3 cells originate from bone metastatic, human prostate adenocarcinoma cells

and are also shown to exhibit increased resistance to enzalutamide (132, 133).

Intriguingly, inhibition of AR in androgen-independent C4-2B cells via treatment with
enzalutamide led to increased CDC6 levels, while no senescence induction was detected as

indicated by no change in p21WAF/Cipl |eyels as well as absence of GL13 staining (Fig. 3.10, 3.11).
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Figure 3.10: Western blotting of C4-2B cell lysates treated with DMSO or enzalutamide. CDC6 is shown to

be stabilized upon enzalutamide treatment (128).
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Figure 3.11: GL13 immunocytochemical staining of C4-2B control and C4-2B enzalutamide-treated cells
(top) and quantification of GL13 positive cells (bottom) revealed non-significant differences in the
accumulation of lipofuscin between the indicated conditions. Magnification: 200x (Objective 20x), scale

bars: 30 um (128).

Based on this result, we then checked if loss of CDC6 may lead to reversal of the C4-2B cell
phenotype. To be sure that our results are cell line unbiased, we independently confirmed those
results also in PC-3 cells. Indeed, silencing of CDC6 in C4-2B and PC-3 cells led to increased
p21WAF1/CiPl Jeyels as well as induction of senescence. Interestingly, CDC6 knockdown led to

induction of senescence even upon enzalutamide treatment (Figure 3.12, 3.13).
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Figure 3.12: Western blotting of C4-2B and PC-3 cells transfected with the siCTRL (indicating non-
targeting siRNA) or siCDC6 s and/or treated with DMSO or enzalutamide. CDC6 protein levels are

stabilized upon enzalutamide at the expense of p21WAF/CiP1 (128).
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Figure 3.13: Double GL13/p21WAF/SPL Immunofluorescence staining and quantification of stained cells in
C4-2B (top) and PC-3 (bottom) cells, validates senescence induction only in CDC6-depleted cells.
Maghnification: 100x (Objective 10x), scale bars: 60 um (128).

In line with the senescent phenotype of C4-2B cells induced by CDC6 silencing, the proliferation
of CDC6-depleted C4-2B cells was significantly reduced (Figure 3.14, 3.15).
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Figure 3.14: MTS proliferation assay in C4-2B cells identifies a significant proliferation decrease of C4-2B
cells upon CDC6 depletion (128).
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Figure 3.15: Ki67 immunocytochemical staining and quantification of stained C4-2B (top) and PC-3
(bottom) cells, reveal a proliferation decrease upon CDC6 loss, in both cell lines. Magnification (top):
100x (Objective 10x), scale bars: 60 um. Inset magnification: 400x (Objective 40x). Magnification
(bottom): 200x (Objective 20x), scale bars: 30 um(128).

Moreover, silencing of CDC6 reduced EMT, as indicated by the remarkable changes in the mRNA

levels of all EMT markers that we checked (Figure 3.16). Interestingly, enzalutamide treatment
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alone caused a significant activation of EMT (Figure 3.16), signifying that CDC6 upregulation upon

acquired resistance may exacerbate the invasiveness of prostate cancer cells.
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Figure 3.16: qPCR for EMT markers CDH1, ZEB1 and SNAI1 in the indicated conditions of C4-2B (top) d
PC-3 (bottom) cells. CDC6 loss rescues EMT marker expression, while CDC6 stabilization upon

enzalutamide treatment has the opposite effect. Data are normalized to GAPDH expression (128).

Combining our results, we conclude that there is a potentially opposite modulation pattern of
CDC6 in androgen-dependent and —independent prostate cancer cells; however, the absence of

CDC6 may induce senescence and rescue crucial oncogenic characteristics of androgen-

independent cancer cells.
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3.3 ENZALUTAMIDE MODULATES A GATA2-CDC6 AXIS TO WORSEN EMT PHENOTYPE UPON

ACQUIRING RESISTANCE TO ANDROGEN BLOCKADE THERAPY.

In order to investigate if the upregulation of CDC6 that came up upon treatment with
enzalutamide may again rely on GATA2 in a castration-resistant setting, we silenced GATA2 in C4-
2B and PC-3 cells treated or not with enzalutamide. We observed that in both cell lines silencing
of GATA2 resulted in CDC6 upregulation compared to control regardless of treatment (Figure 3.17,
3.18), confirming again the role of GATA2 as a CDC6 repressor. Intriguingly and conversely with
our findings in LNCaP cells, enzalutamide treatment alone resulted in a significant decrease of
endogenous GATA2 levels compared to control, followed by an increase of CDC6 protein levels

(Figure 3.17, 3.18).
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Figure 3.17: Western blotting of C4-2B (top) and PC-3 cells (bottom) transfected with the siCTRL
(indicating non-targeting siRNA) or siGATA2 and/or treated with DMSO or enzalutamide. CDC6 protein

levels are stabilized either upon GATA2 silencing or enzalutamide treatment (128).
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Figure 3.18: gPCR for GATA2 mRNA levels confirms successful GATA2 knock-down in Figure 3.17.
Endogenous GATA2 mRNA levels are shown to be down regulated in response to enzalutamide in already

enzalutamide-resistant cells (128).

In order to search for potential effects of GATA2-mediated CDC6 regulation in a castration-
resistant cellular setting, we again evaluated various oncogenic characteristics of C4-2B and PC-3
cells upon depletion of GATA2, followed by treatment with DMSO or enzalutamide. No evidence
of senescence phenotype was observed upon either GATA2 silencing or enzalutamide treatment

(Figure 3.19, 3.20), coinciding with CDC6 upregulation.
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Figure 3.19: GL13 Immunofluorescence staining and quantification of stained C4-2B cells indicates no

induction of senescence upon enzalutamide treatment. Magnification: 100x (Objective 10x), scale bars:

60 um (128).
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Figure 3.20: GL13 immunocytochemical and quantification of stained PC-3 cells indicates no induction of

senescence upon enzalutamide treatment. Magnification: 200x (Objective 20x), scale bars: 30 um (128).
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Furthermore, although in both C4-2B and PC-3 cell lines no significant changes in their
proliferation capacity upon silencing of GATA2 depletion or enzalutamide treatment were
observed (Figure 3.21), we identified in both cell lines a significant activation of EMT markers,
revealing that CDC6 stabilization via natural or RNAi-mediated GATA2 depletion is enough for

already metastatic prostate cancer cells to obtain more aggressive characteristics (Figure 3.22).
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Figure 3.21: Ki67 immunocytochemical staining and quantification of stained C4-2B cells reveal a no
significant change in their proliferation upon GATA2 loss. Magnification: 100x (Objective 10x), scale bars:

60 um. Inset magnification: 400x (Objective 40x) (128).
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FIGURE 3.22: qPCR for EMT markers CDH1, ZEB1 and SNAI1 in the indicated conditions of C4-2B (top) d
PC-3 (bottom) cells. GATA2 loss or enzalutamide treatment, promote EMT marker expression. Data are

normalized to GAPDH expression (128).

This result was further validated with in vitro migration and invasion assays in PC-3 cells revealing
that PC-3 cells treated with enzalutamide acquired an increased migratory and invasive potential

(Figure 3.23).
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Figure 3.23: (Top): Wound healing assay of PC-3 control or PC-3 enzalutamide-treated cells, showing cell
migration at the indicated time points after wound formation. Cells used to the assay have already been
treated or not with enzalutamide for 72 h. Magnification: 50x (Objective 5x), scale bars: 200 um.
(Bottom left): Quantification of PC-3 control or PC-3 enzalutamide-treated cells migration potential and
(Bottom right): Quantification of PC-3 control or PC-3 enzalutamide-treated cells invasion potential,

using a colorimetric invasion assay (128).

Our findings so far show that the identified GATA2-CDC6 axis is modulated in a different way in
enzalutamide-resistant C4-2B and PC-3 cells compared to enzalutamide-sensitive LNCaP cells. We

observed that further treatment of CRPC cells with AR inhibitors may actually result in increased
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invasiveness via GATA2-mediated CDC6 upregulation. This interesting result has to be taken into
consideration in the treatment of CRPC patients, because therapy-induced oncogenic

consequences may start immediately upon acquiring therapy-resistance.

With the aim of further validating our observations in a larger dataset, we recovered publicly
available RNA-seq data from enzalutamide-resistant and enzalutamide-sensitive prostate cancer
cell lines and tumor samples (134-139). Not surprisingly, a comparative pathway enrichment
analysis between these two groups, revealed that in enzalutamide-resistant samples pathways
linked to cell cycle progression, active cell division and proliferation were upregulated, whereas

pathways related to cell adhesion and differentiation were downregulated (Figure 3.24).

ENZA-R vs ENZA-S
Upregulated pathways

G1/S Transition
Macromolecular complex subunit organization
Synthesis of DNA

Organelle erganization

DNA metabolic process
. . ICell eycle
in 'WI."O/-'H vitro | Nucleobase-containing compound metabolic process
enzalutamide-treated o 1 Ce‘llular oorr!ponem_organizal\on
rotein plex subunit organization
prostate cancer samples JProtein complex assembly
Ny 2 220 O Nuclear division
GSE55030 Cell proliferation
GSE108708 Pathway
analysis 0 5 10 15 20
GSE184168 —_— _log(10)Pvalue
GSE163240
Downregulated pathways
GSE150807 Mult )
ulticellular erganism development
GSE151083 Anatomical structure development

MNervous system development
Anatomical structure morphogenesis
Cell projection organization

Cytoskeleton organization

Regulation of cell differentiation

Cell differentiation

Cell adhesion

| | Circulatory system development

0 5 10 15 20 25
-log(10)Pvalue

Figure 3.24: A comparative pathway enrichment analysis between enzalutamide-sensitive (ENZA-S) and

enzalutamide—resistant (ENZA-R) prostate cancer cell lines or mouse xenografts, from publicly available

RNA-seq datasets, showed that pathways linked to cell cycle progression, cell division and proliferation
were upregulated in enzalutamide-resistant samples compared with pathways related to cell

adhesion(128).
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We next wanted to further explore the factors that participate in the predominant pathways that
the comparative pathway enrichment analysis revealed. As expected, and in line with our in vitro
findings, we observed that CDC6 was significantly upregulated in enzalutamide-resistant samples
compared to enzalutamide-sensitive samples, while GATA2 was significantly downregulated,
following the opposite pattern with CDC6 (Figure 3.25). Then, we tried to find a potential
correlation between the GATA2-CDC6 pattern with senescence and/or EMT across the whole
dataset. Indeed, we found that some established senescence markers (140, 141) were found
significantly reduced in enzalutamide-resistant samples, while well-characterized EMT markers

were significantly upregulated (Figure 3.26).
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Figure 3.25: CDC6 mRNA levels were found significantly increased in enzalutamide-resistant samples,
whereas GATA2 mRNA levels were decreased in enzalutamide-resistant samples compared to

enzalutamide- sensitive counterparts (128).



Page | 64

ENZA-R vs ENZA-S

M Senescence markers p<0.05

_______________________________________

44 M EMT markers :

mRNA
[log2 fold change]

Figure 3.26: Known EMT markers (142), including ZEB1 and SNAI1, were upregulated in enzalutamide-
resistant samples, while markers related to senescence and SASP followed the opposite pattern.

Senescence and SASP markers were recovered from: https://www.reactome.org/content/detail/R-HSA-

2559582 (128).

A heatmap of normalized RNA seq raw counts showed that CDC6 is clearly reversely correlated
with GATA2 in both enzalutamide-resistant and enzalutamide—sensitive samples (Figure 3.27).
Furthermore, GATA2'°% -CDC6"8" levels linked with EMT activation, whereas GATA2heh-CDCg'oW

levels associated with the presence of senescence in all cases (Figure 3.27).


https://www.reactome.org/content/detail/R-HSA-2559582
https://www.reactome.org/content/detail/R-HSA-2559582
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Figure 3.27: A heatmap of normalized RNA seq raw counts showed that CDC6 upregulation in
enzalutamide-resistant samples links to increased EMT and reduced GATA2 and senescence, while the

opposite pattern of all these counterparts was observed in enzalutamide-sensitive samples (128).

Of note, all these results confirm our in vitro findings, showing that if we experimentally regulate
the GATA2-CDC6 axis we can drive the AR inhibition-resistant prostate cancer to bypass their

harmful clinical phenotypes.

In order to be sure that the observed consequences of GATA2-CDC6 modulation were not due
to activation of other cellular processes, such as autophagy or apoptosis, we subjected both
LNCaP and C4-2B cells treated or not with enzalutamide, to transmission electron microscopy
(TEM), and finally we excluded the possibility of autophagy induction, because we did not observe

autophagic vacuoles in any condition (Figure 3.28).
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Figure 3.28: Electron micrographs of LNCaP and C4-2B control or enzalutamide-treated cells showed no
autophagy induction upon treatment with enzalutamide. N: nucleus; m: mitochondrion. Scale bars for

LNCaP cells: 1 um; for C4-2B cells: 500 nm (128).

Furthermore, another observation that led us to the conclusion that enzalutamide did not
promote induction of apoptosis in LNCaP, C4-2B and PC-3 cells is that all these cells were found

negative for cleaved caspase-3 staining regardless of treatment (Figure 3.29).
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Figure 3.29: Cleaved caspase-3 Immunocytochemical staining of LNCaP-, C4-2B- and PC-3- control or
enzalutamide-treated cells demonstrated no evidence of apoptosis induction. As positive control we
used PC-3 cells treated with 5% DMSO for 24 h. Magnification: 200x (Objective 20x), scale bars: 30 um
(128).

In order to further validate our in vitro findings in an in vivo setting, we subcutaneously injected
LNCaP and C4-2B cells in immunodeficient SCID mice. Then, when tumors were successfully
formed, we treated mice with enzalutamide (10 mg/kg) for an overall period of 8 days. Not
surprisingly and in line with our in vitro observations, enzalutamide-treated LNCaP xenografts
appeared senescence and decreased proliferation compared to untreated LNCaP xenografts

(Figure 3.30).
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Figure 3.30: Ki67 and GL13 Immunohistochemical staining in serial sections of LNCaP- control and LNCaP
-enzalutamide treated mouse xenografts (left) and their quantification (right) showed that senescence
was induced and proliferation was decreased in LNCaP-enzalutamide treated mouse xenografts
compared to control. Magnification: 200x (Objective 20x), scale bars: 30 um. Inset magnification: 400x

(Objective 40x) (128).

We then continued with further analysis of LNCaP cell lysates from extracted tumors. We found
that CDC6 protein levels were decreased upon treatment with enzalutamide, followed by
p21WAFL/Cipl jncreased levels (Figure 3.31). Moreover, we observed a significant increase in GATA2

levels (Figure 3.32), completely validating our in vitro observations.
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Figure 3.31: Western blotting of cell lysates from LNCaP mouse xenografts tumors, with or without
treatment with enzalutamide, showed CDC6 downregulation accompanied by p21WAFY/CPl gnd CDH1

upregulation, upon treatment with enzalutamide (128).
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Figure 3.32: g-PCR for GATA2 mRNA levels of cell lysates from LNCaP mouse xenografts tumors, with or
without treatment with enzalutamide demonstrated an increase of GATA2 levels upon treatment with

enzalutamide (128).
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Furthermore, we demonstrated that enzalutamide promoted a decrease of EMT in LNCaP mouse

xenografts (Figure 3.31, 3.33, 3.34).
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Figure 3.33: gPCR for EMT markers CDH1, ZEB1 and SNAI1 in LNCaP-control and LNCaP- enzalutamide

treated (10 mg/kg) mouse xenografts revealed an EMT attenuation upon enzalutamide treatment. Data

are normalized to GAPDH expression (128).

Tumor volume {mm?3)

150 4

100 4

- LNCaP Control
= | NCaP ENZA

Days posttreatment

Figure 3.34: Curves showing tumor volume during treatment with enzalutamide in mice injected with

LNCaP cells.
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On the other hand, C4-2B tumors exhibited no proof of senescence irrespective of enzalutamide

(Figure 3.35, 3.36), followed by CDC6 and EMT increase, enhanced invasiveness (Figure 3.36,

3.38-3.40), and GATA2 decrease (Figure 3.37).

C4-2B Control

C4-2B ENZA

GL13 staining

KI67 staining
»
w P .
& - ' .
©
S ‘
ap PP
8 \J
g =
x . L %
s
1 . ’
», ’
4
L e
%] P, f
& S
=
o Wy
%o . < e !
154 X4 4
o 5 Lot
x t
w -
wd
»
» ?

60

40

20

% positive staining

0

Control +

ENZA (10mg/kg) -

Quantification

mKI67

@EGL13

Figure 3.35: Ki67 and GL13 Immunohistochemical staining in serial sections of C4-2B - control and -

enzalutamide treated mouse xenografts (left) and their quantification (right). Magnification: 200x

(Objective 20x), scale bars: 30 um. Inset magnification: 400x (Objective 40x)(128).
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Figure 3.36: Western blotting of cell lysates from C4-2B mouse xenografts tumors, with or without

treatment with enzalutamide, showed CDC6 stabilization and CDH1 decrease upon enzalutamide(128).
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Figure 3.37: g-PCR for GATA2 mRNA levels of cell lysates from C4-2B mouse xenografts demonstrated a

decrease of GATA2 levels upon treatment with enzalutamide (128).
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Figure 3.38: gPCR for EMT markers CDH1, ZEB1 and SNAI1 in C4-2B-control and C4-2B- enzalutamide

treated (10 mg/kg) mouse xenografts revealed a clear EMT activation upon treatment with

enzalutamide. Data are normalized to GAPDH expression (128).
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Figure 3.39: Curves showing tumor volume during treatment with enzalutamide in mice injected with

C4-2B cells (128).

C4-2B xenografts

Control

) %

v.,. \

5. v _,) -'9' q“!-‘p

lol—

ENZA (10mg/kg)

Figure 3.40: Immunohistochemistry of C4-2B mouse tumors revealed enhanced invasiveness upon
treatment with enzalutamide, into the underlying muscle tissue. Magnification: 200x (Objective 20x),

scale bars: 30 um (128).
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These results strengthen our previous observations revealing the role of enzalutamide as
senescence-inducer in enzalutamide-responsive cells through GATA2M&"-CDC6'°" signaling axis.
On the other hand, enzalutamide-resistant cells not only continue to exhibit no evidence of
senescence upon treatment, but also display increased invasiveness followed by an opposite

GATA2-CDC6 modulation pattern.
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CHAPTER 4

DISCUSSION AND CONCLUSIONS
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In the present study we demonstrate a novel GATA2-CDC6 signaling axis that regulates

senescence induction, with a different modulatory pattern in androgen-sensitive and androgen-

resistant prostate cancer cells (Figure 3.41).
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Figure 3.41: Schematic representation of the proposed GATA2-CDC6 signaling axis in androgen-

dependent (LNCaP) and androgen-independent (C4-2B, PC-3) prostate cancer cells (128).
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In this study we show that AR signaling inhibition via treatment with enzalutamide promotes
GATA2 expression in androgen-sensitive prostate cancer cells, resulting in establishment of
senescence and reduction of proliferation and EMT via direct CDC6 suppression. On the other
hand, the GATA2-CDC6 axis exhibits a clearly converse modulatory pattern in androgen- resistant
prostate cancer cells upon treatment with enzalutamide. In particular, AR signaling blockade in
androgen-resistant prostate cancer cells reduces GATA2 expression, resulting in oncogenic

growth, increased invasiveness but not senescence induction through CDC6 upregulation.

Remarkably, in this study we show that experimental depletion of CDC6 can bypass the oncogenic
characteristics of metastatic and androgen-resistant cells and thus establishing senescence in this
enzalutamide-resistant setting. This finding is really crucial as it outlines the molecular

mechanisms that regulate Prostate Cancer progression and metastasis.

Additionally, in this work we indicate that previously unvalued harmful consequences in therapy
of prostate cancer patients that acquired resistance to AR inhibitors may be due to GATA2-driven
CDC6 expression. This finding has a very important impact in the therapy of Prostate Cancer as it
delineates the clinical setting where therapy with AR inhibitors may represent a successful and

productive therapeutic option.

It is well known that Androgen Deprivation Therapy and AR signaling inhibition represent the
centerpiece in the field of Prostate Cancer therapy. However, it is of note that these therapeutic

strategies are successful and effective only during early disease stages (28).

Enzalutamide is an oral second-generation nonsteroidal AR inhibitor that accordingly to clinical
trials it improves the overall survival of patients with Castration Resistant Prostate Cancer (56,
143). However, it is of note that, not all the patients with Castration Resistant Prostate Cancer
respond effectively to enzalutamide (144). Moreover, there are CRPC patients that initially
respond to enzalutamide but gradually they acquire enzalutamide resistance (144). As a result,
enzalutamide is currently not the first line treatment for patients with metastatic Castration

Resistant Prostate Cancer.
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Conversely, according to recent clinical data, enzalutamide may be remarkably more effective as
first line therapeutic strategy in patients with localized and androgen-sensitive prostate cancer

(145).

The results of the present work corroborate the clinical data, justifying mechanistically that
enzalutamide is an effective drug for early-stage androgen-sensitive prostate patients but
ineffective for many patients with metastatic Castration Resistant Prostate Cancer. Moreover, our
work indicates that administration of enzalutamide in CRPC patients for long-time, results in
acquiring therapy resistance and in enhanced oncogenic potential, through the GATA2-CDC6 axis
that we propose in this study, explaining the restricted gain of enzalutamide in CRPC patients’

overall survival rates (146).

The GATA family of transcription factors includes six proteins (GATA1-6) that actively regulate
many physiological and pathological processes like the development and differentiation of
various tissues (147). In the field of prostate carcinogenesis, GATA2 is a transcription factor of
major importance, as it actively determines the development of the urogenital system (147).
Moreover in the field of Prostate Cancer, according to recent literature, GATA2 induces AR
signaling pathway (148) that in turn promotes the transcription of the replication licensing factor

CDC6 (121, 149).

The model we propose in this study indicates that GATA2 functions as a CDC6 suppressor, where
the regulation of CDC6 by GATA2 dominates over AR-mediated CDC6 regulation. Actually, our
findings in androgen-sensitive LNCaP cells show that CDC6 downreguation due to AR inhibition
can be reversed by GATA2 depletion (Figure 3.5, 3.6). However, the justification for the converse

regulation of GATA2 levels in androgen-sensitive and —resistant cells still remains unknown.

Many factors that act upstream of GATA2 have been found in prostate cancer. For example, the
E3 ubiquitin ligase COP1 promotes the ubiquitination of GATA2 at K419/K424 and its following
degradation (148). Another upstream factor of GATA2 in prostate cancer is FOXA1. FOXA1l is a
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transcription factor that recruits GATA2 to Forkhead DNA Binding Domain (FKHD)-containing

genomic sites (150).

Moreover, in the CRPC setting, the GATA2 cistrome was shown to remarkably overlay with
bromodomain and extraterminal (BET) proteins, whereas BET inhibitors were found to attenuate
GATA2 activity (151). Although the differential response of androgen-sensitive and —resistant
prostate cancer cells to AR blockade may be attributed to the above GATA2 regulators, the exact

mechanism still needs to be further elucidated.

In the field of prostate cancer, there are molecular factors that bypass the AR signaling pathway
and its importance for the survival of prostate cancer cells, modulating by their own the cellular
growth. For example, VAV3 and TWIST1 oncogenes increased expression or DKK3 tumor
suppressor repression, have been associated with prostate cancer progression apart of AR
signaling pathway (152). Additionally, kinase-dependent signaling pathways may also bypass AR
signaling (153). In mice with Pten conditional prostate deletion, Pten loss that increases PI3K
activity, may enhance the proliferation of prostate cancer cells even in the absence of androgens,
rendering AR non-essential for their proliferation (154). Furthermore, AR inactivation has been
shown to induce activation of the glucocorticoid receptor (GR), enhancing prostate cancer cells

to progress into castration resistance (155, 156).

It is widely established the role of cellular senescence as a tumor barrier induced by a variety of
stimuli, such as oncogene activation (79, 81, 120). In this context, CDC6 activation was shown to
induce senescence through a process named oncogene-induced senescence (OIS) (79, 109). The
findings of this work reveal a new side of CDC6-induced senescence, where CDC6 depletion rather
than overexpression may induce senescence in prostate cancer. Our findings indicated that CDC6-
mediated senescence was induced both upon AR inhibition in androgen-dependent cells and
RNAi-mediated CDC6 silencing in CRPC cells, in line with observation from nasopharyngeal

carcinoma cells where CDC6 loss resulted in induction of irradiation-mediated senescence (157).
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In contrary, we indicate that CDC6 activation upon acquired enzalutamide resistance not only is
ineffective for senescence induction, but also enhances EMT. One possible explanation for this
result, is that prolonged activation of oncogenes such as CDC6, may promote senescence bypass
and cell cycle re-entry, leading to the acquisition of even more malignant and aggressive
oncogenic characteristics (66, 119, 158), caused by genetic and epigenetic modifications (122).
Actually, ADT-induced senescence in androgen-dependent prostate cancer cells was found to
allow their progression into CRPC, because of the existence of senescent cell subpopulations that

regain their proliferative potential (93).

A very crucial point about acquired therapy resistance in prostate cancer hinges on the
mechanism that regulates the progression of cells from a responsive to an irresponsive state.
Based on our model, CDC6 downregulation that is promoted via treatment of androgen-sensitive
cells with AR inhibitors, may cause DNA under-replication and consequently DNA damage, since
cells may enter to mitosis without completing their DNA replication or having unresolved
chromosomes (159, 160). DNA under-replication drives to gradual accumulation of genomic
instability which finally represses tumor suppressive mechanisms due to selective pressure (79,
109, 119, 120, 161). So, the GATA2-CDC6 axis that acts as tumor suppressive mechanism in an
androgen-responsive setting may be rewired to allow the progression to a more aggressive

androgen- irresponsive state.

Many signaling pathways that have been shown to be involved in prostate cancer development
and progression potentially regulate senescence induction (162-165). Our results indicate that
CDC6 abrogation either via GATA2 or through direct CDC6 inhibition may induce senescence in
both androgen-dependent and —resistant prostate cancer cells. As a result, the proposed GATA2-
CDC6 axis with its senescence-modulating function offers a therapeutic window for the patients
of prostate cancer, which could benefit by the rapid development of senolytics that selectively

eliminate senescent cells in a tissue (166-168). Nowadays, several chemical compounds are being
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tested as possible senolytic drugs (168-170), as well as numerous natural compounds with

protective or anti-cancer effects are investigated as anti-senescence agents (171-173).

Our study proposes the GATA2-CDC6 signaling axis as a major regulator of cellular senescence
and EMT in prostate cancer cells. Moreover, it sheds light on the clinical setting where AR signaling
inhibition may be favorable for patients, or instead enhance their oncogenic features.
Interestingly, our observations have direct therapeutic involvement, since direct modulation of
the GATA2-CDC6 axis may greatly change prostate cancer cell fate and give rise to additional

treatment options.
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